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And venture forth, with courage anew
I shall take with me, this proud belief

That learning is power, and brings relief

And in the new realm, far and wide
Where fortune beckons, and worlds collide
I shall strive to bring, to every deed

The wisdom of the ages, so pure and deep

Thus, I doth pledge, with all my heart
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And in all my ways, with steadfast might
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Abstract

There are more than one hundred elements in the present universe, and hundreds
of nuclides are known, including isotopes. However, only a few of the lightest ele-
ments, such as hydrogen and helium, existed in the early universe immediately after
the Big Bang. In other words, hundreds of heavier nuclides have gradually been pro-
duced over the long history of the universe up to the present day. Studies of how the
elements in the present universe were created originated in the seminal review pa-
per on elemental synthesis in celestial bodies written by Burbidge, Burbidge, Fowler,
and Hoyle (BBFH). Since the BBFH paper, detailed processes of elemental synthesis
and their source objects have been studied in both nuclear physics and astronomy.
Although much remains to be understood in detail, two major questions remain.
Two major questions remain: the origin of elements produced by the rapid neutron
capture process (r-process) and the origin of proton-rich isotopes of stable elements
(p-nuclei). Our study was initiated to calculate how these elements have evolved in
galaxies considering various models and to provide a baseline for future astronomi-
cal observations. In this thesis, we present our theoretical predictions through two
galactic chemical evolution studies on the r-process and the vp-process.

The first study was a galactic chemical evolution calculation, which shows the
time evolution of all isotopes for the elements produced through r-process. One very
important observational feature is known about the r-process elements in galactic
stars. Namely, that the stars of the galaxy share a characteristic elemental abun-
dance pattern, called 'universality’. This fact has long been interpreted to mean that
the r-process only occurs in a single astrophysical environment. Indeed, the results
of nucleosynthesis calculations of r-processes show a variety of isotopic abundance
patterns, depending on the astrophysical object and model. Hence, considering their
combination seems, at first glance, to contradict the observations. However, an ex-
amination of several recent studies of nucleosynthesis calculations shows that, within
the range of elements covered by ‘universality’, similar patterns are produced by any
astrophysical event currently modelled. Therefore, it is necessary to discuss chemi-
cal evolution in the universe by considering all these astrophysical sites, rather than
studying just one of the three most likely sources of the r-process elements: su-
pernova(SN), neutron star merger (NSM) and collapsar. Since each of these three
astronomical events originated from different progenitors, there is a large difference
in when in the history of the galaxy they occurred. This is expected to lead to a
significant evolution of the abundance ratios of r-process elements. For the first time,
we have performed GCE calculations taking all three sources into account. By using
the One-zone model, a wide parameter space is examined, and four key model cases
are discussed in this thesis. The common result for each model is a time-evolving



isotopic abundance ratio that, as expected, satisfies the observational constraint on
the elemental abundance pattern, the 'universality’. The strong odd-even effect pro-
duced by a high entropy environment in collapsars will be observed in metal poor
stars. Isotope separation by astronomical observation is still a challenge, however,
the ratio of the sum of the odd-isotopes to that of the even-isotopes can be measured.

The second study was a study of the evolution of proton-rich nuclei. The fraction
of p-nuclei is typically <1% for each element. Most of them are created by the ~-
process in SNe. However, some elements, such as molybdenum and ruthenium, have
a large fraction of p-nuclei. Such a large fraction of p-nuclei could not be produced by
SNe ~-process. Recent nucleosynthesis calculations suggest that a process involving
neutrinos, called vp-process, produces a large amount of molybdenum and ruthenium.
Including this another process for p-nuclei synthesis, supernova or hypernova (HN),
a more explosive type of supernova, creates a large fraction of p-nuclei for some ele-
ments. HN is an ideal site for vp-process since its high energy condition is mostly due
to neutrinos. In this thesis, we performed GCE calculations considering all the nucle-
osynthetic process of heavy elements; s-process, r-process, y-process, and vp-process.
The result shows that the amounts of the p-nuclei synthesised through the vp-process
in HNe or SNe are sufficient to reproduce large p-nuclei fractions of molybdenum and
ruthenium. The produced isotopic ratios of molybdenum, ruthenium, and palladium
are also in great agreement with those observed in the solar system. Moreover, the
elemental abundance of molybdenum is enhanced in the metal poor epoch by 0.5 dex,
which is large enough to be observed.
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1 The Astronomical Observations and Theoretical
Studies of r-process elements

In this chapter we summarize the previous studies of heavy elements, especially of
r-process elements. We will first present previous observations on r-process elements
and their interpretations, while also presenting the most important background of our
work; the possibility of new interpretations. Secondly, since the results of r-process
nucleosynthesis calculations for each candidate object are important, we present nu-
cleosynthesis calculations for supernova explosions, NSMs, and collapsars, and their

characteristics.

1.1 The r-process abundance pattern

1.1.1 The universality of r-process elemental abundance pattern

By astronomical spectroscopic study of stellar atmosphere in galactic stars, we
can estimate the abundance ratio between two elements, for instance, [Fe/H] and
[Mg/Fe].

We consider that the atmosphere of stars keeps a record of the chemical composi-
tion of interstellar gas at the star birth. This assumption can be violated by mixing
of core and atmospheric material due to the convection inside the stars. However,
when we are interested in elements heavier than Oxygen, this assumption is justified,
especially for low mass stars, since CNO cycle or triple-ar reaction is the final chain
of nuclear burning in stars with less than 5 solar mass. Moreover, that is more valid
for r-process elements. High neutron flux required for r-process can not be achieved

in 'normal’ stars. Thus, stellar atmosphere is considered to represent a perfect record
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of the r-process abundance at the time the stars formed.

As mentioned in the introduction section (Section ?7?), s-process is more accessible
compared with r-process. Therefore, the solar r-process abundance pattern is evalu-
ated by subtracting the s-process abundance pattern from the total. The situation is
easier for metal poor stars. The progenitors of AGB stars are low- to intermediate-
mass stars. Besides, s-process is a 'secondary’ process which needs seed nuclei. Thus,
s-process contribution to abundance of neutron capture elements can appear only in
the late stage of the galaxy ([Fe/H|>-2). On the other hand, r-process is a 'primary’
process which proceed from protons and does not need seed nuclei. Therefore, we can
assume that the heavy elements in metal poor stars are synthesized by only r-process.

From astronomical spectroscopy, Sneden et al. (2008) [1] suggested that elemental
abundance of r-process in galactic halo stars show the very similar pattern as the
solar one (Figure 1). This feature is called 'universality.” The universality of r-
process abundance pattern extends atomic number (Z) from 37 to 92. The abundance
variation in this range is around only 0.2 dex. This fact that many galactic stars share
a universal feature is believed to be a clue that one single type of astrophysical event
dominates the production of the r-process elements.

However, recent observations have shown that variations in abundance exist in a
wide range of elements. The universality is valid only in the range of Z from 60 to 75,
with exceptions outside this range. Here, two types of r-process abundance pattern

variations will be given.



10

1.1 The r-process abundance pattern

Relative log €

Alog €

Alog €

-1 '—I Individual stellar abundance offsets with respect to Simmerer et al. (2004) —
1k c |
i I E}::% ---------- = e L % -------------------- -

1 Average abundance offsets with respect to Arlandini et al. (1999) “stellar model” —|

| L | . | L | . | . |
30 40 50 60 70 80 90
Atomic number
® CS 22892-052: Sneden et al. (2003)
B HD 115444: Westin et al. (2000)
@ BD+17°324817: Cowan et al. (2002)
* €S 31082-001: Hill et al. (2002)
» HD 221170: Ivans et al. (2006)
< HE 1523-0901: Frebel et al. (2007)
Fig. 1. Each colored dots shows the abundance pattern of galactic metal

poor stars. Blue solid lines show the relative solar system abun-
dance. Each abundance is added some constant value for visualiz-
ing purpose. The lower panel shows the discrepancy between low
metal stars and solar system.

(reprinted from Sneden et al. 2008) [1]
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1.1.2 Honda stars

Honda et al. (2006) [2] and Honda et al. (2007) [3] claimed the variation of
elemental abundance pattern in light r-process elements (Figure 2). They analyzed

the spectra of very metal poor stars (HD122563, HD88609 and etc.).

Olsz | | | | i
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N | v
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Atomic number

Fig. 2. Abundance of HD 88609. Dots show the observed abundance and
solid line shows the relative solar abundance normalized at Eu-
ropium.

(reprinted from Honda et al. 2007) [3]

They found that elements below the r-process second peak (Z2<50) are clearly
enhanced as shown in Figure 2. This enhanced abundance of light r-process elements
might be explained by weak r-process. Also, the abundances of elements even around
Z~60 do not perfectly match to the solar system abundance. For a recent analysis,
Aoki et al. (2017) reviewed the variation of light r-process elements [4]. They again
confirmed that the r-process abundance in galactic stars strongly suggests multiple

components of r-process source.
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1.1 The r-process abundance pattern

1.1.3 The maintained universality with multiple contributors

The observed elemental abundance patterns in many r-process enhanced metal-
poor stars are very similar to the solar system abundance pattern (universality). The
robustness of this universality is confirmed for the elements between the second and
third abundance peaks, in particular for those having atomic numbers 55 < Z < 70.
However, Honda stars show departure from the universal abundance pattern, exhibit-
ing relative enhancement in lighter mass range around the first peak. Similar but
quantitatively different variation also is found in the heavier mass range of actinides.
Such a dramatic enhancement of actinide abundances is observed in some galactic
stars called actinide-boost stars (Mashonkina et al. 2014). Although there are such
variations in wide mass range, the relative ratios of yields between two nuclei with
adjacent mass numbers are strongly constrained by their nuclear properties. The
important point is that although the universality is valid to a limited mass range, it
should be satisfied even if many types of r-process sites contribute to the production
of nuclei in this range. Therefore, the universality is a precious measure to identify the
astrophysical sites and quantify the explosion conditions for a successful r-process as
discussed by Shibagaki et al. (2016) [5] and also to be discussed in the Result section
of this paper.
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1.2 The abundance of r-process element as a function of
metallicity

1.2.1 The observed abundance of magnesium and europium

In previous section 1.1, we focused on elemental abundances of certain stars and
the patterns of them. In addition to this kind of analysis, we can discuss the time
evolution of elemental abundance of galactic stars by plotting them into the [X/Fe]-
[Fe/H] plane. The plot of [X/Fe] as a function of metallicity is very useful to see
the trend of elemental evolution. Figure 3 shows the evolution of two representative

elements.

15 .
1.0 - -

€ 05 e bW . B
> U -".\ 3' 9 o 7
= 3 ‘?;i" ;esw ”&3'3 i "" "' ~ ‘.:.’.-, ¢

L]

[0 J R SR T e D ey
-05 [ .

[Eu/Fe]

Fig. 3. [Mg/Fe] and [Eu/Fe] abundances as a func-
tion of [Fe/H] metallicity.
(reprinted from Sneden et al. 2008) [1]

Magnesium is mainly produced in massive stars which explode as CCSNe. In
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1.2 The abundance of r-process element as a function of metallicity

metal poor era, Type Ia SN can not contribute to Iron abundance as mentioned in
the previous section, therefore, CCSN is also the dominant source of Iron. Then,
[Mg/Fe| becomes constant. After [Fe/H] reaches -1, Type Ia contribution appears
and causes the descent of the ratio of Magnesium to Iron.

Europium is known as one of the most representative r-process elements since
more than 95% of Europium in the universe is synthesized through r-process and
much easier to detect by astronomical spectroscopy compared with other r-process
elements. We can see the decreasing trend of [Eu/Fe] abundance, like Magnesium, at
metal rich era ([Fe/H]>-1). In this sense, the galactic time dependency or r-process
event rate have been considered to be "CCSN-like.” At least, the enrichment rate
of Europium is lower than that of Iron. On the other hand, in the metal poor era,
we can see the difference from Magnesium. [Eu/Fe|] abundance shows much larger
scatter. This feature is considered as an effect of inhomogeneity of young galaxies or

variation of r-process nucleosynthesis. Thus, the event rate of Europium production
should be rarer than that of CCSN.
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1.3 Nucleosynthesis Simulations

1.3.1 Neutrino Driven Wind (NDW)

The standard model of CCSN as a r-process site is neutrino driven wind(NDW).
The iron core of a massive star collapse and numerous neutrinos are released at ~ 10
erg. These neutrinos drive the supernova explosion. The high neutron flux in this
wind was considered to be ideal for r-process nucleosynthesis. However, recent calcu-
lations have found that electron fraction (or neutrons per seed ratio) is not enough
to produce heavier r-process elements. Nevertheless, subsequent studies support that
NDW can produce r-process nuclei up to A ~ 130. This process is so-called weak
r-process. The produced abundance pattern up to A ~ 125 is very similar to that
of the solar system. In this thesis, we used the 1.8M proto-neutron star model

calculated by Wanajo (2013) [6]. The pattern is shown in Figure 4.

