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In order to establish a suitable manner for finding presolar grains of supernova origin, we simulated the explosive
nucleosynthesis of light elements, i.e., CNO-elements and X -elements (Li, Be, and B), in the He-layer and the H-
rich envelope of a 16.2 M� supernova and calculated their final abundances and abundance ratios using the nuclear
reaction network. We also investigated the response of the synthesized abundances of light elements to the change of
strength and duration of the neutrino emission, about which we have not a precise knowledge. The obtained results
are as follows. The amounts of 6Li and 9Be produced during the supernova explosion are quite small. The ratios
of 6Li/7Li and 9Be/7Li are less than 2 × 10−4, which are much smaller than the corresponding solar-system values.
The other X -elements and CNO-elements (except 12C and 16O) are synthesized, more or less, and their abundances
depend strongly on the internal mass coordinate as well as the adopted neutrino emission model. However, 11B/7Li
ratio and isotopic ratios of CNO-elements are confined within one order of magnitude or so. On the basis of the
above results, we finally proposed useful diagrams between two isotopic (elemental) ratios, which would help us to
find presolar grains of supernova origin.

1. Introduction
In the last decade, remarkable progress of chemical/isotop-

ic analyses (e.g., the Secondary Ion Mass Spectrometry,
SIMS), have made it possible to determine precisely chem-
ical/isotopic compositions in a very tiny area of a cosmo-
chemical sample (e.g., Mckeegan et al., 1985; Hoppe et al.,
1995). By the use of such superior tools, many authors have
tried to determine chemical compositions of small compo-
nents in meteorites (such as μm-size refractory grains) and
found a lot of μm-size grains the isotopic ratios of which are
quite different from the solar-system composition. Such ex-
otic grains are called presolar grains (Zinner, 1998). A large
isotopic heterogeneity of presolar grains would be kept so
far from their birth and would reflect physical and chemical
birth conditions.

Evidence for presolar grains was firstly provided by large
isotopic anomalies in carbon (Swart et al., 1983). After
measurement of the chemical compositions of μm-size iso-
lated grains was established by the use of SIMS (Zinner et
al., 1989), presolar grains were found in SiC (Zinner et al.,
1989), graphite (Amari et al., 1990), corundum (Hutcheon et
al., 1994), and so on (reviewed in Zinner, 1998). By the dis-
covery of presolar grains, our new interest is aroused: where
were they born? how was the isotopic heterogeneity brought
about? As the origin of presolar grains, mainly two possibil-
ities are proposed; one is the supernova origin and another is
the AGB (asymptotic giant branch) star origin.
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Presolar grains originated from supernovae are identified
by comparing between their isotopic ratios and those pre-
dicted by supernova nucleosynthesis theory. Most of the
identifications have been conducted in Washington Univ.
group (e.g., Zinner, 1998). Until now, some presolar grains
have been identified as supernova origin by the use of their
44Ca excess (Nittler et al., 1996). However, some of these
grains also show silicon or nitrogen isotopic ratios outside
the range of the ratios predicted by the supernova nucleosyn-
thesis theory (Travaglio et al., 1999). Since these unsolved
problems still remain, we can say nothing about their origin
definitely. This is due, partly, to the facts that we have still
a small number of sample grains and that isotopic species,
which we can analyze precisely, are limited owing to the
smallness of a sample particle. However, the most significant
reason is that we have not an enough and a general knowledge
on the nucleosynthesis in the supernova explosion. Thus, it is
very important to investigate extensively the nucleosynthesis
in the supernova explosion and to grasp a general behavior
of isotopic variation of the supernova ejecta.

Since Arnett (1969), many efforts have been dedicated for
studying the nucleosynthesis in supernovae on the basis of
the stellar evolution of massive stars as well as the model
of hydrodynamical explosion. Recently, Woosley and his
collaborators investigated extensively element synthesis in
supernovae; Woosley and Weaver (1995) obtained chemi-
cal compositions of supernova ejecta for a grid of stellar
masses and metallicities, and also described synthetic pro-
cesses extensively for most of isotopes. Meyer et al. (1995)
tabulated the amounts of 103 isotopes till Zn synthesized
in eight distinct zones of the ejecta of a 25 M� supernova.
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Similarly, Nomoto and his collaborators studied gigantically
the explosive nucleosynthesis in supernovae (e.g., Nomoto et
al., 1984; Shigeyama et al., 1987; Thielemann et al., 1990;
Thielemann et al., 1996; Iwamoto et al., 1997; Nakamura et
al., 1999). Thielemann et al. (1990) investigated the chemi-
cal composition synthesized in SN1987A. In Thielemann et
al. (1996), they explored the nucleosynthesis in supernovae
with various masses paying their attention to the sensitivity
of the amounts of synthesized isotopes to various parameters
(such as the progenitor mass and the explosion energy).
However, such intensive studies are not so useful for us:

their interest focused on the survey of the nucleosynthesis
over almost all of isotopes and the reconstruction of global
scenario on the formation of elements. Or, they aimed at the
explanation of observational features of special supernova
events. Thus, we should investigate explosive synthetic pro-
cesses concentrating on some isotopes and viewing from a
different angle, i.e., varieties in elemental ratios from an ex-
plosion rather than the total amounts of the elements in a
whole star.
As readily conjectured and as shown in previous works,

the explosive nucleosynthesis is affected intricately by vari-
ous physical/chemical conditions. The amounts of elements
synthesized during the supernova explosionmay vary widely
owing to the initial chemical composition, strength and dura-
tion of the neutrino flux, the mass of progenitor, and others.
The synthesized amountsmust be also influenced bywhether
there occurs amixing (due to the Rayleigh-Taylor instability)
between different layers in the supernova ejecta or not. Pur-
poses of a series of our papers are to investigate the explosive
nucleosynthesis under the various physical/chemical condi-
tions mentioned above and to find characteristic behaviors
of the abundances and the ratios of elements synthesized in
the supernova explosion, which are useful for distinguishing
presolar grains of supernova origin from others.
In the present paper and the subsequent papers, we have

paid special attention to the explosivenucleosynthesis of light
elements, i.e., CNO-elements and the light element Li, Be,
and B (hereafter we call them the X -elements). Oxygen is
one of the main constituents of silicate grains. Carbon and
Nitrogen are generally abundant and a part of them, at least,
would be extracted into dust grains when they condense in
the cooling stage of supernova explosion. In the case of the
X -elements, despite the low solar-system abundances, abun-
dance values in the silicate bearing particles are relatively
high because of high chemical affinity with Si-Mg grains and
their high refractory features. In this sense, we can expect
that the grains of supernova origin would certainly contain
these elements. In addition, the X -elements and the CNO-
elements behave in very different ways in the nucleosynthe-
sis. Proposal of the criteria to identify the presolar grains in
these two kinds of elements will give us good double check.
Several authors have proposed some pairs of isotopes to

identify presolar grains from meteorites. If we could believe
that themeteorites keep their original chemical properties, we
would challenge to find the best way to identify the presolar
grains. However, actuallymeteoriteswere exposed to cosmic
rays for a long time and they had many chances of alterna-
tion in formation process of solar nebula such as chondrule
formation. As long as we cannot be free from a concerns

of these pollutions or contaminations to the meteorites, it is
better to have as many criteria as possible in order to identify
the presolar grains.
In a series of our studies we concentrate on the explosive

nucleosynthesis only in theHe-layer and theH-rich envelope.
Previous studies on the explosive nucleosynthesis indicated
that the CNO-elements (except 12C and 16O) as well as the
X -elements are produced by appreciable amounts in these
layers (Woosley et al., 1990; Woosley and Weaver, 1995;
Meyer et al., 1995).
In this studywewill investigate behavior of light elements,

which are synthesized in the He-layer and the H-rich enve-
lope of a 16.2 M� supernova which corresponds to 20 M�
main sequence star and was reduced by 3.8 M� of mass loss,
and seek useful diagrams among the isotopic (elemental) ra-
tios of light elements for selection of presolar grains of super-
nova origin taking account of the sensitivity to the adopted
model of the neutrino emission (i.e., strength and duration of
the emitted neutrino flux) as the first step to obtain general
behavior of light elements synthesized in supernovae. On the
X -elements, neutrino-induced reactions have important roles
in their synthetic processes. Woosley and his collaborators
focused on the neutrino-induced nucleosynthesis (Epstein et
al., 1988) andWoosley et al. (1990) clarifiedfirstly the explo-
sive nucleosynthesis including the neutrino-induced nuclear
processing in realistic stellar conditions. They investigated
production processes of the X -elements and their sensitivity
to the neutrino temperatures. However, as regards the influ-
ence of duration and strength of the emitted neutrino flux,
they concentrated on that on neutron flux, so they did not
investigate influence on the X -element synthesis. So, in or-
der to investigate varieties of the amounts and the elemental
ratios of the X -elements, we should also take account of the
influence of the neutrino emission model such as duration
and strength of the emitted neutrino flux.
We will introduce a specific term of “detection limit”.

