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ABSTRACT
Nucleosynthesis in ONeMg novae has been investigated with the wide ranges of three parameters, i.e.,

the white dwarf mass, the envelope mass at ignition, and the initial composition. A quasi-analytic one-
zone approach is used with an up-to-date nuclear reaction network. The nucleosynthesis results show
correlation with the peak temperatures or the cooling timescales during outbursts. Among the com-
binations of white dwarf and envelope masses that give the same peak temperature, the explosion is
more violent for a lower white dwarf mass owing to its smaller gravitational potential. Comparison of
the nucleosynthesis results with observations implies that at least two-thirds of the white dwarf masses
for the observed ONeMg novae are ^1.1 which is signiÐcantly lower than estimated by previousM

_
,

hydrodynamic studies but consistent with the observations of V1974 Cyg. Moreover, the envelope
masses derived from the comparison are which is in good agreement with the ejecta massesZ10~4 M

_
,

estimated from observations but signiÐcantly higher than in previous hydrodynamic studies. With such a
low-mass white dwarf and a high-mass envelope, a nova can produce interesting amounts of the c-ray
emitters 7Be, 22Na, and 26Al. We suggest that V1974 Cyg has produced 22Na as high as the upper limit
derived from the COMPTEL survey. In addition, a nonnegligible part, if not the majority, of the Galac-
tic 26Al may originate from ONeMg novae. Both the future International Gamma-Ray Astrophysical
L aboratory (INT EGRAL ) survey for these c-ray emitters and abundance estimates derived from ultra-
violet, optical, and near-infrared spectroscopy will impose severe constraints on the current nova models.
Subject headings : novae, cataclysmic variables È nuclear reactions, nucleosynthesis, abundances È

white dwarfs

1. INTRODUCTION

A classical nova has been thought to be a thermonuclear
runaway of hydrogen-rich gas accumulated onto a white
dwarf in a close binary system (Truran 1982 ; Gehrz et al.
1998, and references therein). Recent observations show
that about 30% of well-studied events are classiÐed as
oxygen-neon-magnesium (ONeMg) novae. Obser-
vationally, ONeMg novae are characterized by strong line
emission in neon and other intermediate-mass elements
such as magnesium, aluminum, silicon, and sulfur in their
ejected shells (Livio & Truran 1994). The presence of these
elements implies that the accumulated gases must have been
substantially enriched through the dredge-up from the
ONeMg cores.

ONeMg novae have been suggested to be a promising
production site of the c-ray emitters 7Be, 22Na, and 26Al
(StarrÐeld, Truran, & Sparks 1978 ; Weiss & Truran 1990 ;
Nofar, Shaviv, & StarrÐeld 1991 ; StarrÐeld et al. 1993,
1998 ; Coc et al. 1995 ; Politano et al. 1995 ; Hernanz et al.
1996 ; Wanajo et al. 1997a, 1997b ; Hernanz, & CocJose� ,
1997 ; & Hernanz 1998). However, the following threeJose�
uncertainties confront us when studying nucleosynthesis in
ONeMg novae. First, the mass of the ONeMg white dwarf
is not constrained from theoretical models any more than
D1.1È1.4 which results from the 8È10 stellar evol-M

_
, M

_ution models (Nomoto 1984, 1987 ; Iben & Tutukov 1985).

On the other hand, only a few observational estimates of
the white dwarf masses have been reported (Paresce et al.
1995 ; Krautter et al. 1996 ; Retter, Leibowitz, & Ofek 1997).
Second, there is a serious disagreement between obser-
vational estimates and current theories on the masses acc-
reted onto white dwarfs. The ONeMg white dwarfs in
previous hydrodynamic studies accumulate a few times
10~5 of the envelope masses at ignition (Politano et al.M

_1995 ; StarrÐeld et al. 1998 ; & Hernanz 1998). On theJose�
other hand, the estimated ejecta masses of QU Vul, V838
Her, and V1974 Cyg are D10~4[ 10~3 (Taylor et al.M

_1987 ; Greenhouse et al. 1988 ; Saizar et al. 1992, 1996 ;
Woodward et al. 1992, 1997 ; Pavelin et al. 1993 ; Shore et al.
1993 ; Vanlandingham et al. 1996), which is 10È100 times
larger than theoretical estimates. StarrÐeld et al. (1998) have
shown that the envelope mass increases with decreasing
mass accretion rate and white dwarf luminosity (see also
Prialnik & Kovetz 1995 ; Kovetz & Prialnik 1997).
However, it is still signiÐcantly lower than observational
estimates. Third, there has been no consensus on the mixing
mechanism between the white dwarf matter and the accret-
ed gas, though a few hypotheses such as di†usion, shear
mixing, and convective overshooting have been proposed
(Prialnik & Kovetz 1984 ; Kutter & Sparks 1987 ; Iben, Fuji-
moto, & MacDonald 1991 ; Glasner, Livne, & Truran 1997 ;
Kercek, Hillebrandt, & Truran 1998a, 1998b). Furthermore,
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the metallicity estimates for the observed ejecta of ONeMg
novae show a wide spread between 0.09 and 0.86 in mass
fraction (Livio & Truran 1994 ; Politano et al. 1995 ; Star-
rÐeld et al. 1998). The initial composition of an envelope
may signiÐcantly a†ect the nucleosynthesis result as well as
the energetics of the outburst (Kovetz & Prialnik 1997 ; Jose�
& Hernanz 1998).

The purpose of this study is to examine nucleosynthesis
in ONeMg novae with the wide ranges of three parameters :
the white dwarf mass, the envelope mass, and the mixing
ratio of the core-surface matter into the envelope. In ° 2, we
describe our quasi-analytic nova models and an updated
nuclear reaction network. We then, in ° 3, compare the
nucleosynthesis results for one sequence with a previous
hydrodynamic calculation. In ° 4, we constrain the ranges of
white dwarf and envelope masses, comparing the nucleo-
synthesis results with observational abundance estimates in
which the e†ect of changing the initial composition is con-
sidered. Finally, the c-ray line emissions from 7Be, 22Na,
and 26Al are discussed in ° 6.

2. METHOD OF CALCULATION

2.1. Nova Model
Our nova models are based on the quasi-analytic

approach for the hydrogen shell Ñash on a white dwarf
(Sugimoto & Fujimoto 1978 ; Fujimoto 1982a, 1982b). The
temperature and density structures of an envelope are
obtained analytically for a given set of a white dwarf mass

and an envelope mass on the assumption that(MWD) (Menv),the spherical envelope expands in hydrostatic equilibrium.
We have constructed models for 49 sets of (1.05È1.35MWDand (10~6 to 10~3 The former correspondsM

_
) Menv M

_
).

to the masses of ONeMg cores that result from 8È10 M
_stellar evolutions (Nomoto 1984, 1987 ; Iben & Tutukov

1985), and the latter covers those both from theories
(D10~5 to 10~4 Truran et al. 1977 ; Politano et al.M

_
;

1995 ; StarrÐeld et al. 1998 ; & Hernanz 1998) and fromJose�
observations Taylor et al. 1987 ; Greenhouse(Z10~4 M

_
;

et al. 1988 ; Saizar et al. 1992, 1996 ; Woodward et al. 1992,
1997 ; Pavelin et al. 1993 ; Shore et al. 1993 ; Vanlandingham
et al. 1996). The Ðlled circles in Figure 1 are the sequences at
which our numerical calculations are performed, while
squares, triangles, and stars are taken from hydrodynamic
studies by Politano et al. (1995, hereafter PSTWS95), Star-
rÐeld et al. (1998, hereafter STWS98), and & HernanzJose�
(1998, hereafter JH98), respectively. The solid lines show the
mass accretion rates onto the white dwarfs required for each
set of calculated by Fujimoto (1982b). These(MWD, Menv)are in reasonable agreement with those by PSTWS95,
STWS98, and JH98 (D10~10 to 10~9

yr~1), but are somewhat overestimated in FujimotoM
_(1982b) since the luminosities of white dwarfs are neglected

and the radii are assumed to be Chandrasekhar (see Fig. 3)
in his work. Note that no outburst is achievable by an
accreting white dwarf below the dashed line because of the
high accretion rate. It is obvious that a rather low accretion
rate (or a low luminosity of the white dwarf) is required to
obtain a massive envelope such as to 10~3 asZ10~4 M

_
,

expected from observations.
The quasi-analytic nova model has been elaborated by

Sugimoto & Fujimoto (1978) and Fujimoto (1982a, 1982b).
Let us discuss the model in some detail, since it can charac-
terize the nova burst very well. The pressure and the density

sequences at which our numerical calculationsFIG. 1.È(MWD, Menv)have been carried out. The dots denote this work, and squares, triangles,
and stars are, respectively, from Politano et al. (1995), StarrÐeld et al.
(1998), and & Hernanz (1998).Jose�

at the base of the envelope are expressed in terms of MWDand Menv :

P
b
\GMWDMenv

4nRWD4 f
b
, (1)

o
b
\ Menv

4nRWD3 V
b

f
b

, (2)

where is the radius of the white dwarf and V is aRWDhomologous invariant deÐned by

V 4 [d ln P
d ln r

\GMo
rP

.

Hereafter the subscript b denotes a quantity at the base of
the envelope. The Ñatness parameter f in equations (1) and
(2) decreases monotonically as the shell Ñash proceeds :

f (x, N) 4
xN`1(1[ x)3~N

(N ] 1)B
x
(N ] 1, 3 [ N)

, (3)

where

x 4
N ] 1

V
(0\ x \ 1) . (4)

The value of denotes the degree of the ““ Ñatness ÏÏ of thef
benvelope. For the envelope is thin andf

b
D 1 (x

b
D 0),

strongly degenerate and thus is Ñat. On the other hand, for
the envelope is thick and nondegenerate andf

b
D 0 (x

b
D 1),

thus is spherical. The polytropic index N in equations (3)
and (4) is deÐned by

N
N ] 1

4
d ln o
d ln P

,

and is the incomplete b-function deÐned byB
x
(p, q)

B
x
(p, q) 4

P
0

x
tp~1(1[ t)q~1 dt (0\ x \ 1) .
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N is assumed to be adiabatic and constant throughout the
envelope but varies with time. The e†ect of the spatial varia-
tion in N is quite small for a typical convective envelope
(Fujimoto 1982a). The value of N is approximately 1.5 at
the beginning of a shell Ñash, and approaches D3 at the end
because of the increasing radiation pressure.

