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Abstract

Type Ia supernovae (SNe Ia) are believed to be a thermonuclear explosion of a white dwarf, but the mass of their
progenitors is still an open problem. In near-Chandrasekhar-mass (near-Mcy,) models of SNe Ia, the central density
reaches >10° g cm . The electron chemical potential becomes higher than the Q-values of electron capture (EC)
transitions between fp-shell nuclei, so a portion of the available electrons is captured by iron group elements and
thus neutron-rich isotopes are formed. Since EC reaction rates are sensitive to the density, the degree of
neutronization is a key to distinguish near- and sub-Mc;, models. In order to compare observations and theoretical
models, an accurate treatment of EC reactions is necessary. In previous theoretical works, however, effects of
electron screening on ECs are ignored. Screening lowers EC rates and thus leads to a higher electron fraction. We
1mplement electron screening on ECs to calculate explosive SN Ia nucleosynthesis in a near-M¢y, single degenerate
model It is found that some of neutron-rich nuclear abundances, namely, those of 46, 48Ca SOT 54C 5 8Fe 64N1
and °7°Zn, decrease when screening effects on ECs are considered. Of these, *°Ti, >*Cr, and **Fe are particularly
interesting because a significant portion of the solar abundance of these nuclei is presumed to originate from SNe
Ta. We conclude that implementing the screening effect on ECs in modern SN Ia models is desirable to precisely
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calculate abundances of neutron-rich nuclides.
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1. Introduction

Explosive nucleosynthesis in Type Ia supernovae (SNe Ia) is
a major source of iron group elements in the Galaxy, but the
nature of their progenitor is still under debate. Proposed models
of SN Ia progenitors are classified into two regimes. In near-
Chandrasekhar-mass (near-M.,) models (e.g., Whelan &
Iben 1973; Iben & Tutukov 1984), carbon fusion is ignited in
a white dwarf (WD) when its mass gets close to M.,. On the
other hand, in sub-M, models (e.g., Woosley & Weaver 1994;
Guillochon et al. 2010), an SN explosion is triggered even if a
WD is lighter than M.,

Electron capture (EC) reactions play a key role in each
model. In near-M_, models, more neutron-rich isotopes are
produced because of the high central density >10°gcm
Abundances of neutron-excess isotopes have been measured in
astronomical observations. X-ray observations of SN Ia
remnants Kepler (Park et al. 2013), Tycho (Yamaguchi et al.
2014), and 3C 397 (Yamaguchi et al. 2015) have been
performed to estimate the nickel and manganese abundances.
Also, late-time light curves of SN 201 1fe (Shappee et al. 2017;
Dimitriadis et al. 2017), 2012cg (Graur et al. 2016), 2013aa
(Jacobson-Galén et al. 2018), 2014J (Yang et al. 2018; Li et al.
2019), and 2015F (Graur et al. 2018) can be used to estimate
the abundances of °’Co and *°Fe, assuming that they are
powered by the decay chains of isobar mass numbers A = 57
and A = 55 (Seitenzahl et al. 2009). In order to understand the
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origin of SNe Ia, it is necessary to accurately calculate
abundances of neutron-rich nuclei and compare the models
with the observations.

The measurement of EC rates of fully stripped unstable
nuclei is all but impossible, so nuclear shell models have been
adopted to calculate them theoretically (Fuller et al.
1982a, 1982b; Dean et al. 1998; Langanke & Martinez-
Pinedo 2001; Honma et al. 2004, 2005). Although the shell
models have gradually become more sophisticated, only bare
EC rates have been used as an input to SN Ia models (e.g.,
Iwamoto et al. 1999; Brachwitz et al. 2000; Parikh et al. 2013;
Mori et al. 2016, 2018; Bravo 2019). However, since nuclear
reactions in SNe occur in ionized plasma, electron screening
changes effective nuclear reaction rates. Such effects have been
considered only for thermonuclear charged particle reaction
rates (Salpeter 1954; Dewitt et al. 1973; Graboske et al. 1973;
Famiano et al. 2016). Effects of screening on ECs have not
been estimated in SNe Ia, though they have been explored in
Big Bang nucleosynthesis (Luo et al. 2020) and SNe
II (Famiano et al. 2020). These potentially affect neutronization
in SNe Ia remarkably.