Roughly speaking, dust grains are piles of oxygen atoms
and, hence, the amounts of other species (except Si, Mg, and
Fe) aremuch less than that of oxygen. When dust grains con-
tain some kind of rare elements with the content of 1× 10−7

times as small as that of 16O, it is difficult to detect such rare
elements, even with the most sensitive instruments including
ion probe technique. Expecting an extensive progress of iso-
topic analyzers in near future, we hereafter put to be 1×10−9

of 16O as the detection limit of rare isotopes.
In the next section, we will briefly present our nuclear

reaction network and add a short comment on the reaction
rates. In Section 3, we will construct a dynamical model of
supernova explosion based on a strong shock propagation in
amediumwith a power-law density profile as well as amodel
of neutrino emission and the initial chemical compositions.
In Section 4, we will describe the synthetic processes during
the supernova explosion for a model of the neutrino emis-
sion, which we will call the standard model. In Section 5,
we will discuss in detail the influence of the adopted neu-
trino emission model on the production of light elements,
i.e., the influence of the decay time of the neutrino flux and
the total energy carried by neutrinos. In Section 6, we will
summarize our present numerical simulations and propose
three diagrams between two isotopic (elemental) ratios as a
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Fig. 1. Isotopic species taken into account in our present study and the nuclear reaction network. Arrows denote the nuclear reactions considered in the
present study. A small network, which is composed of shaded isotopic species connected by bold arrows, is used for evaluating the initial chemical
composition of light elements in the H-rich envelope. Species with an asterisk are radioactive isotopes.

measure for selection of dust grains of supernova origin (al-
though they are obtained within a framework of our present
study).

2. Nuclear Reaction Network
In this study, we are interested in the abundances and iso-

topic ratios of nuclear species from Li to O synthesized in
the He-layer and the H-rich envelope of a supernova. During
the supernova explosion, the maximum temperature of these
layers is kept to be lower than the temperature at which the
explosive C-burning ignites so that the abundances of ele-
ments heavier than Na do not change. Thus, we construct a
reaction network including 52 species of elements from H to
Mg,which are illustrated in Fig. 1. We consider various kinds
of nuclear reactions in our network: (n, γ )-, (p, γ )-, (α, γ )-,
(n, p)-, (n, α)-, and (p, α)-reactions as well as their inverse
reactions, β-decays, and electron captures: we include all
reactions relevant not only to the pp chains and the CNO cy-

cles, but also to the hot pp chains, rap-processes (Wiescher et
al., 1989), andNeNa cycle (Rolfs and Rodney, 1988). All re-
actions considered in our present study are tabulated in detail
in Yoshida (2000).
Most of the reaction rates are taken from Caughlan and

Fowler (1988) which is abbreviated as CF88 hereafter. Some
of the rates tabulated in CF88 are reevaluated recently; for
such reactions we adopt new ones in our reaction network.
For example, for 12C(α, γ )16O we use a new rate reevalu-
ated by Buchmann (1996, 1997) and for 17O(p, α)14N and
17O(p, γ )18F we evaluate the reaction rates using the rate
formula given by Landré et al. (1990) and the newly found
proton width (Blackmon et al., 1995) of 5.673 MeV excited
state of 18F. The reaction rate of 18O(α, γ )22Ne is adopted
from Käppeler et al. (1994) which includes a resonance of
10.05 MeV of excited state of 22Ne. Furthermore, for some
reactions which are not listed in CF88, we use the rates pre-
sented in other sources (see Yoshida, 2000).



206 T. YOSHIDA et al.: LIGHT ELEMENTS SYNTHESIZED IN A TYPE II SUPERNOVA

Table 1. The ν-process reactions. In the table, superscripts * and † represent the ν-processes accompaniedwith subsequentβ−- andβ+-decays, respectively;
e.g., 14O(ν, ν′n)13O(, e+νe)

13N. Reaction type (ν, ν′ · ·) includes six kinds of reactions, (νe, ν′
e · ·), (ν̄e, ν̄′

e · ·), (νμ, ν′
μ · ·), (ν̄μ, ν̄′

μ · ·), (ντ , ν
′
τ · ·), and

(ν̄τ , ν̄
′
τ · ·). Furthermore, reaction type “others” means (ν, ν′3He), (ν, ν′nα), (ν, ν′ pα), (ν, ν′ p3H), (ν, ν′n3He), and (ν, ν′αα).

Reaction type Target nucleus

(νe, e−) 12C, 13C, 14C, 14N, 15N, 18O, 18F, 19F, 20F

(ν̄e, e+) 1H, 12N, 13N, 14N, 14O, 15O, 17F, 18F, 18Ne, 19Ne, 20Ne

4He, 12C, 13N,
(νe, e− p) 13C, 14C, 14O†, 17O, 18O, 20F, 18Ne†, 19Ne, 22Ne, 23Na†

14N, 15N, 15O,

16O, 18F, 19F,
(ν̄e, e+n) 12N, 13C∗, 14C∗, 14O, 17O∗, 18O∗, 17F, 20F∗, 18Ne, 22Ne∗, 23Na

20Ne, 21Ne

(νe, e−n) 14C, 18O

(ν̄e, e+ p) 14O, 15O, 16O∗, 18Ne, 19Ne

(νe, e− pp) 12N†, 17F

(ν,ν
′n) 4He, 12C, 13N, 14O†, 20F, 18Ne†, 20Ne, 23Na† 13C, 14C 14N, 15N,

(ν, ν ′α) 12N, 14O†, 17F, 20F∗, 18Ne, 23Na 17O, 18O, 22Ne 15O, 16O,

4He, 12C, 13C∗, 14C∗, 12N∗, 13N, 14O, 17O∗, 18O∗, 18F, 19F,
(ν, ν ′ p)

17F, 20F∗, 18Ne, 20Ne, 22Ne∗, 23Na 19Ne, 21Ne

(ν, ν ′ pn) 12C, 12N, 17F

(ν, ν ′ ppα) 13N

others 12C

In addition to the ordinary nuclear reactions, the reaction
processes induced by high energy neutrinos, which are emit-
ted from the stellar core, play an important role on the light
element synthesis (Woosley et al., 1990). Such processes,
called the ν-processes, are also taken into account in our
present study. All neutrino reactions in our network are pre-
sented in Table 1. For the cross sections and the branching
ratios of the ν-processes we use those given by Hoffman and
Woosley (1992). It is worth to note that neutral current reac-
tions dominate the ν-processes and that τ - and μ-neutrinos
with higher energies contribute more than e-neutrinos. In
order to evaluate the reaction rates of the ν-processes, it is
also necessary to have a knowledge about the mean neutrino
temperatures, the number flux of neutrinos, and its time vari-
ation. These will be described in Subsection 3.3.

3. Model of Supernova Explosion
In a type II supernova, a shock wave generated at the sur-

face of the central core propagates outward and heats up the
outer materials. So, nuclear reactions begin newly to work to
form various kinds of light elements. Neutrinos and antineu-
trinos, which are produced in the collapsing central core,
induce some nucleosyntheses before the shock arrival and
have a good contribution to the synthesis of light elements.
In order to pursue such nucleosyntheses, we have to know
the neutrino flux, its time variation, the arrival time of the
shock wave, and the post shock thermal evolution.
3.1 Internal stellar model in the presupernova stage
Weconstruct a stellarmodel of the presupernova stage (i.e.,

a model of progenitor) on the basis of model 14E1 obtained

numerically by Shigeyama andNomoto (1990), with the total
mass of 16.2 M�. This model corresponds to a 20 M� main
sequence star, which was reduced by 3.8 M� of mass loss in
order to reproduce the light curve properties of SN 1987A.
In studying supernova explosions, numerical simulations of
supernova explosions with the progenitor’s mass of 15M� ∼
25M� often have been conducted (e.g.,Woosley andWeaver,
1995; Meyer et al., 1995; Thielemann et al., 1996). Many
numerical simulations of a supernova for comparison with
observation of SN 1987A also have been conducted (e.g.,
Shigeyama et al., 1987; Woosley, 1988; Arnett et al., 1989;
Shigeyama and Nomoto, 1990; Thielemann et al., 1990) and
the stellar structure of the progenitor was precisely presented
in some of them (Shigeyama and Nomoto, 1990). Thus,
as the first step of our study, we adopt thermodynamical
structure of the progenitor 14E1 model.
In Fig. 2 we show a rough sketch of the outer region of

the progenitor together with the radii, r , and the internal
mass coordinates, Mr , at the boundaries between layers. The
density distribution, ρ0(r), of 14E1 model is also shown in
Fig. 3. For the later convenience, we will approximate ρ0(r)
by the power-law:

ρ0(r) = ρ00

(
r

r0

)−ω

. (1)

