Check for
updates

Proceedings of the 15th International Symposium on Origin of Matter and Evolution of Galaxies (OMEG15)
Downloaded from journals.jps.jp by Deutsches Elek Synchrotron on 04/04/20

Proc. 15th Int. Symp. Origin of Matter and Evolution of Galaxies (OMEG15)
JPS Conf. Proc. 31, 011028 (2020)
https://doi.org/10.7566/JPSCP.31.011028

Nuclear Cosmochronometer for Supernova Neutrino
process

Takehito Havakawa -2, Motohiko Kusakage?, Toshitaka Kanno>24, Myung-Ki CHEOUN®,

Heamin Ko’, Grant J. MATHEWS®, Alexey Torstov’, Ken’ichi Nomoro’, Satoshi CHisaS,
Toshihiko Kawano?, Masa-aki Hasammoro!'?, Masaomi Ono!!

National Institutes for Quantum and Radiological Science and Technology, 2-4 Shirakata, Tokai,
Naka, Ibaraki 319-1106, Japan

2National Astronomical Observatory of Japan, Mitaka, Tokyo 181-8588, Japan

3Beihang University, 37 Xueyuan Road, Haidian-qu, Beijing 100083, China

4The University of Tokyo, Bunkyo-ku, Tokyo 113-0033, Japan

5Soongsil University, Seoul 156-743, Korea

6 University of Notre Dame, Notre Dame, Indiana 46556, USA

"Kavli Institute for the Physics and Mathematics of the Universe (WPI), The University of Tokyo,
5-1-5 Kashiwanoha, Kashiwa, Chiba 277-8583, Japan

8Tokyo Institute of Technology, 2-12-1 Ookayama, Meguro, Tokyo 113-0033, Japan

Theoretical Division, Los Alamos National Laboratory, Los Alamos, New Mexico 87545, USA
Department of Physics, Kyushu University, Fukuoka 819-0395, Japan

RIKEN, 2-1 Hirosawa, Wako-shi, Saitama 351-0198, Japan

E-mail: hayakawa.takehito @ gst.go.jp
(Received September 2, 2019)

We have proposed a short-lived radioisotope *®Tc as the nuclear cosmochronometer to evaluate the
time from the last supernova v-process to the solar system formation (SSF). We have calculated the
supernova v-process using a SN 1987A model with neutrino-induced reaction cross sections. The
calculated result is consistent with the observed upper limit of *Tc/*®Ru at the SSF.
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1. Introduction

The v process has been proposed [1] as the mechanism for the origin of several rare isotopes of
light and heavy elements such as ’Li, !'B, '°F, '38La, and '3Ta [1-3]. During an early phase of a core-
collapse supernova (SN) explosion, energetic neutrinos are emitted from the proto-neutron star. When
these neutrinos pass through the outer layers of the star they can induce nuclear reactions on ambient
nuclei. Although many nuclides are, in principle, generated by the neutrino-induced reactions, the
produced abundances are usually negligibly small compared to production by other major processes
such as the s or r process. When an isotope is not produced by major processes, the v-process is
dominant in produciton of the isotope.

Radioisotopes with half-lives of 10® — 10® y have been used as nuclear cosmochronometers
to measure the time from the last nucleosynthesis event such as a SN or an s-process event in an
asymptotic giant branch star to the solar system formation (SSF) [4—6]. The radioactive isotope *>Nb
decays to the daughter nucleus **Zr by 8 decay with a half-life of 3.47 x 107 y. Because its half-life
is much shorter than the age of the solar system of about 4.6x10° y, ®>Nb does not naturally exist
at the present solar system. Progress in meteorite science, however, has led to measurements of the
abundance of 22Nb at the SSF [7, 8]. It was found an excess of the abundance of **Zr in primitive
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meteorites that was produced by 3 decay of >Nb after the SSF. Thus, °>Nb has the potential to be
used as a similar nuclear chronometer. To evaluate the age from the last astrophysical event to the
SSF, one should calculate the initial abundance at the nucleosynthesis event. Hayakawa et al. [9] have
proposed the v process origin for ”Nb and presented that the observed abundance ratio of *>Nb/**Nb
at the SSF can be reproduced by the v process. The radioisotope *3Tc (T, = 4.2x10° y) is another
candidate for the v-process chronometer [10], although only an upper limit of **Tc/*®*Ru < 6x107>
has been reported [11] for the 98Tc initial abundance at the SSF.

2. Supernova v-process calculation
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Fig. 1. A partial nuclear chart around *®Tc and nucleosynthesis flows.

Neutrino-nucleus interactions are key physics for understanding the neutrino process. The neutrino-
induced reactions can be classified into three groups: the charged current (CC) reaction with electron
neutrinos, the CC reaction with electron anti-neutrinos, and the neutral current (NC) reaction with
all six neutrinos plus anti-neutrinos [10]. Previous studies for 92Nb [9], *8La, and '89Ta [1, 2] have
shown that individual v-process isotopes are predominantly synthesized by the CC reaction with v,
and the NC reaction. Furthermore, the contribution of the CC reaction with v, is typically larger than
that of the NC reactions by a factor of 2—8 [2]. Therefore, the abundances of heavy v-process isotopes,
in particular, are sensitive to the average energy of the electron neutrinos among all 6 species. Figure
1 shows a partial nuclear chart and neucleosynthesis flows around *’Nb and *®Tc. *Tc is predomi-
nantly produced by the CC reaction with v, and the NC reactions. Among the CC reactions with v,,
the 2¥Mo(v,, e7)*®Tc reaction is the dominant reaction. For the NC reaction, there are two reactions:
PRu(v, v'p)*®Tc and P Tc(v, v’n)*®Te. Although *°Tc is unstable with a half-life of 2.11x10° vy, it is
produced by the 8~-decay of Mo with a short half-life of 2.7 d during the weak s-processes. A fea-
ture that should be noted is that *®Tc should be produced by the CC reaction with ¥,. The production
proceeds via the PRu,, e*n)*®Tc and 'Ru(¥,, e*2n)*®Tc reactions as shown in Fig. 1.