The shell Ñash starts with The envelope isf
b
D 1 (x

b
D 0).

then heated up by nuclear burning to a thermal runaway,
and cools down when decreases to D0 Equa-f

b
(x

b
D 1).

tions (1) and (2) are valid if

h 4
Ux

1 [ x
> 1 (5)

is satisÐed, where

U 4
d ln M
d ln r

\ 4nr3o
M

is another homologous invariant. This condition is violated
only near the last phase of the shell Ñash At this( f

b
D 0).

phase, major nuclear reactions are frozen out except for the
p-p chain, the CNO cycle, and b`-decay. Thus, our nucleo-
synthesis results may not be signiÐcantly a†ected.

Figure 2 illustrates contours for and in theP
b
/f
b

o
b
/V

b
f
bspace. These are the proper quantities for eachMWD-Menvset of The stronger dependence of the former(MWD, Menv).on is due to the higher power of as seen inMWD RWDequations (1) and (2). The temperature at the base of the

envelope can be calculated by solving the equation ofT
bstate with the use of equations (1) and (2). The spatial varia-

tions of the pressure, the density, and the temperature are
given, when condition (5) is satisÐed, by

P(x)\ P
b

A x
x
b

BN`1A 1 [ x
1 [ x

b

B~(N`1)
,

o(x)\ o
b

A x
x
b

BNA 1 [ x
1 [ x

b

B~N
,

T (x)\ T
b

A x
x
b

B(N`1)+A 1 [ x
1 [ x

b

B~(N`1)+
,

where +4 d ln T /d ln P is assumed to be adiabatic and con-
stant throughout the envelope but varies with time (on the
deviation from constant +, see Fujimoto 1982a). The value
of x decreases monotonically with increasing radius,
approaching zero at the surface of the envelope. The surface

FIG. 2.ÈContours of the proper values for the pressure and the(P
b
/f
b
)

density in the logarithmic scale in the space.(o
b
/V

b
f
b
) MWD-Menv

radius R is given, when condition (5) is satisÐed, by

R\ RWD
1 [ x

b
. (6)

Now we know the envelope structure completely.
The progress of a shell Ñash is derived by energy conser-

vation,

ds
dt

\ e
N

ST T
, (7)

where is the nuclear energy generation rate per unit mass,e
Ns is the speciÐc entropy that is spatially constant in the

convective envelope, and ST T is the mass-averaged tem-
perature over the envelope.

The energy inÑow from the white dwarf and loss from the
photosphere are neglected, being much smaller than the
nuclear energy during the explosive hydrogen burning. The
time variation of is then calculated from equations (1),x

b(2), and (7) with the use of the equation of state. The expan-
sion velocity of the envelope is derived from equationvexp(6) as

vexp\ R
1 [ x

b

dx
b

dt
.

Each calculation starts with the initial temperature T
b
\ 5

] 107 K and ceases when the nuclear luminosity decreases
to the Eddington luminosity, where no further heavy ele-
ments are synthesized.

The relation is derived for an isothermal coreMWD-RWD(2] 107 K) consisting of oxygen, neon (\5 :3), and par-
tially degenerate electron gases including the e†ect of the
Coulomb interaction (Ichimaru & Kitamura 1994), as
shown in Figure 3. The solid line denotes our results and the
triangles are taken from PSTWS95 and STWS98. Our
results are between those of carbon and magnesium white
dwarfs by Hamada & Salpeter (1961) and somewhat smaller
than those by PSTWS95 and STWS98. A variation of RWDsigniÐcantly inÑuences the density due to as seeno

b
P RWD~3

in equation (2), much more than the temperature (PRWD~1 ).
Note that the ONe white dwarf is unable to increase its

FIG. 3.ÈM-R relations for various white dwarfs. The solid line is for
O:Ne\ 5 :3 (this work), the dotted line is for the completely degenerate
electron gas by ChandrasekharÏs method and the dashed and(Ye\ 0.5),
and dot-dashed lines are for carbon and magnesium, respectively (Hamada
& Salpeter 1961). The Ðlled circles on the lines for O]Ne, carbon, and
magnesium denote values at which neutronization occurs. The triangles
are taken from PSTWS95 and STWS98.
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TABLE 1

NUCLEAR REACTION NETWORK EMPLOYED

Element Amin Amax Element Amin Amax
H . . . . . . . 1 2 Na . . . . . . 20 23
He . . . . . . 3 4 Mg . . . . . . 21 26
Li . . . . . . 7 7 Al . . . . . . . 22 27
Be . . . . . . 7 7 Si . . . . . . . 24 30
B . . . . . . 8 11 P . . . . . . . 27 31
C . . . . . . 9 13 S . . . . . . . 28 34
N . . . . . . 13 15 Cl . . . . . . . 31 37
O . . . . . . 14 18 Ar . . . . . . . 32 38
F . . . . . . 17 19 K . . . . . . 35 39
Ne . . . . . . 18 22 Ca . . . . . . 36 40

mass beyond 1.38 because the electron capture on 20NeM
_and 24Mg triggers the collapse (denoted by a Ðlled circle on

the solid line ; Nomoto 1984, 1987).

2.2. Nuclear Reaction Network and Initial Composition
The nuclear reaction network used in this work contains

87 stable and proton-rich isotopes from hydrogen to
calcium (Table 1), including all relevant nuclear reactions
and weak interactions. The reaction 8B(p, c)9C, which can
be a sink for 7Be production (Boffin et al. 1993), is also
included. The ground and isomeric states of 26Al take
longer than the mean lifetime of the isomer (^9.2 s) to be
equilibrated for K (Ward & Fowler 1980). The[4 ] 108
peak temperatures in the models responsible for the
observed ONeMg novae may be less than 4 ] 108 K, as will
be discussed in ° 5. Thus, the two states are separated as
di†erent isotopes. The nuclear reaction rates are taken from
F.-K. Thielemann (1995, private communication). They are
based on the rates by Caughlan & Fowler (1988), those
calculated by a statistical model (Truran, Thielemann, &
Arnould 1987), and the latest experimental data (van
Wormer et al. 1994, etc.). We also include new reaction rates
by Herndl et al. (1995) and Iliadis et al. (1996). The rate
26Si(p, c)27P (Herndl et al. 1995) may have a special impor-
tance, being 103È104 times larger than the previous one in
the typical nova temperature range. The rates 25Mg(p,
c)26Al and 25Al(p, c)26Si (Iliadis et al. 1996) may be also of
importance for 26Al production, though the latter involves
a large uncertainty. In our computations, all nuclear reac-
tion rates are mass averaged over the envelope, except for
b`-decay that does not depend on density and temperature.

The initial composition of an envelope is assumed to be a
mixture of the solar composition gas and the dredged-up
matter from the surface of the ONeMg white dwarf. The
solar abundances are adopted from Anders & Grevesse
(1989), and the abundances of the ONeMg core matter from
Hashimoto, Iwamoto, & Nomoto (1993) for the 1.35 M

_ONeMg core (Table 2). As can be seen in Table 2,

TABLE 2

ABUNDANCES OF THE ONeMg CORE AT THE SURFACE

Nucleus Mass Fraction Nucleus Mass Fraction

12C . . . . . . . 3.95E[02 24Mg . . . . . . 4.20E[02
16O . . . . . . . 5.42E[01 25Mg . . . . . . 6.29E[03
20Ne . . . . . . 3.31E[01 26Mg . . . . . . 4.57E[03
21Ne . . . . . . 2.87E[03 27Al . . . . . . . 1.25E[02
22Ne . . . . . . 1.34E[03 28Si . . . . . . . 2.46E[03
23Na . . . . . . 1.65E[02

TABLE 3

INITIAL COMPOSITIONS OF THE ENVELOPE BY MASS

XWD

ISOTOPE 0.1 0.4 0.8

p . . . . . . . . . . . 6.36E[01 4.24E[01 1.41E[01
D . . . . . . . . . . 4.33E[05 2.88E[05 9.62E[06
3He . . . . . . . 2.64E[05 1.76E[05 5.87E[06
4He . . . . . . . 2.48E[01 1.65E[01 5.51E[02
7Li . . . . . . . . 8.43E[09 5.62E[09 1.87E[09
11B . . . . . . . . 4.26E[09 2.84E[09 9.46E[10
12C . . . . . . . . 6.69E[03 1.76E[02 3.22E[02
13C . . . . . . . . 3.29E[05 2.19E[05 7.31E[06
14N . . . . . . . 9.96E[04 6.64E[04 2.21E[04
15N . . . . . . . 3.93E[06 2.62E[06 8.74E[07
16O . . . . . . . 6.28E[02 2.22E[01 4.35E[01
17O . . . . . . . 3.50E[06 2.34E[06 7.79E[07
18O . . . . . . . 1.95E[05 1.30E[05 4.34E[06
19F . . . . . . . . 3.65E[07 2.43E[07 8.11E[08
20Ne . . . . . . 3.45E[02 1.33E[01 2.65E[01
21Ne . . . . . . 2.90E[04 1.15E[03 2.29E[03
22Ne . . . . . . 2.51E[04 6.15E[04 1.10E[03
23Na . . . . . . 1.68E[03 6.60E[03 1.32E[02
24Mg . . . . . . 4.66E[03 1.71E[02 3.37E[02
25Mg . . . . . . 6.89E[04 2.55E[03 5.04E[03
26Mg . . . . . . 5.27E[04 1.88E[03 3.67E[03
27Al . . . . . . . 1.31E[03 5.05E[03 1.00E[02
28Si . . . . . . . 8.34E[04 1.38E[03 2.10E[03
29Si . . . . . . . 3.09E[05 2.06E[05 6.86E[06
30Si . . . . . . . 2.12E[05 1.41E[05 4.71E[06
31P . . . . . . . . 7.35E[06 4.90E[06 1.63E[06
32S . . . . . . . . 3.57E[04 2.38E[04 7.93E[05
33S . . . . . . . . 2.90E[06 1.94E[06 6.45E[07
34S . . . . . . . . 1.68E[05 1.12E[05 3.74E[06
35Cl . . . . . . . 2.28E[06 1.52E[06 5.07E[07
37Cl . . . . . . . 7.70E[07 5.13E[07 1.71E[07
36Ar . . . . . . . 6.98E[05 4.65E[05 1.55E[05
38Ar . . . . . . . 1.39E[05 9.24E[06 3.08E[06
39K . . . . . . . 3.13E[06 2.08E[06 6.95E[07
40Ca . . . . . . 5.40E[05 3.60E[05 1.20E[05

O:Ne :MgB 10 :6 :1, which is in good agreement with those
in Nomoto & Hashimoto (1988) for 1.36MWD\ 1.26, M

_and Ritossa, & Iben (1996) for ThisGarc•� a, MWD\ 1.2 M
_

.
implies that the composition of an ONeMg core does not
signiÐcantly depend on its mass. The mass fraction of the
dredge-up matter from the ONeMg core in the envelope

which is the third parameter in this study, is of impor-XWD,
tance on the nucleosynthesis results, as will be discussed in
° 4.3. However, abundance estimates in the observations of
nova ejecta involve large uncertainties, as pointed out by
Livio & Truran (1994). The estimated metallicities of the six
observed ONeMg nova ejecta range widely (see Table 4),
and, unfortunately, di†erent authors have provided di†er-
ent values even for identical events (Williams et al. 1985 ;
Snijders et al. 1987 ; Saizar et al. 1992, 1996 ; Drech-Andrea� ,
sel, & StarrÐeld 1994 ; Austin et al. 1996 ; Vanlandingham et
al. 1996 ; Vanlandingham, StarrÐeld, & Shore 1997). In
addition, no consensus has been achieved in theoretical
modeling of how and when the core matter mixes into the
envelope (Prialnik & Kovetz 1984 ; Iben et al. 1991 ; Kutter
& Sparks 1987 ; Glasner et al. 1997 ; Kercek et al. 1998a,
1998b). Thus, we examine all the combinations of (MWD,

for (case A), 0.4 (case B), and 0.8 (case C),Menv) XWD\ 0.1
which cover observational uncertainties in abundance
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determinations. The initial compositions for each case are
given in Table 3.