Constants r0, ρ00 and ω are determined by fitting the density
distribution of the numerical model, 14E1. Fitting is made
in a range between the bottom of the Oxygen-layer and a
middle position in the H-rich envelope, i.e., from 2.9 × 108

cm to 1.0 × 1012 cm (in the outer region where the radius
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Fig. 2. Schematic picture of the internal stellar structure of the progenitor.
Radii, r9, and the internal mass coordinates, Mr , of the boundaries be-
tween layers are also shown in the units of 109 cm and the solar mass,
M�, respectively.

is larger than 1.0 × 1012 cm the shock wave becomes weak
and the temperature does not increase so much; no nuclear
processes proceed in this region). As a result we find

r0 = 1.0×109 cm, ρ00 = 6.7×104 g/cm3, and ω = 2.636.
(2)

The density distribution given by Eqs. (1) and (2) is shown
by the dashed line in Fig. 3 together with that of the nu-
merical model 14E1 (the solid line). Note that 14E1 model
corresponds to a blue supergiant star. Although a blue super-
giant star is small compared with a red supergiant star, the
thermodynamical structure is similar between blue and red
supergiant stars in the range we fitted.
3.2 Dynamical model of supernova explosion
Numerical simulations of the supernova explosions have

been carried out by several authors. Some of them men-
tioned that the radius of a shock front as a function of time
can be well approximated by the simple and famous “Se-
dov solution” in a medium with uniform density distribution
(Woosley, 1988; Woosley et al., 1990). Since we are con-
cerned with the outer parts of the stellar interior (i.e., the
He-layer and the H-rich envelope), we rather employ another
Sedov solution, called the generalized Sedov solution, of a
spherically symmetric strong shock wave in a medium with
a power law initial density profile (Sedov, 1959). Suppose
that an explosion is ignited with energy E0 at the center of
a spherically symmetric star which is composed of an ideal
gas with the ratio of specific heats γ and the density distri-
bution of which is given by Eq. (1). According to Sedov, the
position of the shock front, rs , is described, as a function of
time t , by

rs =
(

E0t2

ρ00rω
0 α

)1/(5−ω)

, (3)

where α is a non-dimensional constant determined later from
the conservation law of the total energy. By the use of the in-
ternal mass Ms contained within a sphere of radius rs , Eq. (3)
can be written as

rs = 1√
(3 − ω)α

(
4πE0t2

Ms

)1/2

. (4)

Fig. 3. Stellar density distribution ρ0(r), of the progenitor (after Shigeyama
and Nomoto, 1990). The approximate power-law density distribution
given by Eqs. (1) and (2) is also shown by the dashed line.

To describe the thermal structure behind the shock front
we introduce a non-dimensional variable λ instead of r as

λ = r

rs
. (5)

For the convenience, we also introduce a variable, V , which
relates to λ as

λ−1 =
[
(5 − ω)(γ + 1)

4
V

]2/(5−ω)

×
[

(5 − ω)(γ + 1)

7 − γ − (γ + 1)ω

(
1 − 3γ − 1

2
V

)]α1

×
[
γ + 1

γ − 1

(
γ (5 − ω)

2
V − 1

)]α2

, (6)

where α1 and α2 are functions of ω and γ (expressions of α1

and α2 will be given later together with other coefficients).
Physically V means the ratio of the characteristic time of
expansion at rs and r . By the use of dimensionless variables
λ and V , the density behind the shock front is expressed as

ρ = γ + 1

γ − 1
ρ0λ

−ω

×
[
γ + 1

γ − 1

(
γ (5 − ω)

2
V − 1

)]α3

×
[

(5 − ω)(γ + 1)

7 − γ − (γ + 1)ω

(
1 − 3γ − 1

2
V

)]α4

×
[
γ + 1

γ − 1

(
1 − 5 − ω

2
V

)]α5

, (7)

and the pressure is given by

P = 2

γ + 1
ρ0

(
drs
dt

)2 [
(5 − ω)(γ + 1)

4
V

]6/(5−ω)

(8)

×
[

(5 − ω)(γ + 1)

7 − γ − (γ + 1)ω

(
1 − 3γ − 1

2
V

)]α4+α1(ω−2)

×
[
γ + 1

γ − 1

(
1 − 5 − ω

2
V

)]α5+1

,

where drs/dt is the propagating speed of the shock front. Co-
efficients α1 to α5 used in the above expressions are defined
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as follows (Sedov, 1959):

α1 = (5 − ω)γ

3γ − 1

[
2(6 − 3γ − ω)

γ (5 − ω)2
− 1 − γ

2γ + 1 − γω

]
, (9)

α2 = 1 − γ

2γ + 1 − γω
, (10)

α3 = −ω + 3

2γ + 1 − γω
, (11)

α4 = (5 − ω)(3 − ω)α1

6 − 3γ − ω
, (12)

and

α5 = ω(1 + γ ) − 6

6 − 3γ − ω
. (13)

In an exploding supernova, the pressure behind the shock
front is almost determined by the radiation pressure owing
to the high temperature (Weaver and Woosley, 1980). So
the ratio of specific heats γ can be put to be 4/3, that of the
fluid perfectly supported by photon pressure and, thus, the
temperature behind the shock front is written by

T =
(
3P

a

)1/4

, (14)

where a is the radiation density constant.
The constant α introduced in Eq. (3) is determined by the

condition that the sum of thermal energy and kinetic energy
inside the shock front is equal to the initial explosion energy
E0:

α =
∫ 1

0

[
1

2

ρ

ρ0
λ2V 2 + 2

(γ + 1)(γ − 1)

(
2

5 − ω

)2

×P

{
2

γ + 1
ρ0

(
drs
dt

)2
}−1

⎤

⎦ 4πλ2 dλ. (15)

According to Shigeyama and Nomoto (1990), the explo-
sion energy E0 is put to be 1 × 1051 erg. Using the above
equations we obtain

α = 9.96. (16)

In order to confirm the validity of our explosionmodel, we
checked the propagation of the shock profile, which is eval-
uated from our simple model, with that of the 14E1 model.
As a whole, the evaluated profiles coincide well with those
of the 14E1 model. However, at the regions just outside the
boundaries between the C-layer and the He-layer and be-
tween the He-layer and the H-rich envelope, the differences
become relatively large; especially the evaluated shock den-
sity is larger by a factor of 3 or 4 compared to that of 14E1
model. Nevertheless, we do not pay special attention to the
density difference mentioned above because we know that
the material density does not play any important roles on
the nucleosynthesis. The evaluated temperature is higher by
30% or so at the regions just outside the boundaries. In or-
der to see how the inaccurate model temperature affects the
final result of isotopic ratios in which we are interested (see
Section 6), we calculated, as a test case, the explosive nucle-
osynthesis at the bottom of the He-layer (r = 6.0× 109 cm)

assuming that the temperature during the explosion is de-
creased by 30% artificially. By the test calculation we found
that the isotopic ratios can be reproduced properly within a
factor of 3. The difference is not so important because in our
study we take notice on the isotopic ratios of light elements
in order of magnitude.
3.3 Model of neutrino emission
In the present study, we adopt amodel of the flux evolution

of neutrinos and antineutrinos proposed by Woosley et al.
(1990), in which there are eight parameters, i.e., the total
energy carried by neutrinos, Eν , the temperature of each
neutrino flavor, Tνi , and the decay time of the neutrino flux,
τν .
A core collapse in a type II supernova liberates an enor-

mous amount of gravitational energy,most ofwhich is carried
by neutrinos and antineutrinos. So the total energy carried by
neutrinos is almost equal to the gravitational binding energy
of a resulting neutron star. From these reasons, Woosley et
al. evaluated Eν to be 3 × 1053 erg based on a neutron star
model proposed by Cooperstein (1988). Cooperstein also
showed that one half of the total neutrino energy is released
within the first 2 s and most of the rest energy comes out
over the next 10 s. On the basis of his results, Woosley et
al. adopted a model that the number flux of i-flavor neutrino,
Fi , decreases exponentially with a decay time, τν = 3 s:

Fi = 1

6

1

4πr2
Eν

εi

1

τν

e− t−r/c
τν �(t − r/c), (17)

where �(x) is the step function (�(x) = 1 for x > 0 and 0
otherwise) and εi is the mean energy per particle of i-flavor
neutrino, εi = 3.15Tνi (Woosley et al., 1990). According
to Woosley et al. (1990), Eν and τν are put to be 3 × 1053

erg and 3 s, respectively, as standard values. It should be
noted that there are yet uncertainties in the equation of state
of neutron star matter as well as the mass of the neutron star
(e.g., Lattimer and Yahil, 1989) and that τν is determined
by the diffusion transport which is affected in a complicated
manner by the physical conditions of the deep stellar interior.
So it is not always certain whether the above values of Eν

and τν are proper or not. Taking account of the possible mass
range of a neutron star between 1 and 2 M� (Bahcall, 1989),
we consider the following three cases for Eν :

Eν = 1×1053erg, 3×1053erg, and 6×1053erg. (18)

According to the textbook of Bahcall (1989), the charac-
teristic time of the neutrino irradiation is in a range between
1 s and 10 s. In fact, Spergel et al. (1987) evaluated the de-
cay time of the neutrino flux as 4.5 ± 2 s on the basis of the
observation of SN1987A. Thus, for τν we consider the three
cases where

τν = 1s, 3s, and 10s. (19)

Woosley et al. (1990) estimated theoretically neutrino tem-
peratures and obtained the result with some uncertainties that
temperatures of e-, μ-, and τ -neutrinos are Tνe � 4 to 5
MeV/k (k being the Boltzmann constant), Tνμ � 8 to 10
MeV/k, and Tντ � 8 to 10MeV/k, respectively. Considering
the observational data of 1987A which suggest Tνe � 3 to 4
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Table 2. Initial mass fractions of the most abundant isotopes.