We perform calculations of the neutrino-induced reaction cross sections using a QRPA model
[12]. The branching ratios are calculated using a Hauser-Feshbach calculation with a CCONE nuclear
reaction calculation code [13]. We have calculated v-process production rates using a core-collapse
SN model for SN 1987A [14]. We use a 20 Mg progenitor with a 6 Mg He core and an explosiowith
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kinetic energy of 10°! erg. The neutrino flux is taken to decay exponentially with a time constant
of 3 s. A solar abundance distribution normalized to a metallicity of Zy/4 is adopted for the initial
composition of the progenitor star. We then calculated evolution of the progenitor star including the
weak s-processes based upon calculated neutron capture reactions [15], and used the resultant mass
distribution of heavy isotopes as seed nuclei in the He, C/O, and O/Ne/Mg rich shells [16].

The average temperature of the neutrinos is a critical input for the v-process nucleosynthesis. The
six neutrino species can be treated as three groups: electron neutrino, electron anti-neutrino, and the
other four neutrinos. These three groups are expected have different temperatures at the time when
they are emitted from proto-neutron stars. Previous studies [17] for the energy spectra of the neutrinos
have suggested the following energy hierarchy: (v.) < (ve) < (v;z, V7). In the present calculation,
we adopt average energies of kKT = 3.2, 5.0, 6.0 MeV for (v.), (v,), and (v, 7, V1), respectively.
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Fig. 2. Calculated abundances as a function of interior mass from the SN v-process with a SN 1987A model.

Figure 2 shows the calculated abundances. In the mass coordinate region of 2.2 < M < 3.7, the
BTc abundance slightly decreases with increasing mass coordinate. This can be understood by the
relationship between the areal density of neutrinos and the mass coordinate. Integrating the layers
within the mass range of 1.8 < M < 3.7, we obtain masses of 5.1x107!3 and 3.4x10~!! M, for ®Tc
and *3Ru, respectively. One of the unique features of **Tc production by the v-process is the fact that
the contribution from the CC reactions with electron anti-neutrinos is relatively large compared to
that of other heavy v-process isotopes as discussed above. When we calculate the *®Tc production
using the SN model without electron anti-neutrinos the integrated mass fraction of *®Tc decreases by
approximately 20% compared to one with all six neutrino spices. In previous studies, the contribution
of the CC reaction with electron anti-neutrinos to 22Nb, 38La, and '3°Ta was considered to be negli-
gibly small. Therefore, among heavy v-process isotopes, *Tc is the most sensitive to the temperature
of the electron anti-neutrinos.

3. Age from the last SN to SFF

To evaluate the abundance ratio of **Tc/*Ru at the time of SSF, one should consider the mixing
between the ejecta from a SN and the ambient solar material. It is assumed that radioisotopes are
produced by the single injection of material from a nearby SN before the SSF or at an early stage of
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SSF and then are mixed with the collapsing protosolar cloud. The unstable isotope *8Tc is produced
by the last SN and *®Tc decays away during the time A from the SN event until the mixing with the
protosolar cloud. The isotopic abundance ratio at the time of SSF can then be expressed as

[98TC] ~ fN(98TC)SNe—A/T98 (1)

BRulssr N(®Ru)p + fN(3Ru)sy

where N(°®Tc)gy and N(°®Ru)gy are the numbers of **Tc and *®Ru, respectively, in the SN ejecta,
N(°®Ru),, is the number of the initial ®Ru nuclei in the collapsing cloud, and f is the dilution fraction,
i.e., the fraction of the ejected material that mixes with the final protosolar cloud.

The timescales for A have been previously estimated [5] from several short-lived r-process chronome-
ters, for example '?°I, 197Pd, and '82Hf, with half-lives within 10°~10% y. The evaluated time scale
falls within the range of 3x107-108 y [5]. Values of the dilution factor based upon other radioiso-
topes such as 2°Al, *'Ca, and >*Mn [4, 19] vary from 7x10° to 2x103. Hayakawa et al. reproduced
the initial solar abundance of **Nb with A = 10° or 3x10” y and f = 3x1073 [9].

The calculated ratios with the **Tc mass of 5.1x107!3 M, produced by the v-process and f
= 3x1073 are ®Tc/*®Ru = 1.3x107 and 1.1x1077 for A = 10% and 3x107 vy, respectively. These
expected initial ratios are lower than the measured upper limit of *Tc/*Ru < 6x107> [11]. Thus, it
is possible to explain both of the initial abundance of °>Nb and the upper limit to the *Tc abundance
in the early solar system by a single SN v-process. We stress that *®Tc whose half-life is a factor of 9
shorter than that of 22Nb is more sensitive to the duration time. Therefore, if the initial abundance of
BTc is ever precisely measured by meteorite analysis, it could be used to constrain the duration time
from the last core-collapse SN to the SSF.
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