1.3.2 Magneto-hydro-dynamical Jet (MHDJ)

The standard model might be inadequate for a main r-process site. However, it
was non-rotating and no magnetic fields model. Strong magnetic fields surrounding
fast rotating proto-neutron stars enhance the explosion energy and the situation be-
comes favorable for the production of heavier r-process elements (A>130). Although
such a strong magnetized neutron star much more rarely remains, neutron flux be-
comes so high in the magneto-hydrodynamically driven jets (MHDJ) from this kind
of CCSNs. The fraction is estimated to be less than 1% in Winteler et al. (2012) [7].
It provides a rare r-process site in metal poor epoch required from the discussion
on [Eu/Fe]-[Fe/H] plane mentioned in previous sections. In Figure 4, the produced
abundance pattern for MHDJ is shown. It is taken from Nishimura et al. (2012) [8].
Many of the MHDJ nucleosynthesis simulations tend to produce a narrow r-process
peak; just below and above the r-process peak in isotopic abundance pattern is un-

derproduced. The model we used also have the same trend.
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1.3 Nucleosynthesis Simulations

Abundance (Y))

— NDW
— MHDJ

Fig. 4.

100 120 140 160 180 200
Mass Number (A)

Abundance pattern produced by NDW and MHDJ. Black dots
shows the solar abundance. Green line shows abundance pattern by

NDW normalized by A=115. Blue line shows abundance pattern
by MHDJ normalized by A=175.
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1.3.3 Neutron Star Merger (NSM)

Recently, binary neutron star merger is the most popular site for r-process. Since
the detection of gravitational wave from a merging neutron star binary (GW170817)
associated with a short duration gamma-ray burst (GRB170817a) and an astronom-
ical transient called kilonova (AT2017gfo), many hydro-dynamical simulations and
associated nucleosynthesis calculations have been done. Two types of ejecta are pro-
duced from one NSM event; dynamical-ejecta driven by tidal force of rotating binary
and neutrino wind-ejecta driven by merging shock. Although the materials in both
ejecta are very neutron rich, the physical condition is quite different. The condition
of wind ejecta is very similar to NDW model. Wind ejecta, caused by the merg-
ing shock of binary neutron stars, is driven by neutrinos from merged neutron stars.
Then, neutron flux is suppressed by n(v,y)p reaction that only weak r-process occurs.
We used the abundance pattern calculated by Martin et al. [9]. On the other hand,
dynamical-ejecta is formed by materials tidally blown off from neutron stars. In that
region, electron fraction keeps so small (Ye ~ 0.1). Hence, r-process can proceed
to the region of fissile nuclei (A~300). Fission fragment in this ejecta can capture
neutrons again and then the process will repeat. This is so-called fission recycling.
By repeated fission recycling, produced abundance pattern is dominated by fission
fragment distribution. Fission fragment distribution is one of the unsolved prob-
lems in nuclear physics. We adopted abundance pattern from two nucleosynthesis
calculation of dynamical-ejecta. One is calculated with symmetric fission fragment
distribution and the other one is calculated with asymmetric fission distribution.
Symmetric fission of massive nuclei around A~250-300 produce nuclei in A~120-
150. This enhances the abundance just above the second peak. Contrary to this,
asymmetric fission enhance the abundance of nuclei below or above the second peak.
Then, the second peak is smoothed out. Suzuki et al. (2018) [10] and Shibagaki et
al. (2016) [5] calculated the nucleosynthesis for the same dynamical-ejecta model but
adopting different fission fragment distribution. (Former adopted symmetric one and

latter used asymmetric one.) These three abundance patterns are shown in Figure 5



18

1.3 Nucleosynthesis Simulations
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Fig. 5. Abundance pattern produced by dynamical-ejecta and wind-ejecta
in NSM. Black dots shows the solar abundance. Blue line shows
abundance pattern by wind-ejecta normalized by A=110. Orange
line shows abundance pattern by dynamical ejecta calculated with
symmetric fission fragment distribution (normalized by A=170).
Green line shows abundance pattern by dynamical ejecta calcu-

lated with asymmetric fission fragment distribution (normalized by
A=150).

As discussed here, the physical environments of dynamical-ejecta and wind-ejecta

are totally different. However, the mass ratio between them is uncertain. Therefore,

we assume two extreme cases in this study; dynamical-ejecta dominant model and

wind-ejecta dominant model. The detailed model selection will be shown in section

2.
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1.3.4 Collapsar

Another possible astrophysical site for r-process nucleosynthesis is the collapsar.
When the core of massive star collapses into a black hole, an accretion disk is formed.
The accretion disk is heated by neutrino-pair annihilation causing neutron rich matter
to flow out from the disk into jets along the polar axis. This creates the conditions
appropriate for r-process nucleosynthesis is provided. Most collapsar models involve
relativistic jets which is observed as Long-duration Gamma Ray Burst (LGRB).

However, the physical condition of such a massive collapsing star has not been
fully understood. The associated optical object depends on the astrophysical model
of collapsars. In this paper, we, consider two types of numerical models. The first
is the case of a failed-supernova. Nakamura et al. (2015) [11] proposed the collap-
sar as a promising candidate for a source of r-process elements. In this model, a
massive progenitor collapses into a black hole without an energetic explosion, called
failed-supernova. The entropy per baryon is so high that the r-process proceeds to
an extremely neutron-rich region in the nuclear chart, then, produced abundance
pattern, especially the second peak, is shifted to upper region as shown in Figure 6.
And we can see the strong odd-even effect in the abundance pattern especially for
140<A<180. In this study, we adopted the pattern calculated by Famiano et al.
(2020), which is a follow-up study of Nakamura et al. (2015) [11]. The detailed
characteristics of final yields will be discussed in section 3.1.2

The second model is the case that a collapsar is observed as a super-luminous su-
pernova, or hypernova (HN). Siegel et al. (2019) ambitiously performed full GRMHD
simulation of collapsar explosion. They claimed a sufficient amount of *Ni is pro-
duced by early shock heating of the star. The decay of huge amount of *Ni results
in luminous optical emission and its luminosity reaches the value of a hypernova [12].
This model consists of three components of different physical condition ejecta. And
the entropy per baryon is moderate compared with a previous model by Nakamura et
al. (2015) or Famiano et al. (2020), therefore their final r-process yields show rather
smooth and broad patterns (Figure 7).
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1.3 Nucleosynthesis Simulations
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Fig. 6. The solid line shows the collapsar abundance
pattern and red dot is solar abundance.
(reprinted from Nakamura et al. 2015 [11])
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Fig. 7. Abundance patterns of synthesized r-process

elements in the collapsar disk outflows at the
three different accretion stages.

(reprinted from Fig.1C in Siegel et al.
2019 [13])
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1.4 The history of GCE of r-process elements

1.4 The history of GCE of r-process elements

Argast et al. (2004) [14] firstly evaluated CCSN and NSM as r-process astro-
physical sites from the viewpoint of GCE. In their paper, a very popular problem to
consider NSM as r-process sites, was discussed. Neutron star binary (NSB) is formed
after two neutron star formation by two CCSNe. The binary will merge by losing
their orbital energy by emitting GW. The energy loss rate due to GW is very small
and they take very long time to coalesce. The typical time scale is estimated as, at
least, 100 million years by the analysis of the binary pulsar observations. Therefore,
NSM can not contribute to r-process abundance in an early galaxy and is hard to
explain the Europium abundance of metal poor stars, and CCSN was preferred as a
r-process astrophysical site in the context of GCE. However, nucleosynthesis simula-
tions suggested that neutrino driven wind from proto-neutron star, a normal type of
CCSN model, can produce only light r-process elements (A<130) since the electron
fraction Ye becomes not small enough due to neutron destruction by neutrino. Thus,
another model of CCSN, MHDJ, was proposed. This type of CCSN is more explosive
than the normal one and neutron flux is enough high that all r-process elements are
synthesized. However, extremely strong magnetic field, the magnetic energy close to
0.1% of the gravitational energy, is required for such explosion mechanism and the
existence itself was suspected.

Hirai et al. (2015) [15] performed a chemo-dynamical simulation to take account
of the effect of inhomogeneity more precisely. They suggested that if NSM ejecta
spread to a region not polluted by Iron enrichment, then NSM can contribute to
elemental abundance of metal poor stars.

However, NSM still has another difficulty. Recent observations of double bi-
nary pulsars suggested that the distribution of coalescing time (7,) is estimated as
dN/dry oc 7, 1. The appearance of NSM contribution is delayed from star formation
in time 7, (Beniamini et al. 2019 [16]). This distribution function is the same as
Type Ia, reported by Totani (2008) [17]. Then, enrichment of r-process elements by
NSM and that of Iron by Type Ia are canceled out each other in metal rich epoch and



1 THE ASTRONOMICAL OBSERVATIONS AND THEORETICAL STUDIES OF
R-PROCESS ELEMENTS 23

[X/Fe] should become constant at the late stage of the galaxy. This is inconsistent
with the observed Europium abundance in Figure 3 (discussed in Simonetti et al.

2019 [18]).

0.3

[_|Obs.
0.25 —t =1 Gyr
-- ta=0.1 Gyr
0.2} ——t <t
a min

dN/dlog ty,
o
o

o
—

0.05¢

Fig. 8. The observed probability density function of
coalescing time (t,, in this figure)
reprinted from Beniamini et al. (2019) [16]

Recently, another astrophysical site is drawing attention. Collapsars, remaining
black holes without supernova explosions, occur just after the end of main sequence
lifetime of very massive stars. The event rate of them is very similar to that of
CCSNe, but much rarer than CCSNe considering initial mass function with a peak

at around one solar mass. Therefore, collapsar can explain the trend of Europium
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abundance at both metal rich and metal poor epoch (Siegel et al. 2019 [13]).

In this thesis, all of the three components are took into account, We calculate
how their contribution has changed in the cosmic/galactic time, confront the evalu-
ated results with observations of elemental abundance in Galactic stars, and propose
astronomical observations which help revealing how and where heavy elements have

been synthesized and evolved.
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2 Theory and Method of The Calculation

2.1 One Zone Galactic Chemical Evolution

One-Zone model describes a simple and standard dynamical and chemical evo-
lution of a Milky Way-like galaxy. In this section, I will review the basic one-zone
GCE model established by Timmes et al. (1995) [19]. The dynamical evolution in
the one-zone model, a model calculates an ’average’ evolution of a galaxy, is based

on the following four key assumptions.

e A galaxy exchanges materials with the outside of it through gas ’in-flow’” and

‘out-flow’.

e The star formation rate of a galaxy is determined by gas mass and stellar mass

inside it with sufficient precision.
e The time variation is not discrete, but continuous in the calculation.

e The interstellar gas is always well-mixed; a sufficient amount of materials is

universally ejected from stellar objects anywhere in the galaxy.

The first and second assumptions are fundamental for GCE calculations and many
GCE studies are based on these. The third and fourth assumption is justified in the
case that the considered area is sufficiently large and the astronomical phenomena
occur sufficiently often The considered area is sufficiently large and the astronomical

phenomena occur sufficiently often
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2.2 Dynamical Evolution Model

We start by formulating the dynamical evolution of a galactic disk. A galaxy
consists of interstellar gas and about two hundreds millions stars.

The total baryonic mass of a galaxy is indicated as the sum of the mass of inter-
stellar gas and the mass of stars within the galaxy. Therefore, total surface density
of the galaxy oy

Otot = Ogas + 0 (2_1)

2.2.1 Inflow Rate

Galaxies are formed by gas condensation in large scale cosmos. The galactic inflow
is assumed to decrease exponentially with time. Therefore, total surface density of

the galaxy o can be calculated according to the following formula.
dtot(t) =A eit/T (2—2)

where 7 is the time scale of the disk formation. They took 7 = 4 billion years and
obtain reasonable results. A is the parameter to adjust the total surface density at
the present time; ¢t = 13.5 billion years. In this study, we calculated GCE in an
one zone similar to the solar vicinity. Therefore, the parameter A was adjusted to
reproduce G (13.5Gyr) = 75 M, /pc?.