Species Convective He-layer Radiative He-layer H-rich envelope

1H – 1.0 × 10−5 0.565

4He 0.930 0.995 0.430

12C 6.2 × 10−2 8.5 × 10−5 8.4 × 10−5

14N 5.8 × 10−8 4.8 × 10−3 4.8 × 10−3

16O 7.2 × 10−4 1.0 × 10−4 1.0 × 10−4

MeV/k (Burrows and Lattimer, 1987), they used the smallest
values estimated theoretically. Although there are still un-
certainties on the neutrino temperatures, we also adopt the
same values as Woosley et al. (1990) in the present study:

Tνe =Tν̄e = 4 MeV/k and

Tνμ =Tν̄μ = Tντ = Tν̄τ = 8 MeV/k . (20)

We do not adopt the influence of neutrino temperatures.
Woosley et al. (1990) investigated sensitivity of the X -element
production to Tνi . Their result shows that the variety of the
amounts of the X -elements is within a factor of 3. As wewill
present in Section 5, the variety due to the uncertainties of τν

and Eν is within five orders of magnitude, so that the variety
due to Tνi is expected to be much smaller. On the other hand,
Myra and Burrows (1990) indicated that the peak and the
high-energy tails of neutrino spectra of all species are fitted
by thermal distributions having nonzero chemical potentials,
but again, Woosley et al. (1990) varied the temperature to
test the sensitivity to the chemical potentials; the varieties
are small, as mentioned above.
3.4 Initial chemical compositions
The chemical compositions just before the supernova ex-

plosion are generally to be determined as a result of the evo-
lution of its progenitor. Until now, many works were made
on the evolution of progenitors of supernovae (e.g., Woosley
and Weaver, 1986; Nomoto and Hashimoto, 1988). In such
works, however, some authors concentrated on special super-
nova events and other authors did not take account of nuclear
species which play an important role on our study. So, in the
present study, we prepare by ourselves the chemical compo-
sitions just before the supernova explosion by the following
way.
It should be noted that the chemical compositions in the

H-rich envelope depend strongly on whether the convective
region develops in the envelope or not. Lamb et al. (1976)
pursued the evolution of a 25M� star after themain sequence
stage and showed that there is a convective region in the in-
ner part of the H-rich envelope. Furthermore, Saio et al.
(1988) pursued the evolution of the progenitor of SN1987A
and showed that a large scale convection occurs in the H-rich
envelope. So we expect that there is a convective region in
the inner H-rich envelope of a 16.2 M� star. In the convec-
tive region, the chemical compositions would be determined
by the steady-flow equilibrium condition of the H-burning.
The equilibrium chemical abundance is calculated by using a
small reaction network composed of shaded nuclear species
in Fig. 1. The temperature and the density at the bottomof the

H-rich envelope are, respectively, taken to be 4× 107 K and
5 g/cm3 after Lamb et al. (1976) and the mass fractions of 1H
and 4He put to be 0.565 and 0.430, respectively (Shigeyama
and Nomoto, 1990). For isotopes which do not take part in
the small reaction network (i.e., unshaded isotopes in Fig. 1),
the mass fractions are set artificially to be 1 × 10−50, which
is the smallest value in our calculation. Note that we adopt
7Be abundance in the steady-flow equilibrium as initial 7Li
abundance in the H-rich envelope and initial 7Be abundance
is set to be 1×10−50 because it is expected that 7Be produced
in the H-burning shell is electron-captured to 7Li in outer and
cooler part of the H-rich envelope. Although the abundances
of 1H and 4He, exactly speaking, change in the course of
the H-shell burning, the steady-flow equilibrium abundances
of the CNO-elements are hardly affected by the 1H and 4He
abundances. The abundances of the X -elements (i.e., Li, Be,
and B) vary with the 4He abundance almost proportionally.
However, these variations are not important because their
abundances are very small compared with those produced
by the explosive nucleosynthesis.
Shigeyama and Nomoto (1990) studied the chemical com-

positions in theHe-layer of a He star (corresponding to a 16.2
M� star) modeled by Nomoto and Hashimoto (1988). Un-
fortunately, they did not give a detailed description on the
time variation of the chemical composition nor take account
of some species in which we are interested. So we prepare
the chemical compositions in the progenitor according to the
model of a He star of Nomoto and Hashimoto. In this model
the inner region of the He-layer (3.8M� � Mr � 6.0M�) is
convective and the outer region (6.0M� � Mr � 6.5M�) is
radiative. In the outer radiative region, the chemical com-
positions would be determined originally at the stage of the
H-burning and may not suffer from further nuclear burning
processes. So, as the initial chemical compositions in this re-
gion, we adopt those of ashes of the H-burning; the chemical
compositions are evaluated by solving the nuclear reaction
network until the mass fraction of 1H decreases to 1 × 10−5

(e.g.,Woosley et al., 1990) under the same physical condition
at the bottom of the H-rich envelope. For the compositions in
the inner convective region of the He-layer, we adopt those of
the He-burning products when the mass fraction of 4He de-
creases to 0.930 (i.e., when the stellar core begins to collapse
(Nomoto and Hashimoto, 1988)). The chemical composi-
tions are calculated by using our nuclear reaction network
(see Fig. 1). The obtained initial mass fractions of the most
abundant (key) species are tabulated in Table 2 and those
of important species are illustrated in Fig. 4. Note that the
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Fig. 4. Initial mass fractions of important isotopes. Horizontal axis shows
the internal mass coordinates, Mr , in the unit of the solar mass, M�. For
the most abundant isotopes, 1H, 4He, 12C, 14N, and 16O, the initial mass
fractions are tabulated in Table 2 separately.

abundances of X -elements are very little in thewhole regions
of the He-layer and the H-rich envelope.
The initial chemical compositions are different from those

of Woosley et al. (1990). After Woosley et al. (1990), some
reaction rates, especially concerned to oxygen, are updated as
mentioned in Section 2. As a result, the initial amounts of the
CNO-elements should be recalculated. Convective mixing
during the stellar evolution is also expected to affect the initial
composition, so that we include this effect for determining
it.

4. Light Element Synthesis in the Case of the Stan-
dard Model

The amounts of isotopes synthesized in the supernova ex-
plosion depend, by a complicated manner, on the physical
parameters characterizing the neutrino emission and the dy-
namics of the supernova explosion as well as the temporal
and spatial points we observe. In this section, to grasp its
general features, we will show briefly the isotopic synthesis
in theHe-layer and theH-rich envelope of the supernova only
in the case of the standardmodel wherewe put Eν = 3×1053

erg and τν = 3 s for the neutrino emission model.
4.1 General behavior of the X -element synthesis
In Fig. 5, we illustrate the time variation of the amount

of 7Li for typical internal mass coordinates. Although, at a
glance, the abundance curves behave quite differently from

Fig. 5. Time variation of the amount of 7Li. Solid lines are of the time
evolution in the convective He-layer. Attached numbers indicate the
internal mass coordinates of each point. Dashed and dotted lines show
the time evolutions at the bottom of the radiative He-layer and at the
bottom of the H-rich envelope, respectively.

