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Abstract. Nucleosynthesis of iron-group elements in Type la supernovae is
studied for single-degenerate models with the use of electron-capture rates up-
dated with the new shell-model Hamiltonian in pf-shell. An over-production
problem of neutron-rich iron-group isotopes compared with the solar abun-
dances is now found to be suppressed within a factor of about twice for the
updated weak rates. Effects of screening on nucleosynthesis are investigated
for explosion models of fast deflagration and slow deflagration with delayed
detonation. The e-capture rates are reduced by the screening, especially by
the screening effects on the ions. The production yields of most neutron-rich
isotopes such as *°Ti, **Cr and *Fe are found to be suppressed most by the
screening. The inclusion of the screening is desirable for precise evaluation of
abundances of neutron-rich nuclides.

1 Introduction

First, we show that a new shell-model Hamiltonian, GXPF1J [1], can describe Gamow-Teller
(GT) strengths and e-capture rates in pf-shell nuclei quite well. Electron-capture rates at
stellar environments are evaluated by using GT strength and phase space factor for the reac-
tion. Electron chemical potential, thus the phase space factor also, increases as the density
increases and the e-capture rates are enhanced at high densities. In the pioneering work of
Fuller, Fowler and Newton (FFN) [2], a simple shell model was used to evaluate the GT
strength. Now, large-scale shell-model calculations are possible for p f-shell nuclei. Typical
Hamiltonians are KB3’s and GXPF1’s. While both can describe spin properties of p f-shell
nuclei very well, experimental GT strength distributions in *®Ni, for example, are better re-
produced for GXPF1J than KB3G [3] in both n — p and p — n channels. The GXPF1J can
also reproduce B(M1) in “®Ca and experimental e-capture rates in p f-shell nuclei best among
various shell-model and RPA calculations [4].
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We here discuss *°Ni in particular. The experimental GT strength obtained by (p, n) re-
action has two-peak structure [5], and it can be well reproduced by GXPF1J [6] while KB3G
and KBF [7] give only one peak. As the strength is more spread for GXPF1J, the e-capture
rates of GXPF1J are smaller than those of KB3G [8, 9]. The weak rates conventionally used
for stellar calculations is KBF [7] rather than KB3G. In KBF, experimental data of energies
and GT strength available are taken into account, and thus the e-capture rates of KBF come
close to those of GXPF1J.

In Sect. 2,the e-capture rates evaluated with the GXPF1J are applied to study nucleosyn-
thesis of iron-group elements in Type Ia supernovae (SN). The screening effects on the rates
and nucleosynthesis are discussed in Sect. 3.

2 Nucleosynthesis of iron-group nucleides in Type la SN

We discuss synthesis of iron-group nucleides in Type Ia SN. Here, we treat single-degenerate
’Chandra’ model, where accretion of matter to a white dwarf (WD) from non-degenerate
companion occurs. A SN explosion (SNe) occurs when WD mass approaches the Chan-
drasekhar limit, and much 3®Ni is produced in the explosion. Successive e-capture processes
produce neutron-rich (n-rich) nuclei and the electron-fraction Y, decreases. Decrease of e-
capture rates leads to less production of n-rich nuclei and larger Y.

There was an over-production problem of neutron-excess iron-group isotopes compared
with the solar abundances when e-capture rates of FFN were used. Neutron-rich nuclei such
as >*Cr and 3¥Ni are produced several times more than the solar abundances when an explo-
sion model W7 with fast deflagration with subsonic frame front propagation was used [10].
Another explosion model WDD2 [10] with slow deflagration and delayed detonation with
supersonic shock wave will be used also. The production yields of elements are obtained
with the e-capture rates of GXPF1J (21< Z <32) and KBF (other Z) for both the W7 and
WDD?2 explosion models [9]. The over-production of n-rich iron-group nuclides found for
the FFN rates is now suppressed within a factor of about twice, and this improvement proves
to be better for WDD2 [9] (see figures 1 and 2 in Sect. 3).

3 Screening effects on the weak rates and nucleosynthesis
3.1 Screening effects on the weak rates

There are two kinds of screening (SCR) effects. One is SCR effects of electrons, which is
evaluated for relativistic degenerate electron liquid with the dielectric function obtained by
RPA [11]. The ion-electron attraction is reduced by SCR, which leads to the reduction of e-
capture rates and the enhancement of the S-decay rates. The other is the change of threshold
energy due to the change of the chemical potential of the ion.