We therefore perform calculations of SN Ia nucleosynthesis
with screened EC rates. This paper is organized as follows. In
Section 2, we explain the method to calculate the effect of
screening on ECs and the adopted SN Ia models. In Section 3,
we compare the results of SN Ia nucleosynthesis calculations
with and without electron screening with each other. These
results are discussed and summarized in Section 4.
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2. Method
2.1. Electron Capture Rates

The EC rates in stellar environments are evaluated as (Fuller
et al. 1982a, 1982b; Langanke & Martinez-Pinedo 2001;
Suzuki et al. 2011)
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where w(p) is electron energy (momentum) in units of
mec2 (mc), m, is the electron mass, M, and M, are nuclear
masses of parent and daughter nuclei, respectively, and E; (E))
is the excitation energy of the initial (final) state. Here, B(GT)
and B(F) are Gamow-Teller and Fermi transition strengths,
respectively, given by
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where J; is the total spin of initial state and ,|p) = |n). F(Z, w)
is the Fermi function and S,(w) is the Fermi—Dirac distribution
for electrons, with the chemical potential determined at high
densities, electron fraction, and temperature, indicated by pY.,
Y., and T, respectively. The chemical potential is determined by
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where £ = e for electrons and p for positrons and j, = — . is

the positron chemical potential.

Here, the Coulomb corrections on the transition rates due to
the electron background are studied. The screening effects on
both electrons and ions are taken into account for the Coulomb
effects (Juodagalvis et al. 2010; Toki et al. 2013; Suzuki et al.
2016). The screening effects of electrons are evaluated by using
the dielectric function obtained by relativistic random phase
approximation (RPA; Itoh et al. 2002). The effect is included
by reducing the chemical potential of electrons by an amount
equal to the modification of the Coulomb potential at the origin
Vi(0) (Juodagalvis et al. 2010), where

Vi(r) = Ze? (2k)J (),

1 sin(2krqr)
J(@r) = 1 - = | —————=dgq|. 4
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Here, € (¢,0) is the static longitudinal dielectric function at zero
frequency, and ¢ = k/2kr with k and kr the electron
wavenumber and Fermi wavenumber, respectively. The
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modification to the Coulomb potential J(r) is tabulated in Itoh
et al. (2002).

The other Coulomb effect is caused by the screening of the
ions in the electron background. The threshold energy is
modified by

AQc = pc(Z = 1) = pc(2), &)

where pic (Z) is the Coulomb chemical potential of the nucleus
with charge number Z (Slattery et al. 1982; Ichimaru 1993).
The Coulomb chemical potential in a plasma of electron
number density n, and temperature T is given by

pe(Z) = kTf (1), (6)

1/3
with T = 72°/3 I',I,=—,and a, = ( 4; ) . The function f

for the strong- couphng reglme, I'> 1, is given by Equa-
tion (A.48) in Ichimaru (1993), while for the weak-coupling
regime, I' < 1, an analytic function given by Yakovlev &
Shalybkov (1989) is used (see also Equation (A.6) in
Juodagalvis et al. 2010). The threshold energy is enhanced
for EC processes, and the EC (8-decay) rates are reduced
(enhanced) by the Coulomb effects.

The EC rates for the pf-shell in stellar environments are
evaluated with the use of the shell-model Hamiltonian,
GXPF1J (Honma et al. 2005), which is a modified version of
GXPF1 (Honma et al. 2004). The quenchlng of the axial-vector
coupling constant is taken to be g&"/gs = 0.74 (Caurier et al.
2005). Transitions from the states with excitation energies up to
Exy = 2MeV are taken into account. Here, the experimental
data such as excitation energies for excited states in both parent
and daughter nuclei and B(GT) values are taken into account
when they are available in the online retrieval system of the
National Nuclear Data Center.” Calculated e- capture rates for
3Ni (e~, v) *°Co with and without the screening effects are
shown in Figure 1. The weak rates for the case with the
screening effects are found to be reduced by about 20%—40%
compared with those without the screening effects.

2.2. Nucleosynthesis Calculation

Because nucleosynthesis in sub-M,, models is nearly as
sensitive to EC rates (Bravo 2019), we focus on near-M,
models. The physical mechanism of propagation of the burning
front in SNe Ia is still unclear (e.g., Niemeyer 1999; Branch &
Wheeler 2017). We adopt two one-dimensional near-M,
models with different burning schemes. One is W7 (Nomoto
et al. 1984), which is a widely used deflagration model, and the
other is WDD2 (Iwamoto et al. 1999), which is a delayed-
detonation model. These models adopt the equation of state in
Slattery et al. (1982) and Slattery et al. (1980), which take the
Coulomb correction into account. Since the critical density of
the deflagration—detonation transition is not known (Niemeyer
& Kerstein 1997), it is assumed to be 2.2 x 107gcm_3 in
WDD2. The time evolution of the central temperature 7, and
density p. of the models is shown in Figure 2.