Fig. 6. The same as Fig. 5, but for 11B.

point to point of the internal mass coordinates, the abundance
evolution is generally divided into three stages: the preshock
stage, the shock-induced (explosive) burning stage, and the
freezing stage. In the first stage (i.e., the preshock stage) be-
fore the arrival of the explosive shock wave, X -elements are
synthesized throughvarious kinds of theν-processes and sub-
sequent nuclear reactions. For 7Li, 4He(ν, ν ′ p)3H(α, γ )7Li
and/or 4He(ν, ν ′n)3He(α, γ )7Be(e−, νe)

7Li are themajor for-
mation reactions in the He-layer. In the inner region (Mr �
5M�), the neutrino flux is so intensive that the large amount
of 7Li is synthesized. In the outer region the amount of syn-
thesized 7Li decreases with a decrease in the neutrino flux
and 7Li is hardly formed near the bottom of the H-rich enve-
lope (i.e., at Mr = 6.5M�), since neutrino flux is 1.3× 10−2

times as small as that at the innermost region of the He-layer
(i.e., at Mr = 3.8M�).
The second (the shock-induced burning) stage starts at the

moment of the shock arrival and ends when the temperature
becomes sufficiently low owing to the expansion accompa-
nied with the adiabatic cooling. By a sudden increase in
temperature, new channels of nuclear reactions open; some
isotopeswhich are synthesized by the ν-processes are decom-
posed and some isotopes are newly formed through various
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Fig. 7. Distribution of the final abundances of the X -elements. Discontinuities of the curves appear at the boundaries between the convective and the
radiative He-layers (Mr = 6.0M�) and between the radiative He-layer and the H-rich envelope (Mr = 6.5M�).

Table 3. Typical key reactions of light element synthesis. The upper and lower columns show the formation and decomposition reactions, respectively.
Furthermore, empty columns mean that there are no appreciable formation (or decomposition) processes.

kinds of nuclear reactions. For example, 7Li produced by
the ν-process is destroyed abruptly and almost completely
through 7Li(α, γ )11B in the innermost region whereas 7Li is
formed by 3H(α, γ )7Li in the outer region. In the last stage
where the temperature is too low, there occurs no nuclear re-
actions except the beta processes and the abundance is frozen
to the level of the end of the second stage if no beta processes
play an important role.
Similar behavior is seen from Fig. 6 where the abundance

evolution of 11B is shown. Spikes observed at t = 7 s
(Mr = 3.8M�) and t = 27 s (Mr = 5.0M�) are the re-
sult of the sudden production of 11B through 7Li(α, γ )11B,

as mentioned earlier, just after the shock arrival and of the
rapid disruption due to 11B(p, αα)4He and 11B(α, n)14N. In
the case of 11B, the abundance increase gradually even in the
third stage. This is due to the β+-decay of 11Cwith the decay
time of 1.8 × 103 s.

As seen from Figs. 5 and 6, the amounts of X -elements
vary from point to point of the internal mass coordinates.
The distribution of the final abundances of X -elements are
illustrated in Fig. 7. The final abundance depends compli-
catedly on the initial chemical composition, neutrino flux,
and time of the shock arrival. In the He-layer, the most
abundant X -elements are 7Li and 11B. Production of all
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X -elements (as well as 11C) is initiated by the ν-processes,
4He+ν and 12C+ν, and the amounts produced during the
preshock stage are almost same. However, after the shock
passage, they are recooked by hot nuclear reactions; espe-
cially, 6Li and 9Be are disrupted almost completely. In the
H-rich envelope (but Mr � 8.0M�), only 7Li is synthesized
through 4He(ν, ν ′n)3He(α, γ )7Be(e−, νe)

7Li by an apprecia-
ble amount. The production of the other X -elements are in-
active in the H-rich envelope: their mass fractions are lower
than a level of 1 × 10−10.

Key reactions (production and decomposition reactions)
which play important roles on determining the abundances
of light elements are shown in Table 3. As amatter of course,
key reactions vary from point to point as well as from time to
time so that in the table only typical reactions are tabulated. In
the preshock stage, the X -elements are synthesized, mainly,
through the ν-processes with the target nuclei of 4He and
12C. In the shock-induced burning stage, various kinds of
nuclear reactions take part in the formation and destruction
of the X -elements.
Comparing with the result of Woosley et al. (1990) or a

25 M� supernova model in Woosley and Weaver (1995),
the difference of the amounts of Li and B are within two
orders of magnitude. Roughly speaking, our result is more
similar to that ofWoosley andWeaver (1995). As mentioned
in Section 2, some reaction rates are updated from those of
Woosley et al. (1990) andWoosley andWeaver (1995). As a
result, chemical compositions in the presupernova stage and
production and decomposition processes are changed. For
example, since in the convective He-layer the amount of 18O
is three orders of magnitude less than that in Woosley et al.
(1990), 18O does not fill a role as proton-poison. Hence,
11B is decomposed by protons and the amount decreases
compared with those in Woosley et al. (1990) and Woosley
and Weaver (1995).
4.2 6Li and 9Be production
As mentioned briefly in the previous subsection, 6Li and

9Be are scarcely produced during the supernova explosion.
Here we will see in detail the formation processes of these
two isotopes and discuss the reasons of the rare production.
In the He-layer 6Li is commonly produced through

9Be(p, α)6Li. Nevertheless, we cannot find the curve of
6Li in Fig. 7 except the narrow region where 5.3M� � Mr �
6.0M�. In the inner region where Mr � 5.3M� 6Li is formed
by an appreciable amount (say, a level of 3 × 10−10 by
mass fraction) owing to the neutrino irradiation. However,
as soon as the shock front reaches 6Li is completely de-
composed through 6Li(p, α)3He. In the outer region where
5.3M� � Mr � 6.0M�, a little amount of 6Li can survive be-
cause the temperature is not so high (compared with that in
the inner region) even just after the passage of the explosive
shock. In the radiative He-layer and the H-rich envelope 6Li
is produced and decomposed through the same processes as
those in the convective He-layer. However, in these regions
the initial abundance of 12C, which is a seed isotope of 6Li,
is very low (about three orders of magnitude below) and the
neutrino flux dilutes by about two orders of magnitude com-
pared with those in the inner convective region. As a result,
the amount of produced 6Li is suppressed under the low level.
Furthermore, 6Li (as well as 7Li) is hardly produced (nor de-

Fig. 8. Diagrams between 6Li/16O and 7Li/16O ratios (panel (a)) and be-
tween 9Be/16O and 7Li/16O ratios (panel (b)). The ratios are all in number.
Circles, triangles, and squares show the ratios in the convective He-layer,
in the radiative He-layer, and in the H-rich envelope, respectively. A
mark � shows the ratios of solar-system composition. A solid horizontal
line indicates the detection limit, i.e., the number ratio of species to 16O
equal to 1 × 10−9. Furthermore, dotted lines indicate values of constant
6Li/7Li ratio (a) and 9Be/7Li ratio (b): 1, 1× 10−2, 1× 10−4, 1× 10−6,
1 × 10−8 and 1 × 10−10.

composed) in the outermost H-rich envelope (Mr � 11M�)
since the shock temperature is very low and the neutrino flux
is very weak. Thus, the amount of produced 6Li is less than
1× 10−15 by mass fraction throughout the H-rich envelope.
For 9Be, the situation is quite the same as in the case of

6Li. In the convective He-layer, 9Be is produced through
12C(ν, ν ′3He)9Be in the preshock stage, 7Li(t, n)9Be in the
shock-induced burning stage. In the radiative He-layer and
the H-rich envelope, 13C(ν, ν ′α)9Be is a dominant reaction
in the preshock stage. In the He-layer and the H-rich enve-
lope, 9Be is commonly decomposed through 9Be(p, α)6Li,
9Be(p, nα)4He or 9Be(α, n)12C in the shock-induced burn-
ing stage. With an increase in the radius in the convective
He-layer, the amount of 9Be firstly becomes larger owing to
less decomposition and becomes smaller again since the neu-
trino flux becomes smaller owing to the geometrical effect.
As in the case of 6Li, the amount of 9Be becomes appreciable
only in the outer region where 5.3M� � Mr � 6.0M� in the
He-layer.
In Figs. 8(a) and 8(b), the same results (but only 6Li,

7Li, and 9Be) as in Fig. 7 are transferred to the diagrams
of 6Li/16O-7Li/16O and 9Be/16O-7Li/16O where iX/16O is the
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Fig. 9. The same as Fig. 7, but for the CNO-elements.