2.2.2 The Time Evolution of Gas surface density

The galactic inflow purely increases the gas surface density. On the other hand,
star formation lead to decrease gas density since stars are formed from interstellar
gas and once the gas is trapped in stars, they are no longer interstellar gas. Stellar
activities often eject some amount fo gas into surrounding interstellar space. This
ejection event enrich the galactic interstellar gas. Thus, the gas surface density is

changed by three terms;

0'-ga5<t) = dtot(t) - B(t) + E(t) (2_3)
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where B(t) and E(t) are star formation rate and ejection rate, the total ejected

materials from all the galactic stars in unit of [M /pc?] respectively.

2.2.3 Star Formation Rate

Star formation is one of the essential activity for the evolution of galactic gas as
shown in Eq. (2-3). Stars are formed from interstellar gas, that is, star formation
activities consume interstellar gas so that the gas density is decreased. For the galac-
tic disk, the empirical relation between star formation rate and gas surface density
is found by Schmidt (1959). In this model, a quadratic Schmidt function is adopted
to well reproduce solar composition and elemental evolution of light elements from

Hydrogen to Zinc. The star formation rate B is described as follows.

B(t) = 2.8 040t & (2-4)

gas

where gas is the fraction of the gas in the galaxy, i.e., {gas = Ogas/Ttot

2.3 Stellar Recycling

The third term in Eq.(2-3) is the ejection from all the stellar object in the galaxy.
After the star formation, stars end their lifetime and eject some materials into inter-
stellar gas. During the entire main sequence phase, the star is relatively quiet and
stable. Almost all mass-loss processes occur after the star leaves the main-sequence
stellar phase. Stars are in the main sequence phase for more than ninety percent of
their lifetime, therefore the delay from star formation to the end of their lives can
be approximated by their main sequence lifetime. The main sequence lifetime is a
function of their initial mass, hence, the delay from star formation is described by a
function of their mass.

In this study, we took data from Weaver and Woosley (1995) [20] for the stars
whose mass is less than ten solar mass, and Schaller et al. (1992) [21] for stars whose

mass is more than ten solar mass. Weaver and Woosley (1995) [20] estimated that
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2.3 Stellar Recycling

the metallicity effects on main sequence lifetime is about ~5 %. The lifetime function

is shown in Figure 9.
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Fig. 9. Main sequence lifetime as a function of initial stellar mass from
Weaver and Woosley (1995) [20] and Schaller et al. (1992) [21]
(reprinted from Timmes et al.) [19]

Let us assume that the number of stars in the mass range of m ~ m-+ Am, formed
from 1 M gas is dn(m) at the time ¢’. These stars end their lives after their main
sequence lifetime 7(m). Thus, the number of stars with mass of m which end their

life at the time t' + 7(m) is

dN(m,t' + 7(m)) = B(t') - dn(m) (2-5)

By integrating equation (2-5) over m and variable conversion ¢t = ' + 7(m), we

obtain the number of stars that end their life at time ¢.
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N(t) = /B(t —7(m)) - dn(m)

_ / Bt — 7(m)) j—” dm (2-6)

m

The second term in equation (2-6) is the initial mass function ¢(m). We took it

from Kroupa (2001) shown in Figure 10
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Fig. 10. Initial Mass Function based on Kroupa (2001) [22].

The elements newly formed in main sequence stars are partially ejected into in-
terstellar gas and stars are formed from this enriched gas. This repeated process is

called stellar recycling.

Hence, for the density of non-primordial elements, i.e., heavier than Boron, the
time derivative of surface density o; of nuclei with mass number ¢, can be described

as follows.
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2.3 Stellar Recycling

oi(t) = FEject — Birth (2-7)

0i

_ / B(t — 7(m)) é(m) Ei(m) dm — B(t) (2-8)

Ogas

The first term describes the enrichment due to the ejection from stars at the end
of their main sequence stages, while the second term describes the disappearance of
isotopes from the gas by the confinement in stars due to the star formation. E;(m) is
the mass of nuclei with a mass number ¢ ejected from stars at the end of their main
sequence lifetime.

If an astrophysical event occurs immediately after the 'death’ of a main sequence
star, the rate of such astrophysical events can be approximated by ’death rate’ of
main sequence stars in equation (2-6). CCSN is one of the most vital representatives.

Therefore, the event rate Rccgny of COSN is described as follows.

Recsy — /8 B(t — 7(m)) é(m) dm (2-9)
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2.4 Binary Systems

To discuss the galactic evolution with metallicity [Fe/H]<-1, the contribution from
Type Ia is negligible since they are the source of Iron especially at high metal era
([Fe/H] > —1).

Timmes et al. (1995) [19] firstly introduced a novel formula to describe the ele-
mental enrichment by Type Ia supernovae which can take account of binary scenario.
They assume the birth rate of a binary system with masses of m; and msy (m; > my)
is proportional to an initial mass function for single stars with mass of M (= m;+m.).
Using this assumption, they formulate the event rate Ry, of Type Ia supernovae as

follows.

m) = o | [ B rm)) o0n) PG agart (10

where ¢ is the mass ratio of the secondary to total, i.e., ¢ = my/M. C is a
parameter which adjusts the amplitude of the Type Ia contribution, set to be 0.007
in Timmes et al. (1995) [19].

We extended this equation and formulate the event rate of NSM taking account
of their coalescing time. Neutron star binary lose their orbital energy by emitting
gravitational wave and finally merge as NSM. The merging delay time 7 is a function
of the initial binary separation a, and analytically calculated by the general theory

of relativity.
T4(a) o a* (2-11)

The delay from star formation of NSM is 7(m) + 74(a). Then, we obtain the

formula for NSM rate as follows.

%w:myﬂ&%a;mm—mwmma@a@mmwmmm
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where €yg,, is the fraction of massive stars which form neutron star binaries, a
parameter which can adjust the amplitude of NSM contribution.

P,(a) and P,(q) are the probability density functions of a and binary mass ratio
q, respectively.

P(a) is assumed to be proportional to a~!. It lead to the probability density

function of 7, that proportional to 7,7 '.

This trend can be seen in Galactic field
binary neutron stars. The distribution of 7, is estimated from observation of binary
pulsar as discussed in Beniamini and Piran (2019) [16]. The observed distribution is
shown in Figure 8.

Event rate of collapsar is described by the same integral as CCSN. Differences are
1. a scale factor .oy, is added, and 2. the lower limit of integration with respect to

mass is set to be 40.

RcoL = €coL /40 B(t —7(m)) ¥(m) dm (2-13)

We take into account of these three r-process component simultaneously. There-

fore, the enrichment event rate of r-process elements is described as follows.

o5

6i(t)=> (R, Ei.) — B(t)

*

2-14
o (2-14)
summation over r-process astrophysical sites *(: CCSN, NSM and COL).

For the analysis of p-isotopes in this thesis, we calculated the evolution of nuclei

produced by Type IA, CCSN and collapsar. The s-process contribution is taken from
other study. We use the result of Kobayashi et al. 2020 [23].
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2.5 Calculated Gas and Metallicity Evolution

Before describing our detailed r-process GCE, we present the fundamental cal-
culation result on the evolution of galaxy. The surface density is one of the most
essential parameter of GCE simulation. The star formation rate is dependent on this
value and has an impact on event rates of nucleosynthetic events.

Figure 11 shows the evolution of total surface density of a galaxy.

We tried some parameters or models of r-process nucleosynthesis, since the amount
of r-process elements produced by a certain astrophysical site F; . is not still clear,
However, the fraction of r-process elements in the interstellar gas is less than 0.01%
and such a tiny amount of r-process elements does not affect gas evolution in the
galaxy so much. Therefore, the variation of gas evolution due to model selection is

so small that only one result of gas evolution is shown here.

2-
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Fig. 11. The time evolution of total surface density
oot [Me/pc?], gas fraction &y, and metal-
licity [Fe/H].
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With this assumption, we can obtain another expression of the differential equa-
tion (2-14) for o; ., a surface density of nuclei with mass number ¢ originating from a

certain astrophysical site *, an ingredient of o;.

G.(t) = R. E. — B(t) Jai (2-15)
(o i) = mao 210

The values of FEj, are different between models a-c, however, the solutions of
0i.(t) and R.(t) are just scaled, in other words, the time dependency is common.

Therefore, the event rate or surface density of certain nuclei normalized by the
value at [Fe/H]=0 is independent from model selection or nucleosynthesis simulation
results (Ei.).
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2.6 Calculated Event Rate of Astrophysical Events

A set of the event rates is shown in Figure 12. Collapsars appear first since
the mass of their progenitor is more than 40 solar mass. After collapsar, CCSNe
follow and NSM occurs in the last. The timing of NSM emergence is dependent on
their minimum coalescing time scale (7, in equation 2-12). In the case of minimum
coalescing time is one million years, NSM can occur before [Fe/H]=-3. If the minimum

coalescing time is maximum (100 million years), NSMs occur in only [Fe/H]>-1.2.

=3 ) =1 0
[Fe/H]

Fig. 12. The evolution of Event Rate normalized by the value at
[Fe/H]=0. The blue and black lines show the event rate
of collapsar and CCSN respectively. Three red lines
show NSM event rate of different minimum coalescing
time. 7,=1, 10 and 100 million years are taken from
light to dark.

The contribution of a site %, f,, is defined as the total amount of r-process elements

originating from a site .



36 2.6 Calculated Event Rate of Astrophysical Events

fo= o (2-17)

Since a fraction of nuclei ¢ is time-independent, the time dependency of f, is the
same as that of o;,. Therefore, the normalized history of contributions from site ¢
is also independent from model selection (shown in Figure 13). To compare with
observed elemental abundance in the galactic stars, the ratio to Iron abundance is

taken.

[Fe/H]

Fig. 13. The evolution of contribution from each sites normal-
ized by the value at [Fe/H]=0. The colors are same as
Figure 12

The iron abundance comes from CCSNe in metal poor epoch, therefore, [f./Fe]
is almost same as [f./fcosn]|. In the early galaxy, collapsar contribution was larger
than that in solar abundance, and NSM contribution was much smaller.

In the late time, collapsar contribution is almost same as that of CCSN. The NSM
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contribution becomes almost flat as already mentioned in previous studies [24].
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3 Our GCE Calculation for r-process Elements

3.1 The r-process abundance pattern by each nucleosynthe-
sis site

3.1.1 Supernovae

We have considered two well-known types of core-collapse supernovae, NDWs
and MHDJs. NDWs are associated with typical core-collapse supernovae. In this
study, we adopted the calculated r-process yield in the NDW of Wanajo (2013) [6],
a protoneutron star with 1.8M,.

MHDJs are a rare type of supernova compared to NDWSs, but this type of super-
nova produces a very large amount of r-process elements, as much as 1074 M, (about
1075M,, for NDWs). Since the contribution to the overall GCE is the product of the
frequency of events and the yield per event, MHDJ can affect the evolution of heavy

elements in the Galaxy. The model yields for MHDJ are taken from [8].
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Fig. 14. The abundance pattern of r-process yields
produced by NDW (green) and MHD.J(blue)
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3.1 The r-process abundance pattern by each nucleosynthesis site

3.1.2 Collapsar

Collapsar is an object in which a black hole is formed by gravitational collapse.
The corresponding astronomical phenomena are still unclear. There are two possible
observed events; SLSN and failed supernova. For the collapsar model, we adopt a
version of Nakamura et al. (2015) [11] modified by Famiano et al. (2020) [25]. We
also adopted another model by Siegel et al.(2019) [13]. Their model is associated

with hypernova explosion. See section 1.3.4 for the details of these models.

— siegel
— sym
_3 — asym

Abundance (Y))

100 120 140 160 180 200
Mass Number (A)

Fig. 15. The abundance pattern of r-process yields
produced by two collapsar models. The
green line shows the final abundance of a
collapsar model of Siegel et al.(2019) [13].
The blue and red lines a taken from Fami-
ano et al.(2020) [25] The blue is the case
that symmetric FFD is adopted, while
asymmetric FFD is used for the red.



3 OUR GCE CALCULATION FOR R-PROCESS ELEMENTS

41

3.1.3 Neutron Star Merger

Neutron star merger is a promising site for r-process nucleosynthesis. NSM is a
merger event of two neutron star. This phenomenon is anisotropic and explosive.
Around the merging binary system, the physical condition varies in space and time.
The end point of r-process depends on the neutron fraction and dynamical time scale.