3. COMPARISON WITH NUCLEOSYNTHESIS BY A

HYDRODYNAMIC MODEL

Up to now, a number of works on nucleosynthesis in
ONeMg novae have been performed (Hillebrandt & Thiele-
mann 1982 ; Weiss & Truran 1990 ; Nofar et al. 1991, and
references therein). Their nova models were, however, based
on one-zone envelopes, using the spatially constant tem-
perature and density proÐles taken from hydrodynamic
studies (StarrÐeld et al. 1978 ; StarrÐeld, Sparks, & Shaviv
1988). Coc et al. (1995) have studied 22Na and 26Al pro-
duction in ONeMg novae with another semianalytic
method (MacDonald 1983). Their nova model and ours
give similar envelope structures in temperature and density.
However, our model includes the e†ect of the partially
degenerate and relativistic electron gas, while Coc et al.
(1995) treated electrons as the ideal gas. The electron degen-
eracy cannot be neglected in the early phase of outbursts.
Hernanz et al. (1996) and et al. (1997) have also exam-Jose�
ined nucleosynthesis in novae with the use of a hydrody-
namic method. However, they focused on 7Li or 26Al
production and gave only a few synthesized isotopes in their
papers.

Hence, we compare our model with sequence 6 in
STWS98 to see the di†erences of nucleosynthesis between
the quasi-analytic and hydrodynamic methods. The nova
model in STWS98 was identical to that of PSTWS95,
except that the former included the updated nuclear reac-
tion rates (van Wormer et al. 1994 ; Herndl et al. 1995) and
OPAL opacity tables (Iglesias & Rogers 1993). In addition,
STWS98 employed a lower white dwarf luminosity and a
lower mass accretion rate to obtain a more massive ignition
envelope. Furthermore, an important change was that
STWS98 used a longer mixing length of 2È3 times the pres-
sure scale height. We do not compare our results with those
of JH98, who studied nucleosynthesis in ONeMg (and CO)
novae using a hydrodynamic code, since the white dwarf
radii are not presented. Their results showed, however,
trends similar to those of PSTWS95 and STWS98. To facili-
tate comparison, we use the same initial composition,
nuclear reaction rates, (\1.25 (\4.5MWD M

_
), Menv] 10~5 and as STWS98. Note that the nucleo-M

_
), RWDsynthesis results in this work are obtained for the whole

envelope, while those in STWS98 are for only the ejected
matter. Thus, STWS98 may strongly reÑect the composi-
tion of the outer region. Figure 4 shows the ratios of iso-
topes ( Ðlled circles) and elements (triangles) between our
results and those of STWS98 (sequence 6). Our calculation
obtains a higher peak temperature (^3.17] 108 K) than
that of STWS98 (^3.00] 108 K), since the latter model
ignited hydrogen one zone above the base so that the
envelope is e†ectively thinner (see STWS98). The prominent
underproduction of several isotopes like 15N, 18O, 21Ne,
22Na (and perhaps 23Na, not shown in STWS98 ; see
PSTWS95, for instance), 24Mg, and 26Mg is due to our
assumption of a fully convective one-zone envelope. Since
these isotopes are rather fragile against the (p, c) or (p, a)
reactions, they decrease signiÐcantly even at the late phase
of the outburst. In contrast, these isotopes were able to
survive in STWS98, escaping from the hotter convective
region into the cooler radiative region at the late phase. 15N
is especially fragile against the (p, a) reaction, being under-

FIG. 4.ÈRatios of our nucleosynthesis results to those of STWS98
(sequence 6). The dots and triangles denote isotopes and elements, respec-
tively.

produced by more than 5 orders of magnitude in this work.
As a result, nitrogen (mostly 14N in this work) is also under-
produced, unlike in STWS98, in which 15N is dominant. On
the other hand, carbon (12C and 13C) are signiÐcantly over-
produced, transferred from 15N. We should be careful on
these di†erences in comparing the nucleosynthesis results
with observations. However, both results are in excellent
agreement for other isotopes and especially for elements
(except for carbon and nitrogen) that are more important
for comparison with observations.

4. NUCLEOSYNTHESIS IN ONeMg NOVAE

4.1. Nuclear Flows in the N-Z Plane
In this section, we present some important aspects of

nucleosynthesis in ONeMg novae, referring to the results of
several models. Figure 5 shows the Ðnal abun-(MWD, Menv)dances and the net nuclear Ñows in the N-Z plane. The size
of a circle denotes the mole fraction of the isotope deÐned
by in the logarithmic scale. The initial composi-Y

i
4 X

i
/A

ition is shown by dotted circles. The net nuclear Ñow of a
reaction from the ith to jth isotope, deÐned as

F
ij
4
P

[Y0
i
(i ] j) [ Y0

j
( j ] i)]dt ,

is denoted by the length of an arrow in the same scale.
Throughout this section, the mixing ratio is assumedXWDto be 0.4 (case B), which is close to the average metallicity of
the ejecta estimated from observations (see Z in Table 4).

Figure 6 shows the peak temperature at the base Tpeak,the cooling timescale q, deÐned as the duration from the
peak to one-half the peak temperature, the peak nuclear
energy generation rate per unit mass and the ejectionepeak,velocity in the space. Here, is deÐned asvej MWD-Menv vejthe expansion velocity when it equals the escape veloc-vexpity (for the models denoted by circles). For the modelsvescdenoted by crosses, in which is below throughoutvexp vescthe calculations, is replaced with at the maximum.vej vexpAs seen in Figure 6, q has a weaker dependence on MWDthan does while the trend of is similar to AsTpeak, epeak Tpeak.a result, among the models of the same peak temperature,
the explosion is more violent for the smaller becauseMWDof its smaller gravitational potential. This is also seen in the
panel of which shows the similar trend to q in thevej, MWD-

space. In order to obtain the fast ejection velocities,Menvsuch as km s~1 as derived by recent observationsZ1000
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FIG. 5.ÈNucleosynthesis results for several sequences in the N-Z plane. The size of each circle indicates the yield at the Ðnal stage,(MWD/M_
, Menv/M_

)
and the length of each arrow the net nuclear Ñow in the logarithmic scale. The initial compositions are shown by dotted circles.

(Gehrz et al. 1998, and references therein), the cooling time-
scale must be s when the b`-decay of 14O (q^ 102[1000
s) and 15O (q^ 176 s) plays an important role.

4.1.1. L ow-Temperature Sequences

For the model 10~4.5), the(MWD/M_
, Menv/M_

)\ (1.10,
initially present 24Mg is entirely transferred to silicon, even
though is as low as D2 ] 108 K (Fig. 5). In contrast,Tpeakthe initial 20Ne remains mostly unburned, though minor
nuclear Ñows appear through the NeÈNa cycle. A part of

the initial 16O is converted to 17O, 12C, 13C, and 14N. The
HCNO cycle is active near the peak in temperature, turning
to the CNO cycle as the temperature decreases. Thus,
almost all 15N is eventually converted to 14N, 12C, and 13C.
Note that, for the models with K, is tooTpeak[ 2 ] 108 vexpsmall to overcome as seen in Figure 6.vesc,

4.1.2. Moderate-Temperature Sequences

The nucleosynthesis results for (MWD/M_
, Menv/M_

)\
(1.15, 10~4.0) and (1.35, 10~5.5) (hereafter N1540B and
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FIG. 6.ÈContours of the peak temperatures at the base, the cooling
timescales, the energy generation rates per unit mass, and the ejection
velocities in the space (case B).MWD-Menv

N3555B, respectively) di†er signiÐcantly, regardless of their
mostly same (^2.9] 108 K), as seen in Figure 5. ThisTpeakcan be explained as follows. Figure 7 shows the time varia-
tions of and e for each model. The cooling timescale forT

bN1540B (q^ 190 s) is more than 1 order shorter than for
N3555B (q^ 2400 s). This is a consequence of the weaker
gravitational potential for N1540B owing to its smaller

and thus its larger (Fig. 3). In addition, theMWD RWDnuclear energy generation rate remains as high as D1014
ergs g~1 s~1 even after the envelope expands and the tem-
perature decreases to D108 K, owing to the b`-decay of
14O, 15O, and other unstable nuclei. As a result, the expan-
sion of the envelope is accelerated and then the temperature
drops fairly quickly, even when its structure is returning to
the static conÐguration. In contrast, for N3555B, almost all
the short-lived b`-unstable nuclei have decayed at the late
phase. Hence, the temperature drops slowly with the
decreasing nuclear energy generation rate. The patterns of
the temperature decreases are, therefore, not similar
between these models. The critical cooling timescale
between the slow (N3555B) and fast (N1540B) expansion is
qD 1000 s. The cooling timescale for N1540B is compara-
ble to the b`-decay lifetime of 15O (\176 s). As a result,
15N survives the following (p, a) reactions and signiÐcantly
enhances. For similar reasons, 18O, 25Mg, and 26Al are
prominent in N1540B, while they are absent in N3555B.
Note that the somewhat higher in N1540B is due to theepeakhigher density at the base (Fig. 2).