number ratio of iX-isotope synthesized in the supernova ex-
plosion to 16O. We can see clearly that 6Li produced in the su-
pernova explosion is very small comparedwith the number of
16O; only in the narrow region where 5.3M� � Mr � 6.0M�
(see Fig. 7) we have 6Li/16O greater than the detection limit,
1 × 10−9 (see Introduction), and we can never detect 6Li
produced in the other places. It should be also noted that,
even if we can observe a trace of 6Li, the 6Li/7Li ratio is less
than 3× 10−5 and much smaller than the solar-system value
(about 8.1 × 10−2; Anders and Grevesse, 1989). The same
things can be said in the case of 9Be: 9Be/16O is equal to
or smaller than 2 × 10−7 and the 9Be/7Li ratio is less than
2× 10−4. Although the abundance ratio of 9Be to 16O (if we
adopt the maximum value) is almost comparable to the solar-
system value, 9Be/7Li is far from the solar-system value by
two orders of magnitude or more.
The above results, which are obtained from a simulation of

the standard model, seems to depend on the adopted models
of the neutrino emission as well as the supernova explosion.
However, wewill see in the next section and in the subsequent
papers that these results do not depend on the adopted model
and, hence, 6Li and 9Be to 7Li ratios as well as 6Li and 9Be to
16O ratios are important measures for finding presolar grains
of supernova origin.
4.3 Production of C-, N-, and O-isotopes
Almost all of C-, N-, and O-isotopes are not produced by

an appreciable amount (say, compared with the solar-system
abundances) in the He-layer nor in the H-rich envelope as
seen from Fig. 9. Especially, the abundances of 12C and 16O
(also 18O) do not change from their initial abundances. Iso-
topes traced by the horizontal lines in Fig. 9 keep their initial
abundances without addition and annihilation due to nuclear
processes (see also Fig. 4). Key reactions relevant to the for-
mation of these isotopes are summarized in Table 3. Only in
the convective region of the He-layer (Mr � 6.0M�), a small
amount of 13C is synthesized through mainly 12C(n, γ )13C
and 12C(p, γ )13N(n, p)13C where protons and neutrons are
supplied from 4He(ν, ν ′ p)3H and 4He(ν, ν ′n)3He. In the in-
nermost region, a part of synthesized 13C is decomposed by
13C(α, n)16O after the shock passage and the resultant abun-
dance of 13C remains at relatively low level (about 1×10−6

bymass fraction). It is conjectured that the amount of synthe-
sized 13C depends on the initial abundance of 12C. However,

the ratio 12C/13C, which will be shown in Fig. 13, would be
almost independent of the initial abundance of 12C since only
12C is a parent isotope of 13C.
In the inner region of the He-layer, (Mr � 5.0M�) N-

isotopes are also produced. Almost all of 14N comes from
the decomposition product of 11B, i.e., 11B(α, n)14N, in the
shock-induced burning stage. The final abundance of 14N
increases with an increase in the shock temperature (i.e.,
with a decrease in radius): it is of the order of 4 × 10−6 (by
mass fraction) in the innermost region (Mr � 4.0M�). When
Mr � 5.0M�, it becomes below the level of its initial abun-
dance (about 6×10−8). Heavy isotope, 15N, is synthesized
through 18O(p, α)15N in the preshock stage, corresponding
to the hot CNO-cycle (protons are formed by the ν-process,
4He(ν, ν ′ p)3H).However, the amount of 15N is relatively low,
7 × 10−7 (the innermost region) to 2 × 10−8 (the outer re-
gion) by mass fraction. Among O-isotopes, only 17O is syn-
thesized in the convective He-layer, through 16O(n, γ )17O in
the preshock and the shock-induced burning stages. As in
the case of 15N, the abundance level is very low and the ratio,
16O/17O, is as large as 1 × 104 or 5 × 104 except the inner-
most region (Mr � 4.0M�) where the ratio is comparable to
the solar-system ratio, 1 × 103.
In the radiative He-layer all CNO-elements keep their ini-

tial amounts. In this region protons are not much enough
to change the initial abundances of the CNO-elements in
a small time interval during the explosion. Productions
of 13C and 17O through n-captures do not proceed effec-
tively in the radiative He-layer because the initial amounts
of 12C and 16O are less than those in the convective He-
layer and because the amount of neutron is less than one-
tenth as little as that in the convective He-layer. In the
deep region of the H-rich envelope, only 15N and 18O change
from their initial values. During the explosion 15N is pro-
duced through 14N(p, γ )15O(β+)15Nand 18O is decomposed
through 18O(p, α)15N. In the region where Mr � 7.6M�, all
CNO-elements keep their initial compositions of presuper-
nova stage because of the shock temperature is too low to
proceed nuclear reactions appreciably.
We briefly compare our result with those in Woosley et al.

(1990) and a 25M� supernovamodel inWoosley andWeaver
(1995). The main difference from the result of Woosley et
al. (1990) is the amount of 17O. This is because, as seen
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in Section 2, we adopted the reaction rate of 17O(p, α)14N
from Landré et al. (1990), which is about six times larger
than that in Caughlan and Fowler (1988). The difference of
the amounts of the other CNO-elements between this study
and Woosley et al. (1990) is roughly within one order of
magnitude or so. In the convective He-layer, the amount
of 18O is different by a factor of 1000. This is also due to
the fact that, as mentioned in Section 2, the reaction rate of
18O(α, γ )22Ne becomes large by a factor of 10 to 100 in the
temperature range of the He-layer after Caughlan and Fowler
(1988).

5. Influence of the Adopted Neutrino Emission
Model

Since light elements are producedmainly through neutrino
interactions with helium and carbon as seen in the previous
section, we expect that the production of light elements is
influenced essentially by the adopted model of the neutrino
emission during the supernova explosion. So uncertainties of
the neutrino emissionmodel give a confusion on studying the
nucleosynthesis of light elements. To examine the influence
and to find a suitable manner to discuss freely from the un-
certainties of the neutrino emission model, we calculate the
abundances of light elements changing the two parameters,
namely, the decay time of the neutrino flux, τν , and the total
energy carried by neutrinos, Eν as mentioned in Subsection
3.3.
5.1 Abundance response to τν and Eν

Roughly speaking, the abundance of a light element is de-
termined by three kinds of processes, i.e., synthesis due to the
ν-process in the preshock stage, rapid production and decom-
position at the stage of the shock heating, and re-synthesis in
the shock-induced burning stage. If τν is much shorter than
the arrival time of the shock, too small number of neutrinos
remain at the stage of re-synthesis. In this case the final
abundances of light elements are almost determined by the
decomposition due to the shock heating. Because the inner
region of the He-layer is exposed to the higher shock temper-
ature, light elements survive in the outer region more than in
the inner region. On the other hand, in the case where τν is
much longer than the shock arrival time, enough number of
neutrinos take part in the re-synthesis of light elements even
after the decomposition due to the shock heating and the loss
is recovered.
Another parameter, Eν , also affects the production rates of

light elements. In our present study, Eν means directly the
total number flux of emitted neutrinos because we assume
that, as mentioned in Subsection 3.3 (see Eq.(17)), the neu-
trino temperatures are fixed. So it may be conjectured that
the amounts of synthesized light elements increase propor-
tionally with Eν . However, the ν-processes also produce,
sometimes, “poison” to some kind of elements, so that the
final abundances response to the adopted value of Eν compli-
catedly. In this subsection we will see, as an example, how
τν and Eν influence the final abundance of 11B.
In Fig. 10(a), we present the amount of 11B produced in the

He-layer in the three cases with different τν , i.e., 1 s, 3 s, and
10 s (Eν is fixed to be 3×1053 erg). In the outer region where
Mr � 5.0M� 11B is mainly produced through 12C(ν, ν ′ p)11B
and the shock temperature is not high enough to decompose

Fig. 10. Distribution of the final mass fraction of 11B in the He-layer. Panel
(a) shows the cases of τν = 1 s (dashed curve), 3 s (solid curve), and 10 s
(dotted curve) with common Eν (= 3× 1053 erg) and panel (b) the cases
of Eν = 6 × 1053 erg (dashed curve), 3 × 1053 erg (solid curve), and
1 × 1053 erg (dotted curve) with common τν (= 3 s).

11B (11B is decomposed above 2.5× 108 K). As a result, the
abundance of 11B does not depend appreciably on τν . In the
radiative He-layer where Mr � 6.0M�, the 11B abundance is
much less than that in the inner convective He-layer. This is
due to the fact that there exists a small number of 12C in the
radiative He-layer compared with that in the inner convec-
tive He-layer. In the inner region where Mr � 5.0M�, 11B is
produced through 12C(ν, ν ′n)11C(, e+νe)

11B and 4He(ν, ν ′n)
3He(α, γ )7Be(α, γ )11C(, e+νe)

11B. This region is character-
ized by the high shock temperature; 11Bproduced through the
ν-process is decomposed almost completely through α- and
p-capture reactions and, thus, thefinal abundance depends on
the total neutrinoflux aswell as the shock temperature. In the
case where τν = 10 s, the loss due to decomposition is recov-
ered almost completely through the thermonuclear reaction
sequence in the postshock stage as in the case of the outer-
most region (the shock reaches a sphere of Mr = 5.0M� at
27.3 s) and the abundance pattern becomes almost uniform
independently of the mass coordinate, Mr . In the case of
τν = 3 s, 11B is decomposed owing to the shock heating but
a part is re-produced. However, in the case of τν = 1 s almost
all of 11B is decomposed by the shock heating (especially, in
the innermost region where Mr � 4.2M�) and the final abun-
dance is about one to five orders of magnitude lower than that
in the case of τν = 10 s.
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Fig. 11. Distribution of the number ratio, 11B/7Li in the He-layer. Panels
(a) and (b) are illustrated by the same manner as in Fig. 10.