We performed nuclear reaction network calculations as a
postprocess with W7 and WDD2 using 1ibnucnet (Meyer &
Adams 2007). The initial composition is X(*?C) = 0.475,
X(**0) = 0.50, and X(**Ne) = 0.025, where X(i) is the mass
fraction of each nucleus i. The network -calculation is

° https: //www.nndc.bnl.gov/


https://www.nndc.bnl.gov/

THE ASTROPHYSICAL JOURNAL, 904:29 (6pp), 2020 November 20

ONj (e, v )56C0

- 107 _

l pmmmmm e e e —— ===

~ L — GXPF1J(SCR) ]
'@, | ~~== GXPFUI (n0-SCR)

T B S — === A

oh 2 £ 10° .

Q r 1

e B S =

4 o pYe=107 mol cm™ E

[ ) ) i ) L

0.1 1 10

T/10° (K)

Figure 1. Comparison of calculated e-capture rates for “*Ni (¢~, v) **Co
obtained with the GXPF1J at densities p ¥, = 107, 108, and 10° mol cm ™3 for
temperatures 7 = 10°-10'" K. Solid and dashed curves denote the rates with
and without the screening effects, respectively.
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Figure 2. Time evolution of the central temperature 7. and density p.. The
black lines show the W7 model, and the red lines show the WDD2 model. The
solid lines show T, and the broken lines show p..

performed until 100 s after the ignition at the WD center, and
after that unstable nuclei are forced to decay. The network
includes 5441 nuclear species up to astatine. Thermonuclear
reaction rates are taken from the JINA REACLIB v1.1 database
(Cyburt et al. 2010). EC rates of fp-shell nuclei are calculated
from the GXPF1J shell model (Honma et al. 2005). The EC
rates of other nuclei are taken from Oda et al. (1994) and Fuller
et al. (1982a, 1982b). The treatment of electron screening for
thermonuclear reactions is based on Wallace et al. (1982).
Screened EC rates for pf-shell nuclei are treated as we explain
in Section 2.1, and the screening effect on EC rates for other
nuclei is not considered. The EC rates are tabulated in a range p
Y, = 10°-10"" mol ecm™> and 7 = 10’-10"" K (Honma &
Suzuki 2020). The libnucnet calculates the effective ft-
values (Fuller et al. 1985) from the tabulated rates and
interpolates log ft as a linear function of 7 and log p to perform
the network calculation.
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Figure 3. Time evolution of the electron fraction at the center of the SN Ia
models. The solid lines indicate the result with the screening effect on both ECs
and thermonuclear reactions, while the broken lines indicate the result with the
screening effect only on thermonuclear reactions.

3. Results

Using the modifications to the EC capture rates previously
computed, the W7 and WDD2 thermodynamic trajectories
were used to compute the final nuclear abundances in each
model.

3.1. W7 Model

The neutronization degree of plasma can be represented by
the electron fraction Y, =} ,Z;Y;, where Z; is the atomic
number and Y; is the mole fraction of the ith nuclear species.
Thus, for equal numbers of neutrons and protons, Y. is exactly
0.5. If the number of neutrons exceeds that of protons, Y.
becomes lower than 0.5.

Figure 3 shows the time evolution of Y, at the center of the
explosion. The solid lines indicate the results with the
screening effect on both ECs and thermonuclear reactions,
while the broken lines indicate the results with the screening
effect only on thermonuclear reactions.

In our models, the initial electron fraction is Y. = 0.49886,
which is slightly lower than 0.5 because of the abundance of
the neutron-rich nucleus **Ne in the initial composition. The
EC reactions freeze out after ~1 s of the explosion. It is seen
that the screened lower EC rates results in a higher Y.. The
electron fraction at 10 s is Y, = 0.45747 if screening on ECs is
considered, while Y, = 0.45682 if screening only on thermo-
nuclear reactions is considered.