It is noteworthy that the net nuclear Ñows of 24Mg(p,
c)25Al have overcome the initial abundance of 24Mg for
both N1540B and N3555B (Fig. 5), owing to substantial
nuclear Ñux from the NeÈNa region. It implies that the
initial amount of 24Mg does not signiÐcantly a†ect the pro-
duction of isotopes Aº 24 for the models Tpeak Z 3 ] 108
K. Note that N1540B also obtains signiÐcantly higher ejec-
tion velocity (^2100 km s~1) than N3555B (^1200 km
s~1). As seen in Figure 6, for all the models with Tpeak Z 3

FIG. 7.ÈTime variations of the temperature at the base and the nuclear
energy generation rate per unit mass for (MWD/M_

, Menv/M_
) \ (1.15,

10~4.0) and (1.35, 10~5.5).

] 108 K, exceeds and obtains km s~1,vexp vesc vejZ 1000
which is in good agreement with recent observations of
ONeMg novae.

4.1.3. High-Temperature Sequences

For the models 10~4.0)(MWD/M_
, Menv/M_

) \ (1.20,
and (1.20, 10~3.5) (hereafter N2040B and N2035B,
respectively), substantial nuclear Ñuxes appear in the
NeÈNa region because of their high (^3.3] 108 KTpeakand 4.2] 108 K, respectively), as seen in Figure 5. In addi-
tion, various nuclear paths open in the MgÈS region. The
abundance of 26Al is highly enhanced in N2040B because of
the substantial nuclear Ñux from the NeÈNa region via
23Na(p, c)24Mg. On the other hand, 26Al is less abundant in
N2035B because of its higher peak temperature. Instead,
18O, 22Na, and 23Na are highly enhanced in N2035B, since
q (^9.5 s) is comparable to the b`-decay lifetimes of 18Ne
(2.4 s), 22Mg (5.6 s), and 23Mg (16 s). For the extremely high
temperature K) model(Tpeak ^ 7.3 ] 108 (MWD/M_

,
10~3.0), almost all the initial 20Ne isMenv/M_

) \ (1.30,
burned out and the nuclear Ñow extends to calcium by the
rp-process (Fig. 5). Leakage from the CNO cycle via the
a-capture of 14O and 15O is apparent, though its contribu-
tion to the heavy element production is negligible.

4.2. Element and Isotope Production
In this section, we discuss the global trends of element

production and isotope ratios in the space,MWD-Menvreferring to the abundances of ONeMg nova ejecta esti-
mated from recent observations. Table 4 shows the abun-
dances for the recent six ONeMg novae, V693 CrA
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TABLE 4

OBSERVED ONeMg NOVA ABUNDANCES

Nova H He C N O Ne Mg Al Si S Z Ref.

V693 CrA . . . . . . . 2.8E[01 3.2E[01 5.1E[03 8.4E[02 1.2E[01 1.7E[01 7.6E[03 3.4E[03 2.6E[03 4.0E[01 1
V693 CrA . . . . . . . 1.6E[01 1.8E[01 7.9E[03 1.4E[01 2.1E[01 2.7E[01 1.8E[02 6.9E[03 6.5E[01 2
V693 CrA . . . . . . . 3.9E[01 2.0E[01 4.3E[03 8.0E[02 7.5E[02 2.3E[01 2.9E[03 1.9E[03 8.7E[03 4.1E[01 3
V1370 Aql . . . . . . 4.9E[02 8.8E[02 3.5E[02 1.4E[01 5.1E[02 5.2E[01 6.8E[03 1.8E[03 1.0E[01 8.6E[01 4
V1370 Aql . . . . . . 4.5E[02 1.0E[01 5.0E[02 1.9E[01 3.7E[02 5.6E[01 7.9E[03 4.6E[03 8.5E[01 2
QU Vul . . . . . . . . . 3.0E[01 6.0E[01 1.0E[03 2.1E[02 1.6E[02 2.3E[02 1.7E[03 4.0E[02 1.0E[01 5
QU Vul . . . . . . . . . 3.3E[01 2.7E[01 9.6E[03 7.4E[02 1.8E[01 8.7E[02 3.7E[03 9.9E[03 3.2E[02 1.2E[02 4.0E[01 2
V351 Pup . . . . . . . 3.8E[01 2.4E[01 5.9E[03 7.4E[02 1.9E[01 1.1E[01 4.3E[03 1.9E[03 3.8E[01 6
V838 Her . . . . . . . 6.0E[01 3.1E[01 1.2E[02 1.4E[02 2.5E[03 5.8E[02 2.8E[03 9.0E[02 3
V1974 Cyg . . . . . . 1.8E[01 3.1E[01 5.4E[02 7.7E[02 2.7E[01 1.1E[01 5.1E[01 7

REFERENCES.È(1) Williams et al. 1985 ; (2) et al. 1994 ; (3) Vanlandingham et al. 1997 ; (4) Snijders et al. 1987 ; (5) Saizar et al. 1992 ; (6) Saizar et al.Andrea�
1996 ; (7) Austin et al. 1996.

(Williams et al. 1985 ; et al. 1994 ; Vanlandingham etAndrea�
al. 1997), V1370 Aql (Snijders et al. 1987 ; et al.Andrea�
1994), QU Vul (Saizar et al. 1992 ; et al. 1994), V351Andrea�
Pup (Saizar et al. 1996), V838 Her (Vanlandingham et al.
1997), and V1974 Cyg (Austin et al. 1996). Note that the
abundances of the elements not presented in the above ref-
erences are assumed to be zero, thus involving errors of a
few percent. The average metallicity for these ONeMg
novae is ^0.43 by mass. The mixing ratio is, therefore,XWDassumed to be 0.4 (case B) throughout this section.
However, V1370 Aql and V838 Her show signiÐcantly dif-
ferent metallicities from case B. The dependence on the
initial composition is discussed in ° 4.3.

When temperature is higher than D2 ] 108 K, proton
captures are fast enough to compete with the b`-decay of
various unstable isotopes. As a result, the nucleosynthesis
results are signiÐcantly deviated from those in steady
nuclear Ñows such as the CNO and NeÈNa cycles. Figures
8È14 show the Ðnal abundances and isotope ratios by mass
in the space. The abundances are shaded fromMWD-Menvwhite (0.1) to black (10~5) in the logarithmic scale (except
for beryllium and boron). In the rest of this paper, all abun-
dances are given in mass fraction. As described below, we
Ðnd that there exist two types of elements, namely, those
correlated to (e.g., oxygen, neon, and sulfur) and to qTpeak(e.g., carbon, sodium, and magnesium).

4.2.1. Beryllium and Boron

As seen in Figure 8, the abundance of 7Be (in mass
fraction) reaches D10~6 for K (Fig. 6)Tpeak D 2.5È4 ] 108
by the a-capture of the initially present 3He. For the same

the lower models produce more 7Be than higherTpeak, MWDones. This is due to the higher densities for the formers as

FIG. 8.ÈContours of the abundances of 7Be and 11B in the logarithmic
scale (case B).

seen in Figure 2. When density is less than D103 g cm~3 at
temperature D2È4 ] 108 K, the proton capture of 7Be is
suppressed by its inverse reaction (Boffin et al. 1993). For

K, 7Be decreases by its a-capture. As aTpeakZ 4 ] 108
result, the abundance of 11B reaches D10~7. For Tpeak Z 6
] 108 K, the abundance of 11B decreases owing to the
reaction 11C(a, p).

4.2.2. Carbon and Nitrogen

In the steady Ñow of the CNO cycle K), the([2 ] 108
most abundant isotope is 14N and the isotope ratios are
determined by the nuclear reaction rates as

12C/13C\ j[13C(p, c)]/j[12C(p, c)]D 2È4 ,

14N/15N \ j[15N(p, a)]/j[14N(p, c)]D 5000È50,000 .

When temperature exceeds D2 ] 108 K, the CNO cycle is
replaced with the HCNO cycle via 13N(p, c)14O(b`, l)14N.
The abundance patterns of the carbon and nitrogen (Fig. 9)
mainly depend on q (Fig. 6) as follows. (1) For q? 1000 s,
the carbon and nitrogen isotopes show the typical feature of
the steady CNO cycle, i.e., C/N > 1, 12C/13CD 3, and 14N/
15N D 30,000. (2) For qD 1000 s, however, these isotope
ratios approach D1, because of the b`-decay lifetimes of
13N (^862 s) and 15O (^176 s), which are comparable to
the cooling timescale. The thermonuclear runaway ceases
before most 13N (and some 15O) decays, and thus the ratio
C/N also reaches D1. (3) For q> 1000 s, the thermonuclear
runaway ceases during the active HCNO cycle where 14O
and 15O are abundant, resulting in C/N > 1. The ratio
12C/13C is unchanged (D3), while 14N/15N is signiÐcantly
reduced, to D0.1.

The abundance of nitrogen is D0.1 in the whole area of
the space, regardless of the ratio 14N/15NMWD-Menvranging over 5 orders of magnitude. In contrast, the abun-
dance of carbon ranges widely (D0.001È0.1), reaching its
maximum at qD 1000 s, while the ratio 12C/13C is not
signiÐcantly changed in the space. The aboveMWD-Menvresults explain the abundance feature of the recent ONeMg
novae (Table 4), in which the abundance of carbon spreads
widely (D0.001È0.01) while that of nitrogen is D0.1. Note
that the abundance of nitrogen for QU Vul (Saizar et al.
1992) and V838 Her (Vanlandingham et al. 1996) is as low
as D0.02, owing to the signiÐcantly lower metallicities
(D0.1). For V838 Her and V1974 Cyg, the ratio of C/N is
D1, which is obtained by the models with qD 1000 s.

It should be noted that our models may signiÐcantly
underproduce 15N, which causes the too-large ratio C/N as
discussed in ° 3. This may be, however, the case only in the
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FIG. 9.ÈSame as Fig. 8, but for carbon and nitrogen and their isotope ratios

models with q? 1000 s. For the models with s, theq[ 1000
abundance of 15N is not signiÐcantly reduced as described
above, and thus the results may not be changed substan-
tially.

4.2.3. Oxygen and Fluorine

The abundance of oxygen is mainly correlated to Tpeakbut is also dependent on q (Fig. 10), owing to the presence of
three isotopes. The ratio 16O/17O has a clear correlation
with It reaches the minimum (D0.3) atTpeak. Tpeak D 3
] 108 K and is nearly constant (D3 for KTpeak [ 2 ] 108
and D10 for K) because of the di†erentTpeak Z 4 ] 108
nuclear reaction cycles (Fig. 5). In contrast, the ratio
16O/18O shows a clear correlation with the cooling time-
scale (Fig. 10), being signiÐcantly small for s. As aq[ 100
result, the abundance of oxygen reaches D0.03È0.1 for (1)

K (16O and 17O are abundant) or for (2)Tpeak[ 3 ] 108
s (18O is abundant). Note that oxygen is alwaysq[ 100

abundant in the models with where one ofMWD[ 1.15 M
_

,
these conditions is satisÐed.