Thus, neutron star merger has several components of ejecta.
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Fig. 16. The abundance patterns of r-process yields
of NSM. The blue and orange lines show the
calculated results adopting symmetric FFD
(Suzuki et al. 2018) and asymmetric FFD
(Shibagaki et al. 2016) respectively.
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3.2 The Calculation Configuration and Parameters

3.2 The Calculation Configuration and Parameters

3.2.1 The Combination of r-process sites

We should choose a set of stellar models of each r-process site in order to calculate
equation (2-14). Model selection is one of the most essential input of our calculation,
since it determines the main contributor to a certain element. There are two obvious

constraint on this model selection even before performing any GCE calculation.

1. All considered elements, the r-process elements in this section, should be pro-

duced in, at least, one of the selected astrophysical sites

2. Solar system abundance pattern should be well reproduced.

From the first constraint on combinations of models for r-process astrophysical
sites, we choose three possible combinations.

NDWs from nascent neutron stars are promising sites for the production of light
r-process elements (A< 120). Wanajo (2013) calculated NDW with 1.8 M, progenitor
mass and suggested that neutron flux is not high to produce heavy r-process elements.
In this model, r-process stops before reaching to the second peak, i.e., proceeds up to
mass number A= 130. The detailed pattern is shown by the green line in Figure 14

The MHDJ supernova is the most reasonable site for the second peak of the well-
known r-process. MHDJ model by Nishimura et al. (2012) [8] produces all r-process
elements except for super massive nuclei heavier than the third peak as the blue line
shown in Figure 14

The NSM tidal ejecta is also an ideal site for the production of heavier r-process
nuclei, since NSM ejects so large amounts of neutrons (Ye < 0.4). The r-process in
NSMs can reach into the supermassive nuclei. Hence, the distribution of fission frag-
ment of such massive nuclei has a very large impact on the results of nucleosynthesis
in the ejecta from NSMs. Suzuki et al. (2018) [10] and Shibagaki et al. (2016) [5]
performed nucleosynthesis calculations for the same ejecta flow from a NSM with
symmetric FFD and asymmetric FFD. We adopted these two model using different

nuclear physics input.
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In reality, NSM have both of disk and dynamical ejecta, however, the mass ratio
between them is still not clear. Since the purpose of this study is not to determine
NSM parameters which can reproduce observed abundance but to obtain some con-
straint on r-process among several astrophysical sites or to suggest a possible time
evolution of r-process elements. We focused on the dynamical ejecta from NSM in
this thesis. This strategy is also justified by the analysis of Sr evolution explained
in the result section. The analysis imply that the contribution from NSM should be
relatively small for the light r-process elements. The disk ejecta of NSMs produce
only lighter r-process elements compared with the dynamical ejecta. Therefore, this
type of ejecta does not have not a large impact on GCE even though Sr is do observed
by NSM observation [26].

The collapsar is also an attracting astrophysical site as a source of r-process nu-
clei. The collapsar means the astrophysical object which is originally a single massive
star and collapsing into a black hole without a remaining neutron star. However, as-
sociated observable phenomena for this object is still not clear since the theoretical
calculation of collapsing massive star is hard. Two astrophysical phenomena with
observational counterparts are suggested; super-luminous supernovae and failed su-
pernovae. We considered both cases. Model 1 assumes that the collapsing star is
a failed supernova. For this, we adopt a modified version of the collapsar r-process
model of Nakamura et al. (2015) (Famiano et al. 2020). In this case, the MHDJ SNe
is the source of the SLSNe; in the second model (Model 2), the collapsar is assumed
to be the SLSNe. For this, we adopt a model from Siegel et al. [13].

Thus, we consider, in total, four cases of model combination, two as nuclear
physics inputs of FFD and two as collapser models. Model combinations are summa-
rized in Table 1.

3.2.2 The scale parameters eygsy and €.y

The efficiency parameters eygy and €., in Eq. (2-12) and Eq. (2-13) are free
parameters adjusted to best fit the event rate of each site and the abundance pattern

of the r-process [Fe/H]=0 at the present time. The event rate of SNe in the Galaxy
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Table 1. The model combination

symmetric asymmetric
(Model 1-s) (Model 1-a)
Failed SN NSM Suzuki et al. NSM Shibagaki et al.
Collapsar Famiano et al.(1) Collapsar Famiano et al.(2)
(Model 2-s) (Model 2-a)
Hypernova NSM Suzuki et al. NSM Shibagaki et al.
Collapsar Siegel et al. Collapsar Siegel et al.

has been well studied. Recently, the frequency of NSMs has also been estimated
by detecting GWs and short gamma-ray bursts (SGRBs) [27]. The composition of
the solar system is the only object for which detailed patterns of isotopic abundance
ratios have been measured. Precise and sophisticated analyses of meteorites, led by
RIKEN, have measured the abundance ratios of various species within an error range
of < 0.1dex.

The calculated eygps and €. are determined to best reproduce the solar system

abundance ratios.
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4 The Result and Discussions on r-process GCE

4.1 The Time Evolution of the r-process Abundance Pattern

4.1.1 General features of the abundance patterns

First of all, we discuss several features of our calculated solar abundance pattern
which was obtained by using the yields from four considered astrophysical sites at
solar metallicity (the top panels in Figure 17, 18).

Although the MHDJ r-process (green line in Figure 17, 18) explains well the
abundance peaks around A ~ 130 and 195 and the hill of lanthanides around A ~ 165,
a deficiency of isotopes around A = 140 ~ 145 remains in either model. Indeed, most
r-process nucleosynthesis calculations underproduce the heavier isotopes just above
the second peak [28]. If the r-process reaches the superheavy nuclei, the second peak
is broadened by fission recycling.

The NSM and collapsar abundances may avoid the lack of production around
A = 140 — 160 seen in many prior r-process calculations [28]. Famiano’s collapsar
model in Figure 17 and the NSM model with asymmetric FFD in the right panel of
Figure 18 compensate this lack. This is because the r-process in a very neutron-rich
environment can increase the amount of fission fragments present at A ~ 130 — 150
due to the many fission recycling cycles.

The tidal component of the NSM dynamic ejecta has a very low electron fraction
(Y. ~ 0.1). Therefore, the r-process pathway will run along an extremely neutron-
rich isotope. The reaction stream quickly reaches the heavier fissile nuclides in the
A = 250—290 region. Thus, the FFD strongly affects the mass range of A = 100—180

and the final abundance distribution of heavier isotopes [5]. Using a symmetric
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FFD [10] for the NSM r-process, Figure 17 and Figure 18 on the left, the second peak
around A ~ 130 is reasonably reproduced, while an asymmetric FFD [5] model on the
right shows a smoothing of the abundance distribution. This may solve a longstanding
problem in r-process nucleosynthesis, the underproduction of A = 140 — 145 nuclides
as discussed above.

However, regardless of the FFD selection, the third peak was found to shift slightly
into the heavy mass region. This is because the neutron number density remains
high after freezing due to tidal ejection from the NSM. In addition to these features,
another feature that is attributed to the high-entropy environment is the appearance
of odd-even patterns in the abundance of lanthanides. This is a typical feature due to
very fast neutron capture and sudden freeze-outs. However, we note that the Siegel
et al. (2019) [13] calculations employ a different ejecta model and show a smoother
pattern (Figure 18).

The collapsar r-process yield shows a variation which depends on the models just
as the CCSN and neutron star merger r-process do. Motivated by the first hydro-
dynamic collapsar model of Macfadyen et al. (1999) [29], Surman et al. (2006) [30]
studied the r-process nucleosynthesis. They noted that the representative disk ac-
cretion rates produced by the MacFadyan-Woosley’s collapsar model are too low to
produce enough r-process elements and suggested that more rapidly accreting disks
or higher black hole spins might make suitable conditions for the r-process. Our
collapsar model [11] adopted in the present study for a successful r-process is calcu-
lated by a relativistic axisymmetric MHD code and applied to the collapse of rotating
magnetic massive stars [31, 32]. We extensively studied the collapsar r-process by ex-
plicitly taking account of the effects of the magnetic field and nuclear fission [25] and
found interesting variation in the r-process yields. Siegel et al. (2019) [13] also carried
out a similar but different collapsar model calculations for a successful r-process. As
such, the collapsar model has progressively evolved in numerical simulations and re-
sultant nucleosynthesis. Once one makes a collapsar model with successful r-process
nucleosynthesis, the basic properties such as large ejected mass and reasonable abun-

dance pattern over the entire mass region up to the 3rd peak elements are more or
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less similar to each other although the details are still different. Therefore, our core
conclusion concerning the collapsar contribution to the GCE of r-process elements

does not significantly change when considering this uncertainty.
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4.1.2 The time evolution of isotopic abundance pattern

Our simple GCE model indicates a time-metallicity relation given by t/10%y ~
10Fe/Hl - However, this relation is broken in the extremely metal-deficient region
[Fe/H]<-2 because of the inhomogenity of the early Galaxy due to the stochastic
Galactic star formation [15] at low metallicity. Nevertheless, metallicity is a reason-
able measure of the time evolution of the Galaxy for [Fe/H]>-2. Differences in the
time delay from star formation to nucleosynthesis lead to variations in the isotopic
r-process abundance patterns with metallicity. In general, the delay is shortest for
collapsars and longest for NSMs. Therefore, galaxies in the early universe have a
large contribution from collapsars, while the contribution from the NSMs is largest
at the present time.

Figures 17 and 18 show examples of the difference between the metallicity function
of the abundance mass distribution and the FFD for both model 1 (Figure 17) and
model 2 (Figure 18). The lines in the figure correspond to the NSM contribution
(red line), the collapsar contribution (blue line), and the CCSNe contribution (green
line). The fit of the total abundance to the solar r-process composition is shown by
the black line.

The abundance distributions from these four different r-process sites have unique
features, especially for nuclides heavier than the first r-process peak at A=80. NDWs
produce only lighter r-process elements in the A < 130 mass range. On the other
hand, the MHDJ produces elements with r-process abundance peaks, especially around
the second and third peaks at A ~130, 195. The contributions from CCSNe, i.e. the
sums of NDW and MHDJ, are shown as green lines in the figures.

Before discussing the details of abundance patterns, we describe the general trend
of time evolution of our calculated results. Figures 17 (for Model 1-s and Model 1-a)
and 18 (for Model 2-s and Model 2-a) highlight the fact that among these possible
astrophysical sites, CCSNe (i.e. NDW and MHDJ) and collapsars make the predom-
inant contribution in the early Galaxy. On the other hand, the NSM contribution is

negligible for early galaxies, reaching the late stages of galaxy evolution due to the
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long merging time delay 7,. The NSM contribution grows gradually with increasing
metallicity and eventually reaches 1 % of the total abundance of solar r-process ele-
ments at [Fe/H| = -1.5, -1.3, and -0.7 for models with a minimum coalescence times
of 7,= 1, 10, and 100 My, respectively. In the cases that adopt the symmetric FFD,
NSMs change the total abundance pattern only slightly when the Galaxy has evolved
to near solar metallicity [Fe/H]=0. This is because the NSM contribution fraction is
only about 1%.

Korobkin et al. (2020) [33] discussed the change in ejecta mass due to differ-
ent tidal ejecta models and displayed their impact on abundance patterns. These
differences lead to slight differences in the abundance pattern of the r-process, but
only within <0.3 dex. The dependence of the merger rate on metallicity was also
discussed. Figures 21, 22 in the next section show that the NS merger contribution
appears only partially at high metallicities due to cosmologically long merger times
and the predominance of collapsars and MHDJ CCSNe in the full metallicity region.
Therefore, we conclude that the dependence of the model on the variation in ejected
mass of mergers does not dramatically change our core results in GCE for the r-
process abundance patterns shown in Figures 17-22. This conclusion is also nearly
independent of the model selection of astrophysical sites and input nuclear physics.

Moreover, although the NSM receives r-process contributions not only from tidal
ejecta but also from accretion disk outflows as neutrino-driven winds, we focus here
on dynamical tidal ejecta as in Kajino et al. (2019) [28] and use the Koroblin et al.
(2012) [34] using 30 outflow trajectories based on outflow trajectory simulations [34,
35, 36]. These trajectories are based on SPH simulations under Newtonian gravity,
and neutrino transport is considered in the neutrino leakage scheme [37].

Numerical simulations provide increasing evidence that both wind and jet outflow
components contribute to r-process nucleosynthesis [9]. These components strongly
affect the lighter r-process elements, including the first peak, but produce fewer hills
of heavier elements and rare earth elements above the second and third peaks [38].
In fact, it may be possible to change the abundance ratio of nuclei in A< 120 in

the r-process abundance pattern. However, in this light mass region (A < 120), the
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NDW from CCSNe is dominant so that the variation due to NSM model selection is
expected to be negligibly small in our model calculations. We note again that the
NSM r-process is highly dependent on the ejecta model and input nuclear physics.