The correction of the chemical potential of the ion with charge Z is given by uc (Z) =
kT f(T'), where T' = Z°/ 3(%) with a, = (72;-)'"* and n, the electron density is the Coulomb
coupling parameter. For the strong-coupling regime (I" > 1), results of Monte-Carlo calcula-
tions for one-component plasma [12] have been parametrized by a function of I' [13]. For the
weak-coupling regime (I' < 0.1), f(I') is obtained by cluster-expansion method [14].

s 13 11
) = 5 5 [7IG0) +0.57721 - =] (F<0.1)
() = —0.8980I +3.8714I'"/* — 0.88281 !/ —0.8610In' — 2.5269 (I'>1) (1)

The first term for the weak-coupling regime is the Debye-Huckel limit, and the second term
is the next-order correction. For the intermediate coupling (0.1 < I' < 1), interpolation of
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weak and strong couplings is usually taken, but this leads to a rather complex formula [13].
Instead, a simple parametrization proposed in Ref. [15], f(I') = —I'*/2/ /3 + /I, is used
here for 0 < I" < 1. For small T, it becomes the Debye-Huckel limit, and smoothly connected
to the strong-coupling region at I'=1 with 8 =0.2956 and y =-1.9885. The correction of the
ion chemical potential is negative and its magnitude increases as Z increases. This results
in an enhancement of the Q-value, AQ = uc(Z — 1) — uc(Z), which leads to the reduction
(enhancement) of the e-capture (5-decay) rates [16]. Here, the SCR effects on thermonuclear
reactions are also taken into account [17].

3.2 Screening effects on the synthesis of iron-group nucleides

Screening effects on the production yields of elements in Type Ia SNe compared with the
solar abundances are investigated for the W7 and WDD2 explosion models [16]. Calculated
results of the production yields obtained for the W7 and WDD2 models are shown in figure 1
and figure 2, respectively.
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Figure 1. (Left) Abundances normalized by the solar and *°Fe abundances obtained for the W7 model
of SNe Ia. Solid and broken lines show results with and without the SCR effects, respectively. (Right)
Abundance ratios between the cases with and without the SCR effects on e-capture rates obtained for
the W7 model. Taken from [16].
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Figure 2. The same as in figure 1 for the WDD2 model of SNe Ia. Taken from [16].

The SCR effects are found to be large for the most n-rich isotopes such as **Ca, °Ti,
34Cr, Fe, *Ni and 7°Zn, and the reduction effects are smaller for WDD2 compared with
W7. Most n-rich isotopes are produced more for WDD2. The yields of >*Cr and **Fe are
close to the solar abundances in case of WDD2, while they are one-order magnitude smaller
in the W7 model. These features can be understood from the difference in Y, central density
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p. and central temperature 7. between the two models as shown in figure 3. Y, is smaller for
WDD2, which results in the production of more n-rich isotopes for the case of WDD?2. p, is
higher for WDD2, which leads to less effects of SCR for WDD2.
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Figure 3. (Left) Time evolution of the central density p. and temperature 7,.. The solid lines show 7.
and the broken lines show p.. The upper (lower) lines are obtained by the WDD2 (W7) model of SNe
Ia. (Right) Time evolution of the electron fraction Y, at the center of the SN Ia models. The solid lines
show the result with the SCR effects on both e-capture and thermonuclear reactions, while the broken
lines show the result with the SCR effect only on thermonuclear reactions. Taken from [16].

Finally, we discuss the contribution of SNe Ia to the solar abundances of very n-rich
nuclei such as 3°Ti, 3*Cr and 3¥Fe, which are produced also in core-collapse SN. The contri-
butions are 5-10% in W7 and 50-100% in WDD2. The suppressions due to the SCR effects
are 30-50% in W7 and they are as small as 10-20% in WDD2. Besides the explosion models,
SCR effects are important for precise evaluation of synthesis of very n-rich isotopes, >*Cr
and *8Fe. >*Cr is still over-produced in WDD2 model. Here, use is made of post-process cal-
culations in 1D explosion models, where hydrodynamics and nucleosynthesis are decoupled.
Improvement of this defect is left to future.
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