Fluorine (19F) is not signiÐcantly enhanced in the all
models (Fig. 10). The reason is that the reaction 18F(p,
c)19Ne, which is followed by the b`-decay to 19F, is much
slower than 18F(p, a)15O. The abundance of 19F is D10~4
at most for qD 10 s, which is comparable to the b`-decay
lifetime of 19Ne (^25 s).

The oxygen-rich ONeMg novae (D0.1È0.3 by mass)
V693 CrA, QU Vul, V351 Pup, and V1974 Cyg (Table 4)
can be explained by the following models : (1) MWD[ 1.15

(2) K, and (3) s. On the otherM
_

, Tpeak[ 2 ] 108 q[ 10
hand, V838 Her is fairly oxygen poor (^3.3] 10~3), which
could be explained by a rather massive model (MWDD 1.3

It should be noted, however, that its estimated metal-M
_

).
licity is ^0.09 (Table 4), signiÐcantly less than assumed in
this section (see ° 4.3).

The ratio C/O can be for qD 1000 s where the abun-Z1
dance of carbon is D0.1 and that of oxygen is It[0.1.
implies that the carbon-rich ONeMg novae, i.e., V1370 Aql
and V838 Her, may be explained by the models with
qD 1000 s. Note that carbon tends to be overproduced in
the models with q? 1000 s (° 4.2.2). This may not, however,
change the above result with qD 1000 s.

4.2.4. Neon and Sodium

Neon is the second most abundant metal in the initial
composition (Table 3). The abundance of neon is not signiÐ-
cantly reduced for K because of its ratherTpeak[ 4 ] 108
slow proton capture (Fig. 11). Nevertheless, the substantial
nuclear Ñow appears in the NeÈNa cycle even for Tpeak D
2È3 ] 108 K (Fig. 5) owing to the abundant neon initially
present. The ratio 20Ne/21Ne is clearly correlated with the
cooling timescale, being small for the shorter q, where the
b`-decay lifetime of 21Na (^32 s) is not negligible. On the
other hand, the ratio 20Ne/22Ne is clearly correlated to the
peak temperature, increasing with a rise in This is dueTpeak.to the faster proton capture on 22Ne than on 20Ne.

The abundance of sodium is for s,[10~3 qZ 100
because of the steady NeÈNa cycle, where 20Ne is most
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FIG. 10.ÈSame as Fig. 8, but for oxygen, its isotope ratios, and Ñuorine

abundant (Fig. 11). The isotope ratio is also determined by
their reaction rates as

22Na/23Na \ j[23Na(p, a)]/j[22Na(p, c)]D 10 ,

in the temperature range D2È4 ] 108 K. On the other
hand, sodium is abundant (D0.01È0.1 by mass) for q[ 100
s, where the b`-decay lifetimes of 22Mg (^6 s) and 23Mg
(^16 s) are not negligible. Thus, a part of sodium, which is
the decayed product of the magnesium isotopes, survives
the subsequent proton capture. The ratio 22Na/23Na
reaches D1, owing to the abundant 22Mg and 23Mg in the
NeÈNa region during outbursts. The abundance of 22Na
shows a similar trend to that of sodium, clearly correlated
to the cooling timescale. This abundance can be changed by
the large uncertainty of the 22Na(p, c)23Mg rate (Kubono et
al. 1994, 1997 ; Schmidt et al. 1995 ; Coc et al. 1995).
However, it may not be signiÐcantly a†ected for s,q[ 100
since the explosive burning ceases while 22Mg is abundant.

The enrichment in neon is characteristic of all the
observed ONeMg novae. On the other hand, no positive
detection of sodium has been reported for recent ONeMg
novae (Gehrz et al. 1994) because of a lack of useful lines
and, probably, little enrichment in sodium in the nova
ejecta. An alternative way to check the nucleosynthesis in
the NeÈNa region is to compare with the result of the c-ray
line survey of the 22Na decay from a nearby ONeMg nova
by the Compton Gamma-Ray Observatory (CGRO) or Inter-
national Gamma-Ray Astrophysical L aboratory
(INT EGRAL ) in the near future.

4.2.5. Magnesium and Aluminum

Magnesium is one of the abundant elements initially
present, but it is rather fragile against proton capture. As a
result, it is mostly transferred to aluminum and silicon via
the opened MgÈAl cycle (Timmermann et al. 1988 ; Cham-
pagne et al. 1988). As seen in Figure 12, the abundance of
magnesium reaches its minimum at qD 1000 s, in contrast
to carbon (Fig. 9). For s, it reaches D10~2 becauseq[ 1000
of the substantial leakage from the NeÈNa cycle and the
nonnegligible b`-decay lifetime of 25Al (^10 s). Note that
the most abundant isotope is always 25Mg because it has
the slowest proton capture. The isotope ratios 24Mg/25Mg
and 24Mg/26Mg are clearly correlated with the cooling
timescale. They are, however, not monotonic with q but
complicated because of the inÑow from the NeÈNa cycle
and the leakage from the MgÈAl region and the various
nuclear paths at high temperature (Fig. 5).

The abundance of aluminum shows a similar trend to
that of magnesium, correlated to the cooling timescale (Fig.
12). The ratio 26Al/27Al is not signiÐcantly changed, being
close to

26Al/27Al\ j[27Al(p, c)]/j[26Al(p, c)]D 0.1È0.5

in the temperature range D1È4 ] 108 K. However, the
ratio decreases with a reduction in the cooling timescale
because of the nonnegligible b`-decay lifetime of 27Si (^6
s) that is the parent isotope of 27Al. Note that, for rather
high temperature models K), the proton(Tpeak Z 4 ] 108
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FIG. 11.ÈSame as Fig. 8, but for neon, sodium, their isotope ratios, and 22Na

capture on 25Al is faster than its b`-decay. The subsequent
isotope 26Si decays to 26Mg in D12 s through the isomeric
state of 26Al, bypassing its ground state. The double peaks
in 26Al (D3 ] 10~3 by mass) can be seen in Figure 12. The
one at lower peak temperatures (D1.8] 108 K) is consis-
tent with those of PSTWS95, STWS98, and JH98, in which
the abundance of 26Al decreases with increasing white
dwarf mass. The other peak at higher peak temperatures

K) is the consequence of the substantial nuclear(Z3 ] 108
Ñux from the NeÈNa region. The latter peak, which has not
been presented in the previous works, is of importance on
whether ONeMg novae can be the signiÐcant contributors
of the Galactic 26Al. Note that the abundance of 26Al in the

latter case does not substantially depend on the initial
abundance of 24Mg (° 4.1). There are large uncertainties in
the reaction rates of 25Al(p, c)26Si (Wiescher et al. 1986 ; Coc
et al. 1995 ; Iliadis et al. 1996), 26Si(p, c)27P (Herndl et al.
1995), 25Mg(p, c)26Al (Coc et al. 1995 ; Iliadis et al. 1996),
and 26Al(p, c)27Si (Coc et al. 1995 ; Champagne, Brown, &
Sherr 1993 ; Coc et al. 1995). Our trial calculations for a few
models suggest that these uncertainties change the abun-
dance of 26Al by a factor of D2È3.

The clear dependence of magnesium on the cooling time-
scale is useful to constrain for observed(MWD, Menv)ONeMg novae. The estimated abundance of magnesium is
D4 ] 10~3 to 2 ] 10~2 for V693 CrA, V1370 Aql, and QU
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FIG. 12.ÈSame as Fig. 8, but for magnesium, aluminum, their isotope ratios, and 26Al

Vul (Table 4), corresponding to s or s (seeq[ 100 qZ 106
Figs. 6 and 12). The abundance of aluminum does not sig-
niÐcantly vary in the space, being not useful toMWD-Menvconstrain Nevertheless, the abundance esti-(MWD, Menv).mates of aluminum are D3 ] 10~3 to 10~2 for V693 CrA,
QU Vul, and V351 Pup (Table 4), which is in good agree-
ment with our results.

4.2.6. Silicon and Phosphorus

The abundance of silicon reaches D3 ] 10~2 for TpeakZ
2 ] 108 K (Fig. 13) via the substantial nuclear Ñux from the
MgÈAl region. The abundance is only weakly correlated to
the cooling timescale. On the other hand, the ratios 28Si/
29Si and 28Si/30Si are clearly correlated with o the cooling

timescale because of various competitions between proton
capture and b`-decay (Fig. 5).

The abundance of phosphorus (31P) reaches D10~3 to
10~2 for K because of the faster protonTpeak Z 3 ] 108
capture on 30P than its b`-decay (Fig. 13). Since the SiÈP
cycle is not closed, as seen in Figure 5, phosphorus is not
signiÐcantly destroyed.

The abundance of silicon in the ejecta of V693 CrA,
V1370 Aql, and V351 Pup is as small as D2È7 ] 10~3,
corresponding to K. In contrast, that inTpeak [ 2 ] 108
QU Vul (D3È4 ] 10~2) is in agreement with the models

K. The discovery of phosphorus has beenTpeakZ 2 ] 108
reported in the ejected shell of V1974 Cyg by near-infrared
spectroscopy (Wagner & DePoy 1996). It suggests that
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FIG. 13.ÈSame as Fig. 8, but for silicon, its isotope ratios, and phosphorus

V1974 Cyg can be explained by a model with a rather high
peak temperature, although an accurate abundance of
phosphorus is required to constrain It is also(MWD, Menv).interesting to note that signiÐcantly enhanced phosphorus
has been detected on the white dwarf in a dwarf nova
system (Sion et al. 1997) and in the broad-line system of a
QSO (Shields 1996), which might originate from ONeMg
novae.

4.2.7. Sulfur and Other Heavy Elements

The abundance of sulfur reaches D10~2 for Tpeak Z 3
] 108 K through leakage from the SiÈP region (Fig. 14).
The abundance does not exceed 10~2 in the models

because of the shorter cooling timescaleMWD[ 1.15 M
_(Fig. 6). This condition is, however, highly dependent on the

initial composition, as will be discussed in ° 4.3. For TpeakZ
3 ] 108 K, the ratios 32S/33S and 32S/34S decrease with a
rise in peak temperature because of the increasing nuclear
paths (Fig. 5). For K, these ratios approachTpeak [ 3 ] 108
those determined by their reaction rates.