The detailed time variation of the abundance pattern does depend on the input
nuclear physics and/or models of the ejecta used in the r-process simulations. A
typical example of the dependence on input nuclear physics is the FFD. As discussed
previously, symmetric and asymmetric FFDs can lead to very different abundance
patterns over the entire mass range. The left panels show the case of a symmetric
FFD and the right panels are for an asymmetric FFD.

In the metal-deficient region [Fe/H|< —1.5, the NSM contribution does not change
the total pattern because the r-process abundances are dominated by CCSNe and/or
collapsars. On the other hand, the abundance pattern changes drastically as a func-
tion of metallicity for [Fe/H] < —1.5. Figure 17 exhibits a very busy abundance
pattern because of the odd-even structure in the collapsar r-process yields. There
are significant shifts of the second and third peaks towards heavier mass numbers as
shown by the black lines. This is because both the collapsar and NSM r-processes
shift the peaks towards the heavier mass region.

It is essentially important that the time evolution in isotopic abundance patterns
originates from very different time delays between collapsars (or CCSNe) and NSMs,
i.e. different timescales from the formation of progenitor stars until the explosive
nucleosynthesis. Here, we summarize the features of collapsar abundance pattern
which predominates the abundance pattern in metal poor epoch in the Models 1-s
and 1-a.

The abundance pattern in the collapsar r-process (blue line in Figure 17) has three
unique features due to the very rapid-neutron captures caused by the relatively high
values of the neutron density at freezeout [25]. First, the r-process peaks are shifted
systematically towards the heavier mass region. This is caused by residual neutron
captures during [-decay after freezeout of the r-process. This causes a discrepancy
away from the observed solar r-process abundance pattern around the third peak

A ~ 195 (Figure 17). Secondly, an odd-even pattern manifests in the lanthanide
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abundance hill. This is a typical feature resulting from very rapid-neutron captures
and the sudden freezeout. We note, however, that in the Model 2-s and Model 2-
a, a smoother pattern of Siegel et al. [13] is adopted. Thirdly, the second peak in
the collapsar model is broadened to higher mass region A= 140 — 150 as mentioned
previously.

The properties of neutron-rich unstable nuclei and the physical conditions of the
trajectory dynamics are thus intricately connected in any nucleosynthesis simulations.
However, if some characteristic features, such as those discussed here, were measured
in the isotopic abundances of r-process enhanced metal-deficient stars, this could
confirm that the heavy nuclei in those stars originate from a single or a few very
similar r-process events. Unfortunately, so-called universality in elemental abundance
pattern does not exhibit clearly a single r-process site as to be discussed later.

The abundance pattern in Model 2-s shows the lack of A=140 — 160 in any met-
talicity. This is because both NSM and collapsar can not produce amounts of these
elements in this mass region. The symmetric FFD in NSM leads to high second
and third peak elements but relatively small abundance of the nuclides just above
the peaks. Also, the collapsar model of Siegel et al. (2019) underproduces these
nuclides. On the other hand, the abundance pattern of Model 2-a very well describes
the solar system abundance pattern around A=140 — 160. NSM yields significantly
enhance the nuclides in this mass region by the daughter nuclei from fission. These
specific features of abundance patterns in different astrophysical sites are expected
to manifest themselves clearly in the time evolution of the abundance pattern. Our
theoretical predictions could be tested in future elaborate analyses of spectroscopic

observations of halo stars with various metallicities.
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Fig. 17. The isotopic abundance pattern in the case
of Model 1-s and Model 1-a. The up-
dated version of Fig. 1 in Yamazaki et al.
(2022) [39]
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Fig. 18. The isotopic abundance pattern in the case
of Model 2-s and Model 2-a. The up-
dated version of Fig. 2 in Yamazaki et al.
(2022) [39]
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4.1.3 Elemental Abundance pattern

Figure 19 displays the calculated elemental abundance patterns as a function
of atomic number Z in Model 1-s , symmetric FFD is adopted, (a) and Model 1-
a, asymmetric FFD is adopted, (b) compared with observational data in r-process
enhanced metal-poor halo stars, BD+173248 ([Fe/H] = -2.1) [40] and CS22892-052
([Fe/H] = -3.1) [41]. Figure 20 is a similar figure but for Model 2-s and Model 2-a.
They exhibit a more or less similar elemental abundance pattern for any metallicity.

In particular, around the lanthanide hill near Dy (Z=66), they agree with each
other independently of any models. This feature is known as the universality of
the r-process elemental abundance pattern [1] previously introduced in section 1.1.1.
Such similarity is due to the fact that there are many isotopes contributing to the
same atomic number Z with different mass numbers A [5]. Moreover, this fact enable
us to consider multiple astrophysical sites in GCE calculation, without violating
the r-process universality in elemental abundance pattern, that naturally change the
isotopic abundance pattern of r-process elements.

The peak height around Te (Z=52) and Os (Z=78) depends on the models.
This model dependence arises from the different contribution fractions from the four
astrophysical sites. Unfortunately, the second peak elements except for Te [40] have
not been observed in metal-deficient halo stars.

Most of the nucleosynsthesis calculations with any ejecta model shows a discrep-
ancy near Z=57-60 [5, 28]. It manifests as a deficiency in the A-distribution above
the second peak A ~ 130 in Figure 19. The only exception is the NSM model with
an asymmetric FFD and the Famiano’s collapsar model which we adopted. In these
ejecta models, the effect of fission recycling smooths abundance distribution over the
entire mass region A > 100 [5]. The most abundant isotopes smooth the detailed
structure apparent in the mass distributions of Figure 19, then the underproduction
does not appear in our model because of collapsar contribution. Thus, this discrep-
ancy might not be due to the astronomy; observations or model of galactic evolution,

but rather to the theoretical calculations, astrophysical hydrodynamic simulations or
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Fig. 19. The elemental abundance pattern in the
case of Model 1-s and Model 1-a. The up-
dated version of Fig. 3 in Yamazaki et al.

(2022) [39]
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nucleosynthesis calculations, and associated input nuclear physics, FFD.

Although the elemental abundances are in reasonable agreement with observa-
tional data, there are some exceptional elements, to be discussed below, which show
discrepancy with observations.

One finds a discrepancy for lighter elements Zr-Sn (Z=40-50) in CS 22892-052. A
significant enhancement of these elements has been reported in the so-called Honda
stars [2]. Our present theoretical interpretation is that the universality between the
second and third peaks including the lanthanide hill around Z ~ 66 and beyond is
satisfied in any cases, although the variation in a wider mass range can be reasonably
explained by inhomogenity in the early galaxy.

As for the second and third peak nuclei around Z ~ 52 and 78, strong model
dependence arises from different contribution fractions of NDW, MHDJ and NSM in
Model 1 and those of NDW, collapsar and NSM in Model 2, as discussed in Figure 20.
Only Te (Z=52) among nuclei which form the second r-process abundance peak was
observed by using spectrograph equipped on HST [40].

Interestingly, the actinides are also significantly enhanced in the collapsar r-
process. This is because the extremely high neutron number density in collapsars
causes the r-process path to proceed along very neutron-rich nuclei and produce
neutron-rich isotopes beyond the third peak. Such a dramatic enhancement of ac-
tinides is indeed observed in actinide-boost stars [42].

Many features of elemental abundance patterns are more or less similar to one
another among Models 1 and 2 with either symmetric or asymmetric FFDs being

used.
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4.2 The evolutional track in the [X/Fe]-[Fe/H]| plane

One of the most important factors in metallicity changes in heavy-element compo-
sition is the contribution from the s-process as well as the r-process. Studies of solar
composition at [Fe/H]=0 suggest that more than 90% of strontium was produced
by the s-process. On the other hand, more than 90% of the europium in the solar
system is thought to have been produced by the r-process. We therefore investigated
strontium and europium as typical elements formed mainly by the s- and r- processes,

respectively.
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Fig. 21. Illustration of [Eu/Fe| as a function of metallicity [Fe/H] for different
relative contributions of callapsars and NSMs as described in the text.
Black lines show the total abundance. The blue lines are the collap-
sar contribution while the red lines show the contribution from NSMs.
Grey dots show the data from metal-poor halo stars. The minimum
coalescence time for NSMs is taken to be 7, = 10Myr. Reprinted from

Fig.4 in Yamazaki et al. 2022 [39]

The r-process component in the metal abundance change of the heavy element
composition depends on the extent to which each r-process site contributes. The
contribution of each r-process site depends on the element and also on the choice
of nucleosynthesis calculations and nuclear physics, which still have large theoretical
uncertainties. Therefore, we surveyed the relative contribution of each r-process site
when artificially varied. For the sake of simplicity, we only consider the contributions
of NSM contributions only. Only the contributions of collapsar and NSM are listed,
since similar results can be obtained by considering CCSNe

Figure 21 shows the evolution of the [Eu/Fe| ratio as a function of metallicity.
The contribution fractions from NSMs are 100%, 90%, 50%, 10%, 0% from left to
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right. The contribution from collaspars is opposite. If less than 50% of europium is
produced by NSMs, the evolution curve at [Fe/H]> —1 becomes flat as discussed in
[24]. Although the contribution fraction of NSMs somewhat depends on the choice of
the minimum coalescence times 7, =1,10 and 100 Myr for binary NSMs, the flattening
of the curve at [Fe/H]> —1 is independent of the choice of 7.

As can be seen from Figures 17 and 18, in the presence of NSM dynamical ejecta
with asymmetric FFD, the solar system’s europium abundance is dominated by the
NSM. Since this is not consistent with the europium distribution of the galactic halo,
we expect a small fraction of the contribution from the dynamical ejecta component
of the NSM.

On the other hand, it is very difficult to separate the collapsar and CCSNe con-
tributions in such a schematic analysis. This is because the difference between the
two components is found in the super metal-poor region, where the non-uniformity

is pronounced.

" NSM/COLL : 100/0

= : 2 - 20 -
NSM/COLL : 90/10 s NSM/COLL : 50/50 e NSM/COLL : 10/90 e NSM/COLL : 0/100

[Sr/Fe]

P

g

75 o 05 00 05 10 2% =15 -io 05 00 05 1o %0 15 |70 05 00 05 10 %0 15 10 05 00 05 10 %5 15 t0 05 00 05 10
[FelH] [FelH] [FelH] [FelH] [FelH]

Fig. 22. Illustration of [Sr/Fe] as a function of the metallicity [Fe/H] for different
relative contributions of collapsars and NSMs Both r-process (solid) and
s-process (dashed) contributions are shown. Black lines show the total
abundance. The blue lines are the collapsar contribution while the red
lines show the contribution from NSMs. Grey dots show the observed
abundances on metal-poor halo stars. The minimum coalescence time
for NSMs is taken to be 7, = 10Myr. Reprinted from Fig.5 in Yamazaki
et al. 2022 [39)

Figure 22 shows the variation of the [Sr/Fe] abundance ratio versus metallicity.
s-process contributions are taken from Kobayashi et al. (2004 kobayashi2004. The
analysis of the [Sr/Fe] distribution supports the small contribution of NSM here as

well. This fact justify our model configuration that we do not include the disk wind
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component of NSM which mainly produce the light r-process elements such as Sr.
However, this alone does not distinguish which theoretical model represents the true
contribution. Therefore, it is desirable to compare theoretical models with future

observations to determine which astrophysical positions an element is derived from.
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4.3 Conclusion

In summary, we have studied the cosmic evolution of r-process abundance pat-
terns in the context of a GCE model that simultaneously takes into account multiple
astrophysical sites, namely NDW and MHDJ CCSNe, NSM and collapsers. NSM
r-process calculations were performed using a variety of input nuclear physics, in-
cluding symmetric and asymmetric FFD. Second, while the early galaxy r-process
component is dominated by yields from CCSNe and collapsers, the NSM contribu-
tion is necessarily delayed due to the cosmologically long coalescence timescale of
orbital collapse by emitting GW. The relative NSM contribution increases rapidly
with cosmic time. However, it does not reach even 1% of the total solar r-process
composition until the metallicity is enriched to [Fe/H]> -1.5. This conclusion does
not change for a wide range of minimum coalescence times of 7, = 1 - 100 My for
any GCE model with multiple sites and different input nuclear physics.

We also find that there are large differences in isotopic abundance patterns as a
function of mass number among multisite GCE model calculations, but the universal-
ity of elemental abundances in metal-poor halo stars is still satisfied. This contrasts
with previous studies that focused only on single r-process sites or combinations of up
to two astrophysical sites to explain the universality of elemental abundance patterns.