It is known that neutronization in the central region of a WD
is determined by the EC on protons (e.g., Bravo 2019).
Although the screening effect on the EC of protons is not
considered in the present work, we checked that the change in
the EC rate of protons is within 1%. This is because the electric
charge of protons is smaller than those of fp-shell nuclei. When
we consider the screening effect on free protons, the central
electron fraction is Y, = 0.45751. This value is slightly higher
than the one shown in the previous paragraph, but it does not
lead to qualitative differences in abundances.

Figure 4 shows a comparison of the nucleosynthetic yields in
the cases with and without the screening effect on ECs. One
can find that the abundances of neutron-rich isotopes are
smaller when the screening effect on ECs is considered. Most
notably, the abundances of 48Ca, 5OTi, 54Cr, 58Fe, 64Ni, and
"9Zn are 30%—50% smaller.
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Figure 4. Abundance ratios with and without screening on ECs. W7 is adopted
as an SN Ia model.
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Figure 5. Abundances normalized by the solar and *°Fe abundances. The solid
lines adopt screening on ECs and the broken lines do not. W7 is adopted as an
SN Ia model.

Figure 5 shows the SN Ia yields normalized to the solar
abundances. The normalized abundance [X/ 56Fe] for a nuclide
X is defined as

Y(X) Yo (X)
(X /%0Fe] "g(y (56Fe)) Og(—l/@ (5%)), ™

where Y(i) and Y (i) are respectively the number abundances in
the SNe Ia models and in the solar system of species i
(Lodders 2020). The solid lines show the result in the case with
the screening effect on ECs, while the dashed lines indicate
results without EC screening. In an SN Ia, as much as ~0.8M,
of iron group elements can be produced, while only ~0.1M, is
produced in a core-collapse SN. For a Galactic SNe Ia event
rate of (~0.54 + 0.12)/century and a core-collapse SNe event
rate of (~2.30 £ 0.48)/century (Li et al. 2011), it is expected
that ~65% of the iron group elements originates from SNe Ia.
For the neutron-rich nuclides, production is affected by
screening of ECs. The contribution of SNe Ia to the solar
abundance of *8Ca, °°Ti, ®*Ni, and "Zn is negligible. However,
[>*Cr/>°Fe] and [*®Fe/*°Fe] reach ~—1. This implies that the
contribution of SNe Ia for these nuclei can be as high as ~5%-—
10%. The contribution of SNe Ia to the solar abundances of
these nuclei is summarized in Table 1. The abundances of >*Cr
and *®Fe are significantly affected by screening of ECs. It is
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Figure 6. Abundance ratios between the cases with and without screening on
ECs. WDD?2 is adopted as an SN Ia model.

Table 1
Contribution of SNe Ia to the Solar Abundances in Units of Percent
SO0y 540, Bhe
EC+thermo scr 1.2 +02 85+12 5.7+0.8
thermo scr 1.8 £ 0.3 12+ 2 7.6 + 1.1

Note. The W7-like explosion is assumed to dominate the whole SN Ia
population. The uncertainties are estimated based on errors in Galactic SN rates
(Li et al. 2011).

therefore remarkably important to consider its effect in
discussing the origins of these nuclei.

3.2. WDD2 Model

The qualitative effect of screening on the WDD2 model is
similar to that of the W7 model. Figure 3 shows the time
evolution of Y,. As seen in W7, the resultant Y, is higher as a
result of EC screening. The electron fraction at t = 10s is
Y. = 0.45031 if screening effects on ECs and thermonuclear
reactions are considered and Y, = 0.44967 if screening only on
thermonuclear reactions is considered.

Figure 6 shows the abundance ratio for cases with and
without screening on ECs. It is seen that the abundances of
neutron-rich isotopes tend to be smaller if screening on ECs is
considered. In particular, the abundances of 46Ca, *¥Ca, 11,
54Cr, 58Fﬁ, 64Ni, 67Zn, and 7°Zn are 10%-30% smaller.

While the final abundances of almost all nuclei are not
affected by the suppressed EC rates, the abundance of **Cu
increases by 7% when screening on ECs is considered. Half of
Cu is formed by the §'-decay of *Zn whose lifetime is
38 minutes. The abundance of ®*Zn located on the outer proton-
rich side of stable zinc isotopes increases by the suppressed EC
rates. As a result, ®*Cu production from the ®*Zn decays after
the SN is larger.