At least one-half of the observed ONeMg novae, V1370
Aql, QU Vul, and V838 Her, are abundant in sulfur in their
ejecta (Table 4). In addition, the sulfur enrichment has been
conÐrmed in the V1974 Cyg ejecta from near infrared spec-
troscopy (Woodward et al. 1992, 1995 ; Wagner & DePoy
1996). These novae can be explained by the models with
such high peak temperatures as K. The esti-Tpeak Z 3 ] 108
mated abundance of sulfur for V1370 Aql is much higher

than by any models in the space (Fig. 14). ItMWD-Menvshould be noted, however, the estimated metallicity for
V1370 Aql is twice as much as assumed in this section (see °
4.3).

Heavier elements, from chlorine to calcium, are not sub-
stantially enhanced for K (Fig. 14). In addi-Tpeak [ 4 ] 108
tion, their enhancement is never seen in the models with

because of the shorter cooling timescale.MWD[ 1.15 M
_Nevertheless, the enrichment in chlorine has been reported

for the ejecta of V1974 Cyg by near-infrared spectroscopy
(Wagner & DePoy 1996). The accurate abundance of chlo-
rine would severely constrain for V1974 Cyg.(MWD, Menv)

4.3. Dependence on the Initial Composition
So far we have discussed the nucleosynthesis results for

only one set of the initial composition (case B).XWD\ 0.4
However, the metallicities of the ejecta for V1370 Aql and
QU Vul by Saizar et al. (1992) and for V838 Her deviate
signiÐcantly from 0.4 (Table 4). In addition, the di†erent
authors present di†erent metallicity estimates for the same
nova events. In particular, the discrepancy is serious for QU
Vul between Saizar et al. (1992) (^0.10) and et al.Andrea�
(1994) (^0.40). It is therefore difficult to judge whether the
dispersion of the metallicities is real or due to observational
errors. In the following, we discuss how the initial composi-
tion inÑuences the nucleosynthesis results, comparing the
low- case A) and high- case C)(XWD \ 0.1 ; (XWD\ 0.8 ;
metallicity cases.
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FIG. 14.ÈSame as Fig. 8, but for sulfur and its isotope ratios, and the sum of chlorine, argon, potassium, and calcium

As discussed in ° 2.1, the density and temperature struc-
tures of an envelope are determined uniquely by a set of

in our model, being independent of its time(MWD, Menv)evolution (but slightly dependent on the time variation in
mean molecular weight). As a result, case C is at most 20%
higher than case A in peak temperature for each (MWD,

as seen in Figure 15. The higher temperature in caseMenv),C is due to the larger mean molecular weight. In contrast, a
variation in initial composition is crucial for the cooling
timescale (Fig. 15). For K, case C is moreTpeakZ 2 ] 108
than 10 times shorter than case A in q. This is a consequence
of the higher nuclear energy in case C (Fig. 16) because of
the abundant nuclear fuel. The ejection velocity is also
a†ected by the initial composition. As seen in Figure 16,
case C reaches signiÐcantly higher than case A in eachvejmodel.

A prominent distinction between case A (N0540A) and
case C (N0540C) can be seen in Figure 17, which shows the
nuclear Ñows and the Ðnal yields in the model (MWD/M_

,
10~4.0). In N0540A, the nuclear ÑowMenv/M_

)\ (1.05,
extends to sulfur because of the longer cooling timescale
(^23,000 s), while that in N0540C (q^ 1800 s) extends to
silicon. Model N0540A consumes most of oxygen initially
present, in contrast to N0540C.

Figures 18, 19, and 20 show the abundances of important
elements and c-ray emitters in the space for caseMWD-MenvA and case C. These results are explained as follows.

1. The abundance of carbon is still clearly correlated to q
as in case B (° 4.2.2), reaching its maximum at qD 1000 s for
both cases (Fig. 18). The abundance is roughly proportional
to among the models with the same cooling timescale.XWD2. Magnesium is another element clearly correlated to q
as in case B (° 4.2.5). In case A, the abundance is signiÐ-
cantly smaller than in case C, not enhanced even for q[
1000 s. This is a consequence of the longer q in case A, where
the nuclear Ñow extends to heavier elements than magne-
sium (Fig. 17).

3. Silicon is also an element showing a correlation to q in
case B, not signiÐcantly changed for KTpeak Z 2 ] 108
(° 4.2.6). This feature holds for case C. However, the abun-
dance in case A has a correlation to rather than q,Tpeakreaching its maximum at K (Fig. 19). TheTpeak D 2.5 ] 108
depletion of silicon in case A for high is due to the longTpeakcooling timescale.

4. The trend of oxygen abundance signiÐcantly di†ers
between case A and case C (Fig. 18). The abundance in case
B is correlated to both and q, being more abundant inTpeakthe lower models (° 4.2.3). In case C, however, theMWDabundance is not signiÐcantly changed in the (MWD, Menv)space, being D0.3. On the other hand, that in case A is
clearly correlated to the peak temperature, signiÐcantly
depleted for K (Fig. 18).Tpeak Z 2.5 ] 108

5. The abundance of sulfur shows a correlation to Tpeakin all cases. In case C, however, the abundance is for[10~3
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FIG. 15.ÈContours of the peak temperatures at the base and the
cooling timescales in the space for case A and CMWD-Menv

the models because of the shorter q. OnMWD[ 1.15 M
_the other hand, that in case A reaches D3 ] 10~2 at Z3

] 108 K, since q is longer and thus the nuclear Ñow extends
to heavier elements.

6. The radioactive species 7Be, 22Na, and 26Al are not
signiÐcantly enhanced in case A because of its longer
cooling timescale (Fig. 20). On the other hand, these abun-
dances in case C show trends similar to those in case B in
the space (Fig. 8).MWD-Menv

The estimated metallicity for the ejecta of V1370 Aql is
extremely high, ZD 0.85 (Table 4), which is close to the
value in case C. However, the abundance of oxygen is sig-
niÐcantly small (D4È5 ] 10~2), being inconsistent with our

FIG. 16.ÈSame as Fig. 15, but for the energy generation rates per unit
mass and the ejection velocities.

results In addition, sulfur in the ejecta is extremely(Z0.1).
abundant (D0.1 by mass), which is also in disagreement
with our results These features, i.e., the low abun-([10~2).
dances of oxygen and high abundances of sulfur, could be
explained by lower models rather than higher onesXWD(Figs. 10, 14, 18, and 19). Thus, the extremely high metal-
licity in this nova ejecta may not be real but due to diffi-
culties in the observational estimates.

For the QU Vul ejecta, Saizar et al. (1992) gave a much
lower metallicity estimate (Z^ 0.10) corresponding to case
A than et al. (1994). The low abundance estimates ofAndrea�
carbon, oxygen, and magnesium by Saizar et al. (1992) are
in good agreement with our results for KTpeak[ 2 ] 108
(Figs. 15, 18, and 19). However, the abundance of silicon
(D4 ] 10~2 by mass) suggests that the nova has reached

FIG. 17.ÈNucleosynthesis results for 10~4.0) in the N-Z plane for case A and C(MWD/M
_

, Menv/M_
)\ (1.05,
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FIG. 18.ÈContours of the abundances of carbon and oxygen in the logarithmic scale for case A and C

K, which is inconsistent with the aboveTpeakD 2È3 ] 108
result. Thus, there is no model that explains(MWD, Menv)the abundance estimates by Saizar et al. (1992) within rea-
sonable observational errors.

The V838 Her ejecta also shows a rather low metallicity
estimate (Z^ 0.09), which again corresponds to case A. The
abundance features of the ejected shell, i.e., the low oxygen
and high sulfur, are well reproduced in our results for

K (Figs. 18 and 19). Hence, the lowTpeakD 2È3 ] 108
metallicity for this case implies the presence of a real disper-
sion in metallicity among the observed nova ejecta.

5. COMPARISON WITH OBSERVATIONS

In this section, we discuss which models best(MWD, Menv)match the recent ONeMg nova observations from the
nucleosynthetic point of view, using the results of case B

For V838 Her, however, those of case A(XWD\ 0.4).
are used (° 4.3). The abundances for QU Vul by(XWD\ 0.1)

Saizar et al. (1992) and V1370 Aql are not discussed in this
section, since they are not reproduced in our models (° 4.3).

Figure 21 shows the models that are in agreement with
the abundance estimates for recent ONeMg novae to within
a factor of 3 for V693 CrA (Vanlandingham et al. 1997 ;
triangles), V351 Pup (Saizar et al. 1996 ; asterisks), and
V1974 Cyg (Austin et al. 1996 ; stars) and a factor of 5 for
QU Vul et al. 1994 ; circles) and V838 Her(Andrea�
(Vanlandingham et al. 1997 ; squares). The thick symbol for
each nova is the best model, whose ratio to its observation

is shown in Figure 22. Interestingly, at least four events
(V693 CrA, QU Vul, V838 Her, and V1974 Cyg) are well
explained by the models with ^1.1 which is near theM

_
,

lower limit for ONeMg cores (Nomoto 1984). This is in
contrast to the mass range used by PSTWS95 and STWS98,
1.25È1.35 which is near the upper bound for ONeMgM

_
,

cores. Table 5 shows the estimated ejecta masses of QU Vul
(Taylor et al. 1987 ; Greenhouse et al. 1988 ; Saizar et al.
1992), V351 Pup (Saizar et al. 1996), V838 Her (Woodward
et al. 1992 ; Vanlandingham et al. 1996), and V1974 Cyg
(Pavelin et al. 1993 ; Shore et al. 1993 ; Woodward et al.
1997) from observations. These signiÐcantly high ejecta
masses compared with theoretical estimates are reasonably
explained by our nucleosynthesis results if we assume that
almost all the envelope is eventually blown o†. In addition,
for the models with the expansion veloci-MenvZ 10~4 M

_
,

ties exceed and obtain km s~1 (Figs. 6 andvesc vej Z 1000
16), which are in good agreement with observations. Note
that the abundances of carbon and nitrogen by our results
are also in good agreement with those by observations,
regardless of their uncertainties (° 3). This is a consequence
that these novae are well explained by the models with

s where the uncertainties (caused by the depletionq[ 1000
of 15N) may be small (° 4.2.2).