Some unique features of each astrophysical site are still expected in the GCE of
isotopic mass A abundance patterns. Notably, the collapsar contribution is dominant
from the beginning of early galaxies. Also, in both collapsars and NSMs, the abun-
dance peaks shift towards the heavier mass regions due to the high residual neutron
flux during the freezeout of the r process.

Elemental Z abundance patterns are more or less similar between models, but
exceptional differences can be found in actinide or light r-process elements, especially
at Z<42. So these are important indicators. of the dominant r-process site. Also, the
peak structure is model dependent due to the different contributions from the four
astrophysical sites considered here.

Therefore, it is highly desirable to continue spectroscopic observations with next-
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generation telescopes such as the 30-meter telescope. They will provide metal abun-
dance dependence and abundance peaks of isotope abundance ratios for actinides,
lanthanides, and lighter elements. The isotopic separation of each r-process element
may constrain the evolution of NSMs, MHDJs and collapsers beyond the evolution

of models with a single r-process site.
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5 Introduction and Our Method of p-nuclei and
Vp-process

5.1 Introduction of vp-process studies

The p-nuclei are stable nuclides with atomic numbers 7Z > 34 that are located on
the proton-rich side of the [-stability line [43]. The isotopic fractions of the p-nuclei
are typically lower than 1.5%. Such p-nuclei are not synthesized through the r- or
s-process that predominantly contributes to production of heavy nuclei. It was sug-
gested that the p-nuclei may be produced by (p, ) and (7, p) reactions [43]. Woosley
and Howard (1978) [44] and Hayakawa et al. (2004) [45] have provided evidence con-
firming that most p-nuclei are synthesized by successive photodisintegration reactions
from heavier isotopes in high temperature environments (y-process).

Candidates for the y-process astrophysical sites include O-Ne rich layers in CC-
SNe [44, 46, 47, 48, 49] and the outermost layers of exploding carbon-oxygen white
dwarfs; SNe Ia [50, 51, 52, 53].

Calculations of «-process nucleosynthesis could produce the abundances of most
p-nuclei except for 29Mo and %©%Ru. The solar isotopic fractions of these four
nuclei are 14.84, 9.25, 5.54, and 1.87%, respectively. These fractions are much higher
than those of other p-nuclei. The large isotopic fractions imply another astrophysical
process for the origin of these four nuclei which produce non-negligible amount of
nuclei.

Howard et al. (1991) [50] showed the nucleosynthesis in SNe Ia to describe the
abundance of Mo and Ru isotopes in a combination of photolysis and particle-induced

reactions.
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However, GCE simulations by considering SNe Ia [54] and SNe II [55] could not
sufficiently produce the abundance of Mo and Ru p-isotopes at the solar metallicity.

Frohlich et al. (2006) [56] proposed a new mechanism of nucleosynthesis by the
vp-process. This process takes place in the proton-rich neutrino-driven wind (NDW)
of SNe II via free neutrons produced when electron antineutrinos are absorbed by free
protons, i.e. p(7, e*)n. This increases the abundance of %Mo and %% Ru. A large
amount of p-nuclei are produced through vp-processes [56, 57, 58], a series of (n, p)
and (p, v) reactions. Uncertainties in the vp-process, such as the hydrodynamic state
variables of the NDW | neutrino flux, and nuclear reaction rate, have been widely
studied [59, 60, 61, 62, 63, 64, 65, 66].

Nevertheless, there has been little clear observational evidence that these pro-
posed processes actually occurred in the Galaxy, such as solar-matter abundances, in
particular isotopic anomalies in primordial meteorites, and stellar chemical composi-
tions.

It has been recently reported that the abundance ratios observed in the Cassiopeia
A supernova remnant are the result of a-rich freeze-out and proton-rich ejecta [67]
from neutrino process. In addition, molybdenum isotopic anomalies in both differen-
tiated (i.e., melted asteroids) and primitive meteorites (i.e., carbonaceous chondrites)
have been reported [68, 69, 70]. In particular, the enhancement of isotopic anoma-
lies in p-isotope 92%*Mo was found to correlate with that of r-isotope 1Mo [68, 69].
On the other hand, isotopic abundances observed in iron meteorites [70] show a dif-
ferent pattern, in which the Mo anomaly is only weakly correlated with the 1Mo
anomaly. These results indicate that 9>%Mo may have been synthesized by a different
nucleosynthetic process in the same star that produced °°Mo.

The vp-process in core-collapse SNe, where the r-process also occurs, is one of
the candidate sites for the production of *2%Mo and %%*Ru. Observational evidence
that these four nuclei are predominantly synthesized in the vp-process may be found
in metal-poor stars with reported elemental compositions of Mo and Ru.

In this thesis, we study the GCE of Mo and Ru. First, we determine yield data

for vp-processes in various SN models. Since these processes depend on the hydrody-
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namic states of the NDW in SNe II, we consider different hydrodybamic models. In
particular, we evaluate the yields of *29*Mo and % Ru in the vp-process based on
simulations of SNe IT and a higher energy SN event (~ 10°% erg). We then apply these
four anomalous p-nucleus yields to the GCE and analyze the various contributions
to the solar composition from the vp-process.

We show that the produced amount of the vp-process in hypernovae could explain
the enhanced elemental abundances of Mo and Ru observed in metal-poor stars.

We note that complementary GCE studies for Mo and Ru (including Sr, Y, Zr,
and Ba) have recently been reported in Vincenzo et al. (2021) [71]. In that study,
they similarly concluded that the production of Mo and Ru in the NDWs ejected from
protoneutron star (PNS) in SNe is insufficient to explain the observed abundances
of Mo and Ru at low metallicity unless arbitrarily enhanced by a factor of about
30. They therefore considered that the effect of a fast-rotating PNS might provide
the required rate of intensification (although these models predict larger [Sr/Fe] and
[Mo/Fe] at higher metallicities). This study differs in that it employs standard pro-
duction factors and demonstrates that the additional production at lower metallicity

is due to the contribution from the vp-process from HNe.



66

5.2 Hypernova vp-process

5.2 Hypernova vp-process

We estimated the abundance of p-nuclei produced by vp-processes in both SNe
IT and HNe; in the case of SNe II, the entropy per baryon is small in the early
stages of the explosion (¢ < 1 s) and the long timescale associated with the initial
dynamic ejection [72] p-nucleation due to vp-processes is small. Therefore, we focus
on vp-processes in the late stages of the explosion (¢ > 1s). We construct models of
general relativistic steady-state spherically symmetric NDWs by using the method
described in Otsuki et al. (2020) [73] for various electron fractions Y., neutrino
luminosities L,, neutrino average energies F,, PNS radius R, and PNS gravitational
mass Mpyns. The hydrodynamic quantities associated with wind trajectories in each
different progenitor model are calibrated with numerical results for 9,12,25 and 60
M, models obtained in recent 3D core-collpase SN simulations [74, 75].

The existing 3D explosion model hydrodynamic simulations stop at ~ 1 seconds.
We extrapolate them to subsequent times as follows L, (t) = L, gexp(—(t — to)/7),
as used in Woosley et al. (1990) [76], where the neutrino luminosity decreases expo-
nentially when the fluid simulation stops at t = ¢y,. The time after this is estimated
as where L, is the neutrino luminosity at ¢ = ¢, and 7, = 1 s is the timescale of
neutrino cooling. Here, L, is the neutrino luminosity at t = t; and 7,(= 1 s) is
the timescale of the neutrino cooling. The values of ty for different models are given
in Table 2 in Burrows et al. (2020) [74]. The change in the radius of the PNS is
R,(L,) = (Ro — R1)(L,/L,p) + Ry [6], where Ry is the PNS radius at ¢ =ty and R;
is the radius of the PNS after cooling, which sets equal to R;=12 km to satisfy the
observational constraints on the typical radius of cold neutron stars.

Furthermore, we consider that the neutrino temperature decreases as the neutrino
cooling proceeds. Assuming that neutrinos follow a Fermi-Dirac distribution with no
chemical potential, the neutrino temperature 7,, = (FE,)/3.151 is proportional to
(L,R;?)Y* when t > t,. This relation reveals that T, decreases as L, decreases. The
numerical settings of the network simulation are the same as those in [62]. In this

model, the energy spectra of different neutrino species are nearly degenerate in the
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late stage of the explosion (¢ > 1 s), so the effect of neutrino oscillations is neglected.
The total yield of nucleus 4 inside the NDW is y; = [,_, dt X;(t)M (t) where M(t) is
the mass ejection rate inside the wind orbit and X;(¢) the nuclear mass fraction at
time t. The total yields of p-nuclei in the NDW models with initial masses 9,12, 25
and 60 M are used as input data for the subsequent GCE calculation.

The vp-process in the HN model is based upon NDWs obtained in [61] where the
possible synthesis of heavy elements in a 100 M progenitor star was investigated.
In this progenitor model, a massive PNS (~ 3Mj) is maintained for a few seconds
before a black hole forms. We adopt the NDW model (e) in Table 3 of [61] as the
fiducial model of proton-rich NDWs in HNe. The yield of p-nuclei is obtained by
multiplying a typical lifetime of massive PNSs (7ys &~ 1 s) by the mass ejection rate
(M) and the mass fraction (X;) of the p-nucleus in the trajectory of model (e).

The vp-process is sensitive to the hydrodynamic quantities of the NDW. Figure 23
shows the time evolution of various hydrodynamic quantities for the NDW in our SN
IT model, including entropy S per baryon, extended timescale 74y, electron fraction
Y, and mass ejection rate M (t). Here we show the values of entropy and expansion
timescales at high temperatures (7' = 0.5 MeV) before nucleosynthesis of heavy ele-
ments as in [73]. The mass of the PNS in our SN II model is shown in Table 2. §
(Tayn) is higher (lower) at each explosion time as the mass of the PNS becomes larger.
Both S and 74y, increase with the explosion time. Such hydrodynamic properties of

S and T4y, are consistent with the results of Otsuki et al. (2000) [73] and Wanajo
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Fig. 23. Time evolution of hydrodynamic quantities associated with NDWs. (a)
entropy per baryon, (b) expansion timescale, (c) electron fraction, and
(d) mass release rate in different SN II progenitors. Reprinted from
Sasaki et al, 2022

(2013) [6], even though they studied r-process nucleosynthesis in NDWs with a neu-

tron excess (Y, < 0.5). Nucleosynthesis inside the NDW is sensitive to the electron

fraction. The electron fraction at the beginning of the network simulation (7 = 10'°

K) is shown in Figure 23(c). The NDW is proton-rich (Y, > 0.5), and the vp-process

occurs in our wind model: the difference between(E;, ) —

(E,,) gets smaller as the

explosion time passes, so the value of Y, becomes large and almost independent of

the primordial models. Figure 23(d) shows that the wind mass ejection rate M (t)

becomes smaller with decreasing neutrino luminosity and that the contribution of the

late phase (t > 5 s) to the total p-nuclear yield is negligible in our wind model.

Type Progenitor Mass PNS Mass 92Mo Mo 9Ru %BRu

SN II 9 1.2 1.1x107"® 14x1071% 25x10717 24x10°18
SN II 12 1.4 1.6x10714 20x107%® 4.0x10716 3.6 x 10717
SN II 25 1.7 82x 10712 18x10712 49x10713 7.7x107™
SN II 60 1.5 44x10718 6.7x107% 14x1074 15x10°1
HN 100 3 20x1077 15x1077 1.6x1077 29x1077

Table 2. PNS masses and yields of the p-nuclei in the vp-process of different
progenitor models (in My). (Reprinted from Sasaki et al, 2022)
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Fig. 24. Time evolution of the p-nuclear yields in the vp-process of the 25M
SN model. Reprinted from Sasaki et al, 2022

Figure 24 shows the production rate of p-nuclei by the vp-process in the NDW
at different times during the SNe II explosion. This figure shows the time evolution
of the yields of 92%4Mo and “®%Ru produced by the vp-process in the 25M, SNe II
model. The total yield y; is given by the time integral of X;(t)M(t) as defined above.

The other 9M, 12M,, and 60M; models also have different values of y; depend-
ing on the model, but the general trend is the same. The vp-process is a primary
process that proceeds without a pre-existing seed core derived from an earlier gen-
eration star. A seed nucleus heavier than helium is synthesized in the initial stage
before the vp-process, and nucleosynthesis proceeds from this seed nucleus through
reactions with light particles such as protons and « particles.

The production yield of the vp-process depends on the ratio of the number of free
neutrons produced via p(7., e")n to the number of seed nuclei, denoted by A,, [64].