In Fig. 10(b) the distribution curves of produced 11B are
illustrated for the three cases with different Eν (but τν is
fixed to be 3 s). As a whole, the distribution curves behave
moderately in contract to the case of Fig. 10(a) and the vari-
ation of the amount is confined within an order of magnitude
or so. As conjectured earlier, as long as we are concerned
with the outermost region where Mr � 5.7M�, the amount
of 11B is almost proportional to Eν . But in the inner re-
gion, the distribution curves behave in a different manner
from point to point. Especially, in the middle region where
4.5M� � Mr � 5.5M�, the amount of 11B decreases with an
increase in Eν . This is due to the fact that (p, α)-reaction,
by which 11B is decomposed (see Table 3), becomes inactive
with an decrease in Eν because protons are supplied mainly
by 4He(ν, ν ′ p)3H.
5.2 Abundance ratios among the X -elements
We can expect that, at least qualitatively, the X -elements

are processed by a similar manner and that the abundance
ratios among them are less sensitive to the adopted values
of τν and Eν than the amounts themselves. In Figs. 11(a)
and 11(b), the number ratios of 11B/7Li are shown in the
cases with various τν and Eν , respectively. Except a narrow
region between Mr = 4.1M� and 4.3M�, 11B/7Li has a
value between 6×10−2 and 2 in the convective He-layer; the
ratio of the maximum to the minimum in the convective He-
layer is much smaller than those of the abundance curves
shown in Fig. 10(a). In the outer region where Mr � 5.0M�
7Li as well as 11B are produced through the ν-processes in

Fig. 12. The same as Fig. 11 but for 11B/10B.

the preshock stage and scarcely decomposed by the shock
heating. So the amount of 7Li as well as 11B (and, hence,
their ratio) are independent of τν . In the region between 4.3
M� and 5.0 M�, 11B/7Li ratios have almost the same values
for the cases of τν = 1 s and 3 s where most of neutrinos
pass through before the shock passage. Both 7Li and 11B are
firstly produced through ν-processes but decomposed almost
completely during the shock-induced burning stage. In the
case of τν = 10 s, only 11B is recovered almost completely
and, as a result, 11B/7Li becomes slightly large compared
with the cases of τν � 3 s. In the innermost region where
Mr � 4.1M�, the amounts of 7Be and 11C, which are parent
nuclei of 7Li and 11B, respectively, are almost determined by
a steady-flow equilibrium condition of 4He even in the case
of τν = 1 s so that 11B/7Li ratio scarcely depends on τν .

In the case of τν = 1 s the 11B/7Li ratio becomes ex-
ceptionally large in the narrow region between Mr = 4.1M�
and 4.3M�. In this case, neutrino irradiation stops before the
shock arrival and both 7Be and 11C decrease exponentially in
the post shock stage. Since the decomposition rate of 7Be is
larger than that of 11C and 11B/7Li ratio becomes very large.
As seen in Fig. 11(b), 11B/7Li varies moderately with Eν . In
the inner (Mr � 4.3M�) and the outer (Mr � 5.5M�) regions,
the ratio does not depend on Eν . In the middle region the
ratio increases with a decrease in Eν because of 11B behavior
mentioned in the last paragraph.
Compared with 11B/7Li ratio, 11B/10B ratio behaves in a

different way against τν . We see from Fig. 12(a) that 11B/10B
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Fig. 13. The same as Fig. 11 but in the cases of 12C/13C, 14N/15N, and 16O/17O, the curves of which are denoted by C, N, and O, respectively.

ratio depends sensitively on τν , especially, in the inner region
where Mr � 5.3M�. This is due, mainly, to the fact that the
amount of 10B is influenced strongly by the adopted value of
τν . In the He-layer, 10B is commonly synthesized through
12C(ν, ν ′np)10B. On the other hand, 10B is decomposed by
(p, α)-, (n, α)-, and (α, p)-reactions; in the innermost He-
layer (Mr � 4.5M�) (α, p)-reactions dominates and in the
radiative He-layer (Mr � 6.0M�) (p, α)-reaction does. Fur-
thermore, it should be noted that protons are supplied by the
ν-process 4He(ν, ν ′ p)3H and neutrons are formed mainly
by 4He(ν, ν ′n)3He and 3H(3H,nn)4He in the preshock stage.
Thus, thefinal abundance of 10B varies in a complicatedman-
ner depending on τν aswell as themass coordinates, Mr . The
ratio of 11B/10B, as shown in Figs. 12(b), does not depend
strongly on the adopted value of Eν in the inner region where
Mr � 5.0M�. However, in the outer region it scatters widely:
fromFig. 12(b)we observe a difference of two ormore orders
of magnitude between cases with small and large Eν .

Thus, we can say that the abundance ratio 11B/7Li is less
sensitive to uncertainties on the neutrino emission model
than other quantities such as 11B/10B and the amounts of X -
elements themselves. Nevertheless, it should be noted that
there remains a difference more than one order of magnitude
in 11B/7Li among the cases with various τν and Eν .
5.3 Influence on 6Li and 9Be

Only in the inner region (Mr � 5.0M�) of the convective
He-layer where the shock wave passes through within a first
30 s after the beginning of the explosion, the amounts of pro-
duced 6Li and 9Be are affected by the value of τν . Especially,
in the case of τν = 10 s the final abundances become large
by two or three orders of magnitude compared with the stan-
dard case (τν = 3 s) since the neutrino irradiation lasts even
after the passage of the shock. However, the influence of the
neutrino irradiation time on the amounts of 6Li and 9Be is
of no importance since the abundance level is still below the
detection limit. In the outer region where Mr � 5.0M�, the

amounts of 6Li and 9Be do not depend so much on τν as long
as we are concerned with the cases where τν � 10 s.
Roughly speaking, on the other hand, 6Li and 9Be are

produced in proportion to the adopted value of Eν (i.e., to the
total number of neutrinos) since they are formed commonly
through the ν-processes with the target nuclei of 12C and
13C. For example, when Eν = 6 × 1053 erg their maximum
amounts (which are realized nearMr = 5.5M�) become two
times larger than those in the standard case (Eν = 3 × 1053

erg). However, the amount of 7Li increases similarly and, as
a result, both 6Li/7Li and 9Be/7Li are still less than 2×10−4.
Thus, the conclusions mentioned in Subsection 4.2 hold as
they are irrelevant to the adoptedmodel of neutrino emission.
5.4 Influence on the CNO-elements
In Fig. 13 we show how the isotopic ratios of CNO-ele-

ments depend on τν and Eν . In most part of the He-layer
whereMr � 4.0M�, isotopic ratios are very insensitive to the
adopted value of τν ; all of their variations are confinedwithin
a factor of 4. The CNO-elements (except 12C and 16O) are
produced by various kind of the ν-processes whereas they are
hardly decomposed by the shock heating, after they are once
produced. As a result, the final abundances of these elements
are governed entirely by the total number of neutrinos but not
by the time variation of the neutrino flux.
Only in the innermost region (Mr � 4.0M�) where the

shock temperature is relatively high, the isotopic ratios de-
pend weakly on τν . The ratio 12C/13C (or 14N/15N) decreases
(or increases) with an increase in τν . As described in Sub-
section 4.3, 13C is decomposed through 13C(α, n)16O owing
to the shock heating. After the shock passage 13C is repro-
duced through 12C(n, γ )13C; neutrons are supplied by the
ν-process originated by the remaining neutrino flux. Thus,
the final amount of 13C becomes large when τν is long. Even
in the case of τν = 1 s, about one-thousandth of the total
number of neutrinos pass through a sphere of Mr = 3.8M�
after the shock arrival.
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The ratio 14N/15N behaves inversely against τν compared
to the case of 12C/13C. Owing to the shock heating, 14N
and 15N are both decomposed through (α, γ )- and (p, α)-
reaction, respectively. When τν is long, 14N is reproduced
from 11B, which is formed through a reaction sequence of α-
captures starting from 4He(ν, ν ′ p)3Hafter the shockpassage.
On the contrary, when τν is short, 14N is not reproduced and
15N is hardly decomposed because of lack of protons. Hence,
14N/15N becomes small compared to the case of long τν . In
the case of oxygen, 17O, once formed, is hardly decomposed
by the shock heating even in the innermost region and, hence,
the variation of 16O/17O is very small (within a factor of 2).
As conjectured earlier and seen from Fig. 13, the final

amount of 13C increases, more or less, in proportion to Eν ,
i.e., the total number of neutrinos, irrelevant to the internal
mass coordinate Mr . As shown in Table 3, 13C is produced
through the ν-process due to 12C and hardly decomposed by
the shock heating. The ratio 16O/17O changes with Eν simi-
larly to the case of 12C/13C. However, 14N/15N behaves dif-
ferently against Eν . In the outer region where Mr � 4.3M�,
15N, which is mainly produced through 18O(p, α)15N and
16O(ν, ν ′ p)15N, is increased with Eν . The amount of 14N,
however, scarcely depends on Eν because the amount of 11B,
parent nucleus of 14N, is determined by a balance between
production and decomposition reaction, both of which are
originated by the ν-processes. Thus, 14N/15N becomes low
when Eν is large. In the inner region, however, 14N/15N ratio
increases with an increase in Eν because the amount of 14N
increases and that of 15N decreases. The reason is as follows.
As seen in Table 3, 14N is produced through an α-capture re-
action sequence originated by the ν-process. Increase in Eν

brings about the increment of 14N production and, simulta-
neously, the same reaction provides more protons which are
the poison of 15N.