Figure 7 shows the abundances normalized to solar values.
The solid lines indicate results corresponding to the case with
EC screening, and the dashed lines correspond to screening of
thermonuclear reactions only. For the nuclides affected by EC
screening, the contribution of SNe Ia to the solar abundances
for 46’48Ca, 64Ni, and ¢77°Zn is negligibly small. However, the
abundances of 50Ti, 54Cr, and *®Fe reach [SOTi / 56Fe] = —0.16,
[>*Cr/>°Fe] = 0.36, and [*®Fe/*°Fe] = —0.080, where screen-
ing on ECs is considered. The SN Ia contribution to the solar
abundances can be as high as ~50% for *°Ti and *®Fe, and
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Figure 7. Abundances normalized by the solar and *°Fe abundances. The solid
lines adopt screening on ECs and the broken lines do not. WDD?2 is adopted as
an SN Ia model.

>100% for >*Cr. The overproduction of >*Cr has been reported
by previous works (Iwamoto et al. 1999; Mori et al. 2016;
Leung & Nomoto 2018) as well. The contribution of SNe Ia for
these nuclei is summarized in Table 2.

4. Discussion

In this study, we calculate EC rates of pf-shell nuclei and
apply them to SN Ia nucleosynthesis The suppressed EC rates
result in smaller Y. values in SN ejecta and thus smaller
abundances of neutron rich nuclel The abundances of ****Ca,
5 0T1, 5 4Cr, 5 8Fe, N1, and ©"7%Zn are most prominently
affected, although the details of the abundance pattern and
sensitivity to the EC rates depend on the explosion models.
This result is consistent with previous works (Brachwitz et al.
2000; Bravo 2019) that point out strong sensitivity of these
nuclei to EC rates.

Screening of ECs does not affect the abundances of isobars
with mass numbers of A = 55 and 57, which are estimated
from late-time light curves of SNe Ia. The effect on the
elemental abundances of nickel and manganese, which are
estimated in SN remnants, are <0.4% for nickel and <0.5% for
manganese.

Of the neutron-rich nuclei that are affected by screening on
ECs, 5OTi, 54Cr, and >%Fe are particularly interesting because
SNe Ia can significantly contribute to their solar abundances.
Since the production of these nuclei depends on the central
density (Seitenzahl et al. 2013; Leung & Nomoto 2018), they
are a good indicator of the mass of SN Ia progenitors. Hence
the information of SN Ia models can be imprinted in the solar
abundance patterns of titanium, chromium, and iron. In order to
compare the SN Ia models and the observed abundance
patterns of these nuclei, we recommend implementing the
screened EC rates in modern multidimensional SN Ia models
(Jackson et al. 2010; Maeda et al. 2010; Krueger et al. 2012;
Seitenzahl et al. 2013; Leung & Nomoto 2018).

The postprocessing technique adopted in this study decou-
ples hydrodynamics from detailed nucleosynthesis. However,
since the electron pressure depends on Y., changes in EC rates
can significantly affect overall dynamics of SNe Ia. For
example, incinerated bubbles around the WD center float
outward in three-dimensional models, and their motion is
dependent on EC rates (Bravo 2019). Also, the spatial extent of
the density inversion behind the deflagration front is dependent

Mori et al.
Table 2
Contribution of SNe Ia to the Solar Abundances in Units of Percent
50§ Scr S8Fe
EC+thermo scr 45 +£7 150 + 22 54 +£8
thermo scr 51 £8 165 + 24 58 +9

Note. The WDD2-like explosion is assumed to dominate the whole SN Ia
population. The uncertainties are estimated based on errors in Galactic SN rates
(Li et al. 2011).

on EC rates (Timmes & Woosley 1992). These interplays
between dynamics and nuclear reactions are not taken into
account in the current postprocess calculation for one-
dimensional explosion models. It is hence desirable to couple
hydrodynamics and the updated EC rates and consider
multidimensionality in future studies.

Supplementary data available in data.tar.gz: e-capture rates as
well as other weak rates ((-decay, e*-capture, [)’“L -decay, neutrino
energy-loss, and gamma-heating rates) for pf-shell nuclei
obtained with the GXPF1J with and without the screening (scr)
effects are tabulated in a range pY, = 10°-10"" mol cm—> and

= 10"-10"" K. Experimental data for the excitation energies of
parent and daughter nuclei and B(GT) values are taken into
account when they are available in the tables of “rate_obs_scr”
and “rate_obs,” while purely theoretical values are used in the
tables of ‘“rate_scr” and “rate.”
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