Heavier p-nuclei are synthesized with higher A,. The value of A,, in the wind tra-

jectory of the SN II model for 25M, is smaller than 10, therefore around the mass
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number A ~ 100 — 110, vp-process does not produce heavy nuclei efficiently. There-
fore, the p-nuclei yields shown in the figure are larger than the yields of p-nuclei
heavier than A = 100 at any explosion time. The yield of each p-nuclei increases up
to t = 4 seconds, because the entropy per baryon S also increases as the neutrino
luminosity decreases (see Figure 23(a)). This production of heavier p-nuclei in wind
with higher entropy has been also confirmed in previous studies [59, 64].

On the other hand, if the neutrino luminosity at ¢ > 4s is small, the production of
p-nuclei is suppressed. This is because the expansion time scale of the wind orbitals
increases at ¢t > 4 seconds, and a large number of seed nuclei are produced to produce
heavy elements, resulting in a smaller value of A, (see, for example, equation (9) in
Xilong et al. (2020) [65]). The contribution from the late explosion phase (¢ > 5
seconds) is negligible in the current SNe II model because the mass ejection rate of
each wind orbit continues to decrease.

The table shows the masses and yields of ?2%Mo and ?%®*Ru, when 9, 12, 25
and 60 Mz models correspond to SNe II and 100 M models correspond to HNe. p-
nuclei yields are sensitive to PNS mass. In the case of massive PNSs, the entropy per
baryon of the wind trajectories becomes large and, in contrast, the expansion time
scales become short [73, 59, 6] because of general relativistic effects. Both conditions
of the higher entropy and the shorter expansion time scale result in a higher value
of A,, and a larger production of heavy p-nuclei in progenitor models having a more
massive PNS. The yields of p-nuclei in the HN model is much larger than those in
the SNe II models because the PNS mass of the HN model (Mpxs = 3M) is much
heavier than those of the SNe II models (Mpns < 2My). This implies that the
vp-process in HNe can play an important role in the GCE of Mo and Ru.

The yield of p-nuclei produced by the vp-process in SNe II is much smaller than
that in HNe. However, we point out that the effects of inverse shocks and fast neutrino
flavor conversion [65] may increase the p-nuclei yield. We discuss these uncertainties

in the vp-process again in Chapter 6.3.
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6 The Calculated Results of vp-process GCE

6.1 Impact of vp-process on the p-nuclei evolution.

6.1.1 Mass distribution of p-isotopes at the present metallicity

We have performed GCE calculations that include contributions from the vp-
process and various other nucleosynthesis processes. As a result, the relative contri-
butions of vp-processes to the abundances of *24Mo and %%Ru in the solar system
and stars are analyzed. There are seven stable isotopes of Mo. Of these, “2Mo and
%Mo are p-nuclei, and *Mo is only an s-nucleus because it is shielded from 3% decay
by the stable isotopes “Ru and “®Zr. The other isotopes are produced by s- and r-
processes; the nucleosynthetic origin of Ru is similar to that of Mo: “Ru and **Ru
are p-nuclei, '%Ru is an s-only isotope, while the other Ru isotopes are synthesized
by both s- and 7- processes.

The framework for GCE calculations for p-nuclei is based on the one-zone model
of Timmes et al. (1995) [19] and Yamazaki et al. (2022) [39]. This model includes
an exponentially decaying galactic inflow and a star formation rate calculated using
the second-order Schmidt function [77].

Except for the p-nucleus, the evolution of the s and r nuclei with respect to
metallicity is taken from Kobayashi et al. (2020) [23] and Yamazaki et al. (2022) [39],
respectively. The GCE model used in Kobayashi et al. (2020)[23] is different from
ours, but the GCE of the s-nucleus is identical to ours. The GCE of the s-process
is almost independent of the model employed and is rather robust, compared to the
r-process. In addition, the s process is a secondary process and its progenitors are
long-lived low- and intermediate-mass stars, which do not contribute significantly to
the GCE.

The production rate of each p-nucleus is derived from the event rate of SNe,
including HNe, and the ejected mass of the synthesized p-nucleus associated with
each progenitor. The mass range of HNe is constrained following the initial mass
function (IMF) of Kroupa [22]. The mass ranges of the SNe and HNe at zero-age

main-sequence are assumed to be 8—-60 My and 60—100 M, respectively. In this
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configuration, 4% of the massive stars explode as HNe, and this fraction is consistent
with the value recently deduced in Shivvers et al. (2017) [78]. The delay time 7 for
the SN (or HN) explosion of a massive star due to stellar evolution is set to be equal
to the main-sequence lifetime as a function of ZAMS mass.

Table 2 summarizes the input data taken from Fujibayashi et al. (2015) [61] for
the vp-process yields that we used in our GCE model calculations. Although some
variation in the vp-process depending on the PNS mass and metallicity of HNe is
expected, it is beyond the scope of the present study because the primary purpose
of this study is to identify the contribution from HN vp-process to the production
of p-nuclei, in particular of *2*Mo and ?®*Ru whose solar isotopic fractions are one
order of magnitude larger than those of the other p-nuclei.

As for the y-process, both SNe Ia and SNe II contribute to the solar composition
of p-nuclei, as pointed out by Travaglio et al. (2015) [54]. There is much debate
about the y-process yields. The reader should know that the vy-process yields in this
thesis were obtained from calculations by Kusakabe et al. (2011) [52] for SNe la and
Travaglio et al. (2018) [55] for SNe II, respectively. In our GCE calculations, we
used the p-nucleus yields of Kusakabe et al. (2011) in case Al to account for the
contribution from SNe Ia. Another contribution from v-process in SNe II was taken
from the model calculation that does not include the contribution of nucleosynthesis
inside the NDW (zi45 KEPLER model) [55]. These models cover the initial progenitor
masses from M = 13M,, to 30M, and metal mass fractions from Z = 0 to 3.1 x 1072

Note that the y-process in SNe II occurs by photodisintegration in the O-Ne-Mg
outer layer at regions with radii 210000 km. On the other hand, the vp-process
occurs inside the NDW near the PNS atmosphere at ~100 km. Thus, it is clear that
the vp-process contribution in the NDW is not included at all in the z:45 KEPLER
model. The KEPLER model is based on SNe II at different primordial masses and
metallicities. It provides the nuclear yields of p-nuclei produced by the y-process.

Figure 25(a) shows the final mass fractions of p-nuclei (circles) in the solar metal-
licity obtained from GCE calculations. They are compared with the solar composition

(squares). The upper and lower triangles correspond to the «-process of SNe II only
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Fig. 25. Final abundances of the p-nuclei at [Fe/H]=0 compared with the solar
system abundances. Reprinted from Sasaki et al, 2022
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or the combined contribution of SNe II and Ia, respectively. The red circles corre-
spond to the total yield of the vp-and ~y-processes. Figure 25(b) shows the ratio of
theoretical to observed solar abundances in a logarithmic scale, indicating that the
solar abundances of 924Mo and %% Ru are underestimated by the contribution from
the SNe v-process alone, and the contribution from SNe Ia is insignificant. On the
other hand, vp-processes significantly increase the theoretical abundances of these p-
nuclei. The vp-process contribution in the figure comes mainly from HNe, as shown
in Table 2. This influence of vp-process in SN II is consistent with the discussion of
Xilong et al. (2020) [65] and Jin et al. (2020) [66] in the absence of inverse shocks
and fast flavor conversion of neutrinos. HN (or SN) progenitors with massive PNS
enhance the contribution of the vp-process to the solar system composition of the
p-nucleus.

The overproduction of **Ru and '92Pd would require some modification of HN
models although the predominance of HN vp-process among many other processes
might not change in the production of these abundant p-isotopes. Another solution
to this overproduction could be an effect of nuclear physics: The yields of heavier
p-isotopes might be suppressed if recently proposed large triple « reaction rate [66]
is used in the network calculation. Newly proposed four-body reaction mechanism
is expected to enhance the triple a reaction rate [66], which results in increasing
seed abundances of Fe-Ni-Zn and decreasing heavier p-isotopes. This is because the
free neutrons produced in the vp-process are exhausted by the abundant seed nuclei

before the reaction flow reaches the production of heavier p-isotopes *Ru and “2Pd.
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6.1.2 The Evolutionary track in the [X/Fe]-[Fe/H] plane

Figure 26 shows the relationship between the element ratio [X/Fe| and [Fe/H].
The filled circles are the observed data of stars obtained from the SAGA database
[79]. The black dotted and dashed lines represent the r- and s-process compositions,
respectively. The thin dashed line in Figure 26(a) shows the total abundance of
p-isotopes ([(??Mo+?Mo)/Fe]) of SNe excluding the v and vp-processes of HNe. The
thin solid line (red) shows the abundance ratios of Mo p-isotopes produced from the
~ process, the SN vp-process, and the HNe vp-process. The thick red solid and thick
blue dashed lines show the total element abundances in the GCE model calculations
with and without the contribution of the HNe vp-process, respectively. The blue
dashed lines show that the - and vp-processes from SNe alone do not explain much
of the evolution of the Mo abundance ratio in the total metal abundance region. In
the [Fe/H] < -1 region, the contribution of s-processes is also negligible.

On the other hand, the r-process (dotted line) makes a relatively large contri-
bution in the [Fe/H] < -1, but the r-nucleus abundance is somewhat less than the
observed stellar abundance. As shown in the red thick and thin solid lines, the vp-
process in HNe significantly enhances the abundance of p-isotopes, and the production
by the HN wp-process is larger than that by the r process in the [Fe/H| <-2 region.
Therefore, it can be seen that HNe are the dominant contributor to the rp-process
at [Fe/H]< —2. This result indicates that the Mo abundances observed in the low
metallicity region are mainly produced by the vp-process of HNe. Since the early
Galactic population III stars are considered to have a high mass of ~ 1000, the
conclusion that HNe are dominant in the low-metallicity region seems reasonable.

Figure 26(b) similarly shows the elemental abundance of Ru with and without
the vp-process in HNe. It can be seen that the v- and vp-processes of SNe II have
little effect on the elemental abundance of Ru, while the vp-process of HNe increases
the elemental abundance in the low metallicity region. The contribution of the HN
vp-process to the Ru elemental abundance is not as pronounced as that of Mo. This

is because the isotopic ratio of 9%%Mo is as high as 24.1%, while Ru (*%Ru) is as
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Fig. 26. Elemental abundance evolution of (a)Mo and (b)Ru. Thin lines show
each process contribution. Thick lines are the total elemental abun-
dances. Solid lines include the contribution of the vp-process in HNe
while the dashed lines do not. Reprinted from Sasaki et al, 2022

low as 7.4%, so the contribution of vp-processes is not as pronounced as Mo We note
that 9294Mo may be synthesized even in slightly neutron-rich emissions (Y, ~ 0.47)
(63, 72]. If the initial neutron excess ejecta of CCSNe with ¢ < 1s is taken into
account in the GCE calculations, the total amount of Mo and Ru may increase and
the theoretical predictions may be more consistent with the observed abundances.
Figure 27 shows how our GCE model describes the evolution of other elements.
The figure illustrates the mass ratios of [Sr/Fe] and [Pd/Fe] to [Fe/H]. These two
elements were chosen because their abundances in the solar system are known to
be dominated by the s and r process contributions [80]. In these nuclei, the pure
p-process isotopes are limited to 4Sr (isotopic ratio of 0.56%) and °2Pd (1.02%).
The vp-process contribution of HNe increases with decreasing metal content (thin
red solid curve), as do for Mo and Ru in Figure 27. However, unlike the GCE for
Mo and Ru, Sr and Pd show that the s4+r component is dominant in the metallicity

region of —4 < [Fe/H] < 0. In addition, the vp- and 7-process contributions are
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Fig. 27. Elemental abundance evolution of (a) Sr and (b) Pd as in Figure 26.
Reprinted from Sasaki et al, 2022

less than 1% even at [Fe/H] = —4, both with and without contributions from HNe.
Therefore, we emphasize that Mo and Ru are particularly important in GCE studies
because of their large fraction of pure p-isotopes.

Our GCE model provides abundance curves through the bottom of the observed
abundance distribution of the elements in Figures 26 and 27. The observed variation
in elemental composition is mainly due to the non-uniformity of SN and HN emissions,
including explosive nucleosynthesis products [81, 82|. In our GCE model without
taking account of non-uniformity, the SN and HN emissions are uniform during the
metal-poor GCE epoch. This is true for all four abundance distributions of Mo, Ru,
Sr, and Pd elements.