5.1. V 693 CrA
The high oxygen abundance (D0.1È0.2 by mass) in the

V693 CrA ejecta (Williams et al. 1985 ; et al. 1994 ;Andrea�
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FIG. 19.ÈSame as Fig. 18, but for magnesium, silicon, and sulfur

Vanlandingham et al. 1997) implies that it was an event
with K or with (° 4.2.3).Tpeak [ 2 ] 108 MWD[ 1.15 M

_The low magnesium and high silicon abundances found by
Vanlandingham et al. (1997) suggest that the cooling time-
scale was s (°° 4.2.5 and 4.2.6). On the other hand,[1000
Williams et al. (1985) and et al. (1994) present some-Andrea�
what higher magnesium and lower silicon abundances. We
compare our results with the abundance estimates by Van-
landingham et al. (1997), since others used the overexposed
spectrum as pointed out by et al. (1994). As a result,Andrea�
the model 10~3) (case B) is in(MWD/M

_
, Menv/M_

)\ (1.05,
good agreement with the observation to within a factor of 3
(Figs. 21 and 22).

5.2. QU V ul
The high abundance of sulfur implies that the nova

reached temperature as high as K (Figs. 6TpeakZ 3 ] 108
and 14). Furthermore, the abundance of oxygen despite
such a high temperature suggests that the white dwarf mass
was (° 4.2.3). Our results are in agreement with[1.15 M

_the observational estimates to within a factor of 5 for the
models 10~3.5 to 10~3)(MWD/M_

, Menv/M_
) \ (1.05È1.1,

(case B). These high envelope masses are in good agreement
with the observational estimates of the nova ejecta (Table
5). Note that the high abundances of both oxygen and sulfur
were not explained by previous hydrodynamic studies, with
much smaller envelope masses.
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FIG. 20.ÈSame as Fig. 18, but for 7Be, 22Na, and 26Al

5.3. V 351 Pup
The ejected shell of V351 Pup shows the high oxygen and

low silicon abundances (Saizar et al. 1996). This feature is
well explained with the low-temperature models of Tpeak[

K (Figs. 6, 10, and 13). Our results are in good2 ] 108
agreement with the observational estimates to within a
factor of 3 for the models (MWD/M_

, Menv/M_
) \

10~5.5 to 10~5), (1.15È1.2, 10~6 to 10~5.5) and are(1.05È1.1,
the best for (1.25, 10~6) (case B). In such low-temperature
models, magnesium must be abundant (° 4.2.5), though it is
not presented in Saizar et al. (1996). The above low envelope

masses may be due to mass accreting at a high rate from a
giant companion, which is also suggested by the optical
spectral analysis (Saizar et al. 1996). The estimated ejecta
mass, 2 ] 10~7 (Table 5), implies that this novaM

_occurred in a white dwarf as massive as MWD Z 1.25 M
_

.

5.4. V 838 Her
The low oxygen and high sulfur abundances in the V838

Her ejecta are the prominent features in the low-metallicity
models (case A) with K (° 4.3). In addi-TpeakD 2.5È3 ] 108
tion, the ratios C/N D 1 and suggest that theC/O Z 1
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sequences that are in agreement with recentFIG. 21.È(MWD, Menv)ONeMg novae, within the factor of 3 for V693 CrA (triangles), V351 Pup
(asterisks), and V1974 Cyg (stars), and of Ðve for QU Vul (circles) and V838
Her (squares). The thick signs are the best sequences in our results.

cooling timescale was D1000 s (°° 4.2.2 and 4.2.3). Thus, the
nova may have occurred at low and high (Fig.MWD Menv15). Our results are in agreement with the observational
estimates to within a factor of 5 for the model (MWD/M_

,
10~4 to 10~3.5).Menv/M_

)\ (1.05,

FIG. 22.ÈRatios of our results to observational abundance estimates.
The symbols are the same as Fig. 20.

5.5. V 1974 Cyg
Unfortunately, the abundances of elements heavier than

neon are not presented in Austin et al. (1996), because of a
lack of these lines. The high oxygen abundance suggests
that the peak temperature was K or that the[2 ] 108
white dwarf mass was (° 4.2.3). In addition, the[1.15 M

_ratio C/N D 1 implies that the cooling timescale was
D1000 s (° 4.2.2). Our results are in good agreement with
the observational estimates to within a factor of 3 for the
models 10~3.5), (1.1, 10~4),(MWD/M_

, Menv/M_
) \ (1.05,

and (1.2, 10~5) and are the best for (1.1, 10~4.5) (case B;
N0535B, N1040B, N2050B, and N1045B). They are in rea-
sonable agreement with the estimated mass of the ejecta

(Table 5). Their white dwarf masses areZ5 ] 10~5 M
_also in agreement with the estimates from observations

D0.75È1.1 (Paresce et al. 1995 ; Retter et al. 1997) butM
_are smaller than D1.25 (Krautter et al. 1996). TheM

_observation shows a factor of 2 lower hydrogen abundance
than our result (Fig. 22). This might be due to the sub-
sequent steady hydrogen burning on the white dwarf as
pointed out by Krautter et al. (1996). Hayward et al. (1996)
have derived the neon and magnesium abundances relative
to solar values from a mid-infrared observation. If their
ratio Ne/Mg D 30 is adopted, the abundance of magnesium
would be D3 ] 10~3. It favors a relatively high envelope
mass model (Fig. 12). As a result, N1040B would be the best
in this case. A recent near-infrared measurement has shown
the presence of the lines of phosphorus and chlorine
together with sulfur in the V1974 Cyg ejecta (Wagner &
DePoy 1996). This suggests that V1974 Cyg experienced

K. In this case, the higher models areTpeakZ 3 ] 108 Menvalso favorable. In addition, the ejection velocity in N1040B
is ^1800 km s~1 being good agreement with observations
(^2300 km s~1 ; Gehrz et al. 1998), while that in N1045B is
^190 km s~1. Obviously, further analysis of heavy ele-
ments is needed to constrain the parameters (MWD, Menv)for V1974 Cyg.

6. PRODUCTION OF THE RADIOACTIVE ISOTOPES

In this section, we discuss the possibilities of detecting the
c-ray emitters 7Be and 22Na and the contribution to the
Galactic 26Al from ONeMg novae, based on our nucleo-
synthesis results in ONeMg novae. Figure 23 shows the
total masses of 7Be, 22Na, and 26Al produced per event for

(case B). As seen in this Ðgure, the models withXWD \ 0.4

TABLE 5

EJECTED MASSES OF RECENT ONeMg NOVAE

Nova Mej/M_
Observations Ref.

QU Vul . . . . . . . . . 8] 10~4 Radio emission 1
QU Vul . . . . . . . . . º9 ] 10~4 Infrared emission 2
QU Vul . . . . . . . . . 0.2È1.5] 10~4 Multiwavelength study 3
V351 Pup . . . . . . . 1 ] 10~7 Multiwavelength study 4
V838 Her . . . . . . . 6.4È9 ] 10~5 Infrared emission 5
V838 Her . . . . . . . 1.8] 10~4 Optical and UV emission 6
V1974 Cyg . . . . . . º7 ] 10~5 Radio emission 7
V1974 Cyg . . . . . . 1È4 ] 10~4 ] Y ~1@2a UV emission 8
V1974 Cyg . . . . . . 2È5 ] 10~4 Infrared emission 9

a Y is the enhancement factor for the helium abundance.
REFERENCES.È(1) Taylor et al. 1987 ; (2) Greenhouse et al. 1988 ; (3) Saizar et al.

1992 ; (4) Saizar et al. 1996 ; (5) Woodward et al. 1992 ; (6) Vanlandingham et al. 1996 ;
(7) Pavelin et al. 1993 ; (8) Shore et al. 1993 ; (9) Woodward et al. 1997.
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FIG. 23.ÈContours of the masses of 7Be, 22Na, and 26Al per event in
the logarithmic scale (case B).

with which are in goodMWD^ 1.1 M
_

MenvZ 10~4 M
_

,
agreement with most of observations (° 5), produce signiÐ-
cant amounts of these isotopes. In the rest of this section, all
of the envelope is assumed to be eventually blown o†.

6.1. Gamma-Ray Emission from 7Be Electron Captures
Classical novae might be possible sites for the 7Li pro-

duction (the electron-capture products of 7Be) in the solar
neighborhood (StarrÐeld et al. 1978 ; DÏAntona & Mat-

teucci 1991 ; Wanajo, Ishimaru, & Kajino 1998). Recently,
some works claim that they cannot be the major contrib-
utors (Matteucci, DÏAntona, & Timmes 1995 ; JH98).
Nevertheless, the c-rays (at 478 KeV) from the 7Be electron
capture would be detectable by CGRO or INT EGRAL
(Hernanz et al. 1996 ; & Hernanz 1998 ;Jose� Go� mez-Gomar
et al. 1998).

The c-ray line Ñux from the 7Be electron capture is esti-
mated as

F(7Be)D 4 ] 10~5 cm~2 s~1

]
C X(7Be)Menv
5 ] 10~9 M

_

DA d
3 kpc

B~2
e~t@q(7Be) ,

where d is the distance of the nova system from the sun. For
the CGRO sensitivity (a few 10~5 cm2 s~1) and a typical
distance (d D 3 kpc), a mass of 7Be D5 ] 10~9 perM

_event is required for it to be detected. The mass of 7Be per
event in our model is over 5È10 times smaller than required
(Fig. 23). However, an ONeMg nova will be a promising
target in 7Be c-rays for INT EGRAL in the near future.
Note that CO novae may produce about 10 times higher
7Be than ONeMg novae (JH98 ; Wanajo et al. 1998).

6.2. Gamma-Ray Emission from 22Na Decays
There has been increasing expectations that an ONeMg

nova might be the Ðrst stellar object for the detection of the
c-ray emitter 22Na (Weiss & Truran 1990 ; StarrÐeld et al.
1993 ; Coc et al. 1995 ; PSTWS95 ; Wanajo 1997a, 1997b ;
STWS98 ; JH98 ; et al. 1998). Nevertheless,Go� mez-Gomar
no positive detection has been reported by COMPTEL on
board CGRO for the recent ONeMg novae, V351 Pup,
V838 Her, and V1974 Cyg (Iyudin et al. 1995).

As seen in Figure 23, the total mass of 22Na per event
(case B) is signiÐcantly high in the models MenvZ 10~4

The c-ray line Ñux from the b`-decay of 22Na is esti-M
_

.
mated as

F(22Na)D 4 ] 10~5 cm~2 s~1

]
CX(22Na)Menv
1 ] 10~7 M

_

DA d
3 kpc

B~2
e~t@q(22Na) .