6. Conclusions and Discussion
In order to find a suitable manner for distinguishing preso-

lar grains of supernova origin from those of the other origins,
we investigated the light element synthesis in the He-layer
and the H-rich envelope of a 16.2 M� supernova and calcu-
lated their final abundances as well as the abundance ratios
by the use of our nuclear reaction network. The abundances
of light elements are affected by various kinds of physical pa-
rameterswhichgovern themodels of the supernova explosion
as well as the neutrino emission. Of these parameters, the
decay time of the neutrino flux, τν , and the total energy car-
ried by neutrinos, Eν , are most important since the explosive
synthesis of light elements is initiated, in most cases, by the
ν-processes. In the present study we concentrated ourselves
on investigating the influence of uncertainties in the adopted
model of the neutrino emission on the abundances of light
elements. The obtained results are summarized as follows:

1) The amounts of 6Li and 9Be produced in the exploding
He-layer and the H-rich envelope are much smaller than
that of, for example, 7Li. The ratios of 6Li/7Li and
9Be/7Li are less than 3×10−5 and 2×10−4, respectively,
as long as we are concerned with the case where the
isotopic abundance exceeds beyond the detection limit
(i.e., the number ratio to 16O is greater than 1 × 10−9).

Fig. 14. The number ratios of 11B/7Li (panel (a)), 14N/15N (panel (b)), and
16O/17O (panel (c)) versus 12C/13C. The adopted values of τν and Eν

are those in Eqs. (18) and (19). Three regions with a dark shade are of
the convective He-layer (denoted by He), the radiative He-layer (denoted
by rad-He), and the H-rich envelope (denoted by H) whereas a region
with a light shade denotes the ratios made of the mixing between these
regions. In panel (c), the region of the radiative He-layer overlaps with
that of the H-rich envelope. Amark� shows the ratio of the solar-system
composition. (In panel (a), exceptional spike appeared in Fig. 11(a) is
excluded.)

The above ratios of 6Li/7Li and 9Be/7Li are far from the
corresponding solar-system values.

2) Among X -elements, 7Li, 10B, and 11B are synthesized
appreciably (i.e., beyond the level of the detection limit)
in the He-layer and the inner H-rich envelope of a su-
pernova. The abundances of these isotopes vary over
several orders of magnitude depending on the internal
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mass coordinate, Mr , as well as the neutrino emission
model (i.e., τν and Eν). However, the ratio of 11B/7Li is
confined within a relatively small region (but, 11B/10B
or 10B/7Li scatters widely as the abundances do).

3) The tightly bound isotopes, 12C and 16O, are never syn-
thesized in the He-layer nor in the H-rich envelope and
the abundances are completely determined by their ini-
tial values. Heavy isotope, 18O, keeps, in most case, its
initial abundance.

4) The other CNO-elements, 13C, 14N, 15N, and 17O are
synthesized in the convective He-layer by small frac-
tions (but not outside the radiative He-layer). The
amounts of these elements vary with the internal mass
coordinate, Mr , by two or more orders of magnitude.
They also depend on τν and Eν but are confined within
a factor of 10 or so if we observe at fixed Mr .

As pointed out in Section 1, several procedures for dis-
tinguishing presolar grains of supernova origin have been
proposed (e.g, Nittler et al., 1996; Travaglio et al., 1999).
So, it may be worthwhile to compile our numerical results
for applying to the study of presolar grains of supernova
origin. According to familiar ways of cosmochemists, we
make useful three diagrams between two isotopic (elemen-
tal) ratios overwriting all of numerical results presented in
this study: diagrams of 11B/7Li-12C/13C, 14N/15N-12C/13C,
and 16O/17O-12C/13C, which are illustrated in Figs. 14(a) to
14(c). The adopted values of τν and Eν are those in Eqs. (18)
and (19). As described in the last section, these ratios vary
both with the adopted values of τν and Eν and with the in-
ternal mass coordinate we observe. Nevertheless, they are
confined within relatively small, two regions in the diagram:
one is of the H-rich envelope (including the radiative He-
layer) and another is of the inner convective He-layer. The
corresponding solar-system value (marked by � in the fig-
ures) does not fall onto the two regions mentioned above.
This would help us to distinguish presolar grains of super-
nova origin from solar-system materials.
It should be noted here that there happens to occur a mate-

rial mixing among the exploding layers, which is caused by
the Rayleigh-Taylor instability (e.g., Hachisu et al., 1994).
The mixing disturbs inevitably the isotopic (elemental) ra-
tios of materials. When there occurs a mixing between two
arbitrary fluid elements outside the He-burning shell (i.e., the
He-layer and the H-rich envelope), we can readily evaluate
the mixing effect on the isotopic ratios using our present re-
sults. The variation of the isotopic ratios due to the material
mixing are shown in Figs. 14(a) to 14(c) by light shadows.
Thus, we propose that dust-grains originated from a 16.2M�
supernova shouldhave the following cosmochemical features
of isotopic (elemental) ratios of the light elements:

(a) Among the X -elements, 6Li and 9Be should be both very
rare. Presolar grains with 6Li/7Li less than 3×10−5 and
with 9Be/7Li less than 2 × 10−4 should be originated
from the supernova.

(b) Presolar grainswith the ratios 11B/7Li, 12C/13C, 14N/15N,
and 16O/17O confined within relatively narrow two re-
gions with dark shade shown in Figs. 14(a) to 14(c)

should be also originated from the supernova. If there
occurs amixing between theHe-layer and theH-rich en-
velope, the ratio would fall onto the regions with light
shade.

We have a brief comment on comparison of Fig. 14(b)
withFig. 8(a) inTravaglio et al. (1999)which shows 14N/15N-
12C/13C ratios in theHe/C zone and theHe/N zone of a 20M�
supernova model in Woosley and Weaver (1995). The ratios
in theHe/N zone of theirmodel iswell identifiedwith those in
the radiative He-layer in ourmodel and the range of the ratios
in theHe/C zone in theirmodel is inside that in the convective
He-layer in ourmodel. So, roughly speaking, we can say that
our result is consistent with their result on 14N/15N-12C/13C
ratios. The comparison between our results and the ratios of
low-density presolar graphite grains presented in Travaglio
et al. (1999) brings us the same result as they obtained: the
ratios of the all grains are outside the predicted range of the
isotopic ratios. In addition to that, we also compared the
range of 16O/17O-12C/13C ratios in Fig. 14(c) with the ratios
of the presolar graphite grains in Travaglio et al. (1999) the
16O/17O ratios of which were measured. Most of the grains
do not have the isotopic ratios predicted in Fig. 14(c). Con-
sequently, the low-density graphite grains are not expected
to be originated from the supernova (16.2 M�) even if the
uncertainties on the ν-processes are considered.
Of course, we know that the amounts of light elements

synthesized in the supernova explosion are influenced by var-
ious kinds of physical processes which we do not take into
account in our present study and that the above conclusions
are not always in general. Among the ratios illustrated in
Fig. 14, some are influenced by the adopted chemical com-
positions and almost determined by the initial ratios them-
selves (e.g., 16O/17O and 12C/13C in the H-rich envelope).
In the above, we discussed the effect of a material mixing
between fluid layers but it is not sufficient: Once there oc-
curs a mixing, then not only the chemical compositions of
the mixture change from those of pre-mixed layers but also
the mixing would promote possibly a new kind of nuclear
reactions through which the X -elements synthesized in the
He-layer are decomposed by protons in the H-rich envelope.
There may also occur an alternative mixing between the He-
layer (or the H-rich envelope) and the deep layer such as the
C-layer and the O/Ne-layer. Furthermore, we have to con-
sider the nucleosynthesis in supernovae with various masses
up to, say, 25 M�.
In the second paper (Yoshida et al., 1999) we will in-

vestigate how the initial chemical compositions modify our
present conclusionsmentioned above and see that our present
conclusions do not depends seriously on the initial condi-
tions. In the third paper we will study the effects of the
delayed nuclear reactions driven by the mixing as well as
the mixing with deep layers. Moreover, using the supernova
models with various masses wewill discuss the light element
synthesis in the subsequent paper. We will see from these
papers that, although some are modified more or less, our
present conclusions are almost general in the whole.
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