For the CGRO sensitivity and a typical distance (D3 kpc), a
mass of 22Na D10~7 per event is required. This corre-M

_sponds to an envelope mass of D10~4 (Fig. 23). Table 6M
_shows the distances, the masses of 22Na per event from our

results (for the best Ðtted models, see ° 5), the expected
initial c-ray line Ñuxes at 1.275 MeV, and the upper limits to
the COMPTEL observations (Iyudin et al. 1995) for V693
CrA, QU Vul, V351 Pup, V838 Her, and V1974 Cyg. V1370
Aql is omitted here, not explained by any (MWD, Menv)models as discussed in ° 5. V693 CrA and QU Vul may have
emitted the c-rays as high as D5 ] 10~4 cm~2s~1.
However, their Ñuxes have decreased to, respectively,
6 ] 10~6 and 1 ] 10~5 cm2 s~1 at present, and will
decrease to 3 ] 10~6 and 5 ] 10~6 cm2 s~1 at the launch of
INT EGRAL (D2001?). In contrast to the above two novae,
V351 Pup and V838 Her may have yielded much lower
c-ray Ñuxes that are consistent with the upper limits by
COMPTEL. The envelope mass of V351 Pup might be [

(° 5.3), so little 22Na may have been produced.10~5 M
_Although V838 Her may have obtained a massive envelope

such as D10~4 (° 5.4), the cooling timescale was soM
_long owing to the low metallicity (D104 s) that little 22Na
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TABLE 6

22Na PRODUCTION IN ONeMg NOVAE

d F0a Fupb
Nova Year (kpc) XMenv/M_

(cm~2 s~1) (cm~2 s~1)

V693 CrA . . . . . . . 1981 11.8 2.0] 10~5 5.5] 10~4
QU Vul . . . . . . . . . 1984 2.8 8.9] 10~7 4.4] 10~4
V351 Pup . . . . . . . 1991 3.5 4.0] 10~11 1.3] 10~8 5.5] 10~5
V838 Her . . . . . . . 1991 3.4 1.9] 10~8 6.3] 10~6 3.3] 10~5
V1974 Cyg . . . . . . 1992 1.8 2.5 ] 10~8 3.0] 10~5 2.3] 10~5

a Initial Ñux by this work (best sequence).
b Upper limit by Iyudin et al. 1995.

survived. The c-ray Ñux of the 22Na decay from V1974 Cyg
may have been near the sensitivity limit to COMPTEL,
with the abundance in the best model (° 5.5) and a distance
of D1.8 kpc (Chochol et al. 1997). Thus, if the ejected mass
was as high as a few 10~4 our model would indeedM

_
,

have produced observable 22Na (or the estimated distance
is too short).

It seems that at least four ONeMg novae (V693 CrA, QU
Vul, V838 Her, and V1974 Cyg) in the past 20 years have
produced sufficient 22Na for the high sensitivity of INT E-
GRAL (D4È5 ] 10~6 cm2 s~1). The next ONeMg nova in
the Ðrst decade of the 21st century will be a promising
candidate for detecting the c-ray emitter 22Na.

6.3. Galactic 26Al Production
Since its discovery by HEAO 3 (Mahoney et al. 1984),

many studies have been carried out to explain the presence
of D1È3 of 26Al in the Galaxy. In particular, ONeMgM

_novae have been considered to be a promising stellar site for
the 26Al production (Weiss & Truran 1990 ; Nofar et al.
1991 ; StarrÐeld et al. 1993 ; Coc et al. 1995 ; PSTWS95 ;
Kolb & Politano 1997 ; et al. 1997 ; STWS98 ; JH98), asJose�
well as asymptotic giant branch stars (Forestini, Paulus, &
Arnould 1991), Wolf-Rayet stars (Prantzos & 1986 ;Casse�
Meynet et al. 1997), and Type II supernovae (Walter &
Maeder 1989 ; Prantzos 1993 ; Timmes et al. 1995).
However, the detailed observations of c-ray lines at 1.8
MeV by COMPTEL (Diehl et al. 1994, 1995) have shown
that the Galactic 26Al originates from the youngest stellar
population associated with the spiral arms and the local
groups (Prantzos & Diehl 1996 ; Prantzos 1996). This may
imply that the major sources of the Galactic 26Al are Type
II supernovae or Wolf-Rayet stars.

The mass of 26Al per event is up to D3 ] 10~7 in theM
_models (Fig. 23). The upper limit to theMenvZ 10~4 M

_Galactic 26Al from ONeMg novae is thus estimated as

M(26Al)D 3 M
_

A Rnova
40 yr~1

BA fONeMg
0.25

BCX(26Al)Menv
3 ] 10~7

D
,

where is the nova rate in the Galaxy and is theRnova fONeMgfraction of ONeMg novae. This is in good agreement with
the estimate from the CGRO results. If ONeMg novae are
not the major contributors to the Galactic 26Al, its typical
mass per ONeMg nova event must be somewhat smaller
than the above value. There are some uncertainties in the
Galactic nova rates (Yungelson, Livio, & Tutukov 1997 ;
Shafter 1997 ; Hatano et al. 1997) and the fraction of ONeMg
novae (Ritter et al. 1991 ; Livio & Truran 1994). However,
these uncertainties may be much smaller (by a factor of D2)

than those in the 26Al yields (about 2 orders of magnitude,
as can be seen in Fig. 23). The INT EGRAL survey on the
di†use component of the Galactic 26Al, together with a
search of 22Na from an individual ONeMg nova, will
impose a severe constraint on the current nova models.

7. CONCLUSIONS

In this paper we have examined nucleosynthesis in
ONeMg novae with wide ranges of three parameters, i.e.,
the white dwarf mass the envelope(MWD \ 1.05È1.35 M

_
),

mass to 10~3 and the initial metallicity(Menv\ 10~6 M
_

),
We used a quasi-analytic nova model with(XWD\ 0.1È0.8).

a one-zone envelope, coupled with an updated nuclear reac-
tion network code. Except for several fragile isotopes, our
nucleosynthesis results are in good agreement with those of
previous hydrodynamic calculations.

We have found that the explosion is more violent in a
lower model among those with the same peak tem-MWDperature because of its smaller gravitational potential.
There exists a critical cooling timescale (D1000 s) at which
the energy generation by the b`-decay of 14O and 15O
plays a crucial role to the envelope expansion. For the
models with s, the nucleosynthesis results signiÐ-q[ 1000
cantly deviate from those expected in steady nuclear Ñows
(e.g., the CNO and NeÈNa cycle). These models also obtain
high ejection velocities km s~1), which are in good(Z1000
agreement with recent observations.

There are a few characteristic trends for the abundances
in the space as follows (case B).MWD-Menv

1. The abundances of oxygen, neon, phosphorus, and
sulfur (and 7Be) are clearly correlated to the peak tem-
peratures, although those of oxygen and sulfur are also
dependent of the cooling timescales. The abundance of
oxygen is always abundant in the models MWD [ 1.15 M

_
.

The heavier elements than sulfur show no signiÐcant enrich-
ment in the models with K.Tpeak[ 4 ] 108

2. The abundances of carbon, Ñuorine, sodium, and mag-
nesium (and 22Na, 26Al) are clearly correlated to the
cooling timescales. The abundance of 22Na is signiÐcantly
high in the models with s. On the other hand, thatq[ 100
of 26Al shows double peaks in the space.MWD-Menv3. The abundances of nitrogen, aluminum, and silicon
are not signiÐcantly changed in the space,MWD-Menvalthough those are weakly dependent of the cooling time-
scales.

The initial metallicity as well as and is aXWD, MWD Menv,crucial parameter to the nucleosynthesis results. For
smaller the explosion is less violent and thus theXWD,
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cooling timescale is longer, because of the smaller nuclear
fuel. As a result, the models with low (case A) produceXWDmore sulfur but less oxygen than those with high XWD(cases A and B). The former case is unfavorable for the
production of 7Be, 22Na, and 26Al.

Comparison of our nucleosynthesis results with obser-
vational abundance estimates enables us to constrain the
model parameters for the observed ONeMg(MWD, Menv)novae. We have found that the white dwarf masses of at
least four of the observed six ONeMg novae are as low as
^1.1 This is signiÐcantly smaller than the predictionM

_
.

of obtained by previous hydrody-MWDD 1.25È1.35 M
_namic studies. On the other hand, our results suggest that

their envelope masses were consistent with theZ10~4 M
_

,
observational estimates of their ejected masses. In addition,
the observed fast ejection velocities for these novae (Z1000
km s~1) are also obtained in those models. There remains a
discrepancy between these high ejected masses and those
estimated by previous hydrodynamic studies. However, a
low-mass white dwarf may be able to(MWD^ 1.1 M

_
)

accumulate such a massive envelope with a small mass acc-
retion rate and a low surface temperature (StarrÐeld et al.
1998).

Our results also show that the models MWD^ 1.1 M
_with which are possible explanations forMenvZ 10~4 M

_
,

most of the observed ONeMg novae, produce signiÐcant
amounts of 7Be, 22Na, and 26Al.

1. The c-ray line Ñux from the 7Be electron capture is too
weak to be detected with the CGRO sensitivity for the
typical distance from the sun. However, a nearby ONeMg
nova could emit the c-rays detectable by INT EGRAL in the
near future.

2. The mass of 22Na per event is signiÐcantly high in the
models V1974 Cyg may have producedMenvZ 10~4 M

_
.

an interesting amount of 22Na, which is near the upper limit
to the COMPTEL sensitivity. Furthermore, we suggest that

at least four ONeMg novae in the past twenty years have
produced enough 22Na to the INT EGRAL sensitivity. The
next ONeMg nova will be a promising target for the detec-
tion of the c-ray emitter 22Na.

3. The mass of 26Al per event is also signiÐcantly high in
the models The mass of the GalacticMenvZ 10~4 M

_
.

26Al, which originates from ONeMg novae is estimated to
be being consistent to the COMPTEL result. They[3 M

_
,

may not be, however, major contributors according to the
c-ray survey at 1.8 MeV by COMPTEL. The c-ray line
survey by INT EGRAL will signiÐcantly constrain the
ranges of for ONeMg novae.(MWD, Menv)

We should emphasize that hydrodynamic investigations
including multidimensional calculations, especially with
massive envelopes, are necessary to prove our conclusions
with the one-zone approximation. There are also other
observables besides the abundances, which cannot be dealt
with in this study (e.g., the surface luminosity and the ejecta
masses). Nevertheless, our results a†ord some new per-
spectives on the future nova modelings. The future INT E-
GRAL survey for the c-ray emitters, together with
abundance analyses by ultraviolet, optical, and near infra-
red spectroscopy, will also impose a severe constraint on the
current nova models.
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