However, the GCE of the vp-process elements may depend more or less on various
quantities, such as the initial mass of the primordial star, metal abundances, SN and
HN event rates, etc. It is very difficult to take all these quantities into account.
Although we here have assumed that the sensitivity to the initial mass of the HNe

is weak, the sensitivity to the primordial mass range is examined quantitatively. We
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estimate the sensitivity of HNe to the primordial mass range of HNe in the three
cases 60 — 120M, 60 — 100M,, and 40 — 100M, while keeping the nucleosynthesis
yield of HNe the same. We then find that the [X/Fe] difference is less than 0.2, and
that this is only noticeable in the low metallicity region with [Fe/H] < —2.5. Thus,
we can conclude that the GCE result is not very sensitive to the HNe primordial
mass range.

As discussed previously, the enhanced isotopic abundance of >%4Mo is correlated
with the enhanced isotopic abundance of '%Mo in primitive meteorites [68, 69, 70].
Core-collapse SNe are still strong candidates for the astrophysical site of the r process.
If a single SN occurred near the protosolar nebula and both the vp- and r-processes
occurred in that SN, the products would have contaminated the protosolar material

as observed in protometeorites.
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6.2 Supernova vp-process

The hypernova is an extreme example of a vp-process nucleosynthesis site. There-
fore, we extended the GCE model from Sasaki et al. (2022) [83] and include the
contribution from the vp-process of supernova explosion [84]. The s-process GCE
has been well analyzed and relatively valid compared with r-process or p-isotopes.
Therefore we simply used the result from Kobayashi et al. (2020) [23] while other
processes which take place in explosive astrophysical events are still unclear, there
is a growing consensus that NSM is a r-process site. Before the formation of a neu-
tron star binary, some single star explosion occurs. Such an explosive phenomena
is also a source of heavy elements, such as r-process and vp-process. According to
Kobayashi et al. 2020 [23], some fraction of single stars with > 25M explode as
hypernovae(HNe) whose explosion energy E.,, is higher than typical SNe by one or-
der of magnitude, i.e., E.., ~ 10° erg. Therefore, we assumed that the fraction of
hypernova explosion increases linearly from 0 at 8M, to 1 at 60M, and stays 1 at
60Ms < M.

Sasaki et al. (2021) showed that the explosion of massive stars such as Fujibayashi
et al. 2015 [61] could explain the abundance of p-nuclei such as Mo, and that their
effects could be observed as metal-poor element abundances.

Reichert et al. (2021) [84] suggested the vp-process occurs in rotating SNe. Ac-
cording to their models, vp-process and r-process occur in fast rotating SNe with
strong magnetic fields(it may be a Hypernova) simultaneously. Not only the non-
rotating supermassive star simulated by Fujibayashi et al. (2021) [85], this type of
HNe should be considered. The Table 3 shows the combination of our vp-process

GCE calculation.

6.2.1 The abundance pattern of p-nuclei

The calculated abundance of p-isotopes are shown in Figure 28. It is clearly
shown that this model under produces **Mo and “Ru or overproduces ?Mo. It is
fairly reasonable since neutrino flux is relatively lower in explosions of a low mass

progenitor model whereas SNe of supermassive stars produce a really high neutrino
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Table 3. The model combination. Blank means no corresponding process occurs
the sites. The full references are shown in text.

s v r vp
SN Ia Kusakabe
NDW (light) Travaglio  Reichert (OC-RRw)
NDW (massive) Travaglio Fujibayashi
MHDJ Travaglio  Reichert (OC-Rs)
AGB Kobayashi Kusakabe

flux environment. The model in this study adopted only such extreme cases of SNe
or HNe model for vp-process nucleosynthesis calculation. The intermediate mass

progenitor model (30-80 Mg,) will remarkably improve the fitness.

6.2.2 Isotopic ratio of each element

Figure 29-31 shows the isotopic ratio of Mo, Ru and Pd. In general, this study
could reproduce a sufficient amount of total elemental abundances of Mo, Ru, Pd.
However, some of their isotopes are overproduced and some are underproduced. Al-
though it is obvious from the previous section of p-nuclei abundance, in this section,
the detail of each element will be discussed including isotopes produced by r-process.

From %Mo to Mo are well reproduced. However, Mo is much abundant
and **Mo is slightly insufficient. Again it is because this study does not adopt an
intermediate mass SNe model which should produce a vp-process peak at A=94-96.
Such nucleosynthesis calculation is awaited to reveal the vp-process production more
precisely. In the Ru and Pd figures, a successful reproduction of the solar system
composition can be seen. In this study, we considered the contribution from vp-
process as a source of p-nuclei and also r-process as a source of neutron-rich isotopes
simultaneously. As a result, the solar composition from neutron deficient side to
neutron rich side is reasonably reproduced. This fact suggests that our assumption

consisting our GCE calculation might be reasonable enough and not far from reality.
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Fig. 28. The abundance of p-nuclei at the solar system metallicity in the version
that considered SN vp-process contribution
compared with Sasaki et al. 2022 [83].

6.2.3 The origin of each isotopes of Mo, Ru and Pd

Here, we shows an updated table of the origin of the three elements, Mo, Ru
and Pd in Table 4. Many previous studies focus on the ratio between s-process and
r-process. We, for the first time, separated the contribution from each astrophysical
site. The s-process contribution comes from AGB stars. The single star in the table
denotes the contribution from SNe and HNe; it may include the contribution from
collapsar.

Large fractions of the five p-nuclei, “>Mo, **Mo, *Ru, **Ru and '°°Pd, are created
by vp-process, while small amounts are synthesized through ~-process as well. About
2% of %Mo is created by s-process. This is because that %*Zr is a branching point of
the s-process: The -decay half life of **Zr is ~1.61x10% [86]. This is comparable
to the neutron capture time scale in the s-process. %Zr rarely S-decays to *3Nb
before they capture neutrons. This path creates a small fraction of **Mo by the s-

process. The most neutron rich isotopes, Mo, **Ru and '°Pd are predominantly
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Table 4. origin of isotopes (in %)

Element Mass \ S-process nsm r-process single star
Mo 92 0.0 0.0 100.0
94 2.0 0.0 98.0

95 46.0 45.9 8.1

96 97.7 0.0 2.3

97 45.7 51.7 2.6

98 77.2 21.5 1.3

100 4.1 89.5 6.4

Ru 96 0.0 0.0 100.0
98 0.0 0.0 100.0

99 28.1 70.8 1.0

100 100.0 0.0 0.0

101 19.5 80.1 0.4

102 46.0 53.4 0.6

104 1.1 97.3 1.5

Pd 102 0.0 0.0 100.0
104 75.8 0.0 24.2

105 5.5 91.0 3.5

106 28.6 67.2 4.1

108 37.6 56.6 5.9

110 0.7 91.3 8.0

synthesized by the NSM r-process. These isotopes, produced only by the r-process,
and the pure p-nuclei have even mass number.

In the context of GCE, the explosions of single massive stars CCSNe and collap-
sars, which are the astrophysical sites for the r-, vp- and y-processes, occur from the
very early phase of Galactic evolution. AGB stars, which are the major astrophysical
sites for the s-process to produce heavier s-nuclei with A < 90, follow later. The
contribution from NSMs to the enrichment of heavy elements in the interstellar ma-
terials arises at much later epoch of cosmic evolution because of the long time delay
of merging neutron stars.

These two facts that some specific processes predominantly synthesize isotopes
having even mass numbers and that the contribution from each process exhibits

different time delay in cosmic and Galactic evolution are the major sources to create
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the time evolution of odd-even isotopic abundance ratios.

6.2.4 The evolution of odd-even ratio

The isotope separation by astronomical observation is still tough. However, some
studies that separate the sum of odd isotopes and the sum of the even isotopes.

Mashokina et al. (2019) [87] determined the even-to-odd barium isotope ratio.
Future astronomical observations with next-generation telescopes will provide us with
isotope ratios for more elements. In advance of this kind of further observational
development, we calculate the evolution of isotopic abundances of Mo, Ru and Pd
and theoretically predict the isotopic ratio of these elements.

Figure 32 shows the evolution of Mo odd-even ratio as a function of metallicity.
A clear decreasing feature at [Fe/H|>-2 can been seen. It is because that the earliest
contributor is single star. Seeing Table 4, the single star component produces much
9294 Mo, which are even isotopes. Therefore, the odd-even ratio should have been
significantly high in the metal poor era. Other components from s-process and NSM
appear later, therefore the ratio decreases towards the present value at [Fe/H]=0.
After the single massive star contribution, s-process follows because AGB stars have
lighter masses and longer time delay due to longer lifetime of the main sequence
phase. The s-process produces a half of the odd isotopes Mo and *"Mo. Therefore,
the Mo isotope ratio decreases quickly from 1.7 downs to 0.9 around [Fe/H|~-1. The
last contributor is the NSM r-process. It produces the other half of Mo and °"Mo,
then the isotope ratio decreases again before reaching the value of the solar system.

The similar feature can been seen in Ru case, too (Figure 33). Only 1% of
9Ru is produced by the single star component. The s-process and NSM r-process
contribution follow and the odd-even ratio decreases down to the present value. On
the other hand, in the Pd case (Figure 34), the feature is not so clear. It is because
the fraction of p-isotopes is very small in Pd in contrast to Mo and Ru. This is
the clear difference between the elements which have high or low p-isotope fraction.
Future observations can test this assumption and obtain the information on the origin

of p-isotopes by using this scheme of identifying odd-even ratio of each element.
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Fig. 32. The ratio between the odd
and even isotopes of Mo as
a function of metallicity in a
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and even isotopes of Pd as a
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Fig. 33. The ratio between the odd
and even isotopes of Ru as
a function of metallicity in
a logscale.
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6.2.5 [X/Fe]-[Fe/H] plane

Figure 35 shows the evolutionary track of the [Mo/Fe| and [Ru/Fe] in the case
that not only the HN vp-process but also SN vp-process are included. Basically, no
visible difference is seen between the case with and without SN vp-process. In the
previous two sections, we have discussed clear improvement of p-nuclei abundances
and reasonable agreement with the measured solar system isotopic fractions of Mo,
Ru and Pd by taking account of only the HN vp-process. SN vp-process has little
impact on the elemental abundance of Mo and Ru.

There are two reasons for this fact: Firstly, although SN vp-process makes some
differences in isotopic fractions, it does not have a large impact on the total elemental
abundance of Mo or Ru. Therefore, the influence on [Mo/Fe| and [Ru/Fe] is limited
and we still see almost the same trend in the [X/Fe|-[Fe/H] plane. Secondly, the
very early Galaxy is dominated by supermassive stars, therefore, even in the case of
including the contribution from SN vp-process, the feature at [Fe/H]<-2 is largely

constrained by the collapsar vp-process.

[Fe/H] [Fe/H]

Fig. 35. Elemental abundance evolution of Mo and Ru. Thin lines show the
same as Figure 26

In this study, we demonstrate the GCE of Mo and Ru by taking account of only

two extreme contributions of the vp-process in collapsing single stars, i.e. HN with
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very large mass and SN with relatively small mass. The nucleosynthesis data for
SN vp-process are taken from Reichert et al. [84]. More sophisticated calculations
including various contributions from intermediate mass models of SN vp-process is
desirable to verify if our present crude study including only two extreme contributions

is a good approximation. The extensive study is now underway.
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6.3 Conclusion

The ?2%4Mo and %Ru contributions to the GCE of vp-processes in the neutrino-
driven winds of core-collapse supernovae (including HNe in particular) are calculated.
The contribution of the vp-process in normal SN II is negligible, but the contribution
of the HN vp-process with heavy PNS is dominant. The contribution of the vp-process
to the GCE of the vp-nuclei is dominant. The contribution of the HN vp-process to
the GCE of the p-nucleus is largest at low metallicities.

The high [Mo/Fe| ratios observed in low-metallicity stars suggest that the HNe
vp-process is a major source of 92%*Mo and %*%Ru in the Galaxy.

In this study, we explored the possible effect of the vp-process on the GCE of
9294Mo and %©%Ru. It should be noted, however, that there are uncertainties in
this analysis. First, the uncertainties due to the inverse shock effect and the fast
flavor conversion of neutrinos are not taken into account. The potential effects of
inverse shocks and neutrino fast flavor conversions were discussed in [65]. They may
enhance the vp-process in SN II and have a non-negligible effect on the GCE of Mo
and Ru, but these effects are still subject to large theoretical uncertainties. Long-
term simulations of core-collapse supernovae beyond 1s are needed to more accurately
include such uncertainties in the vp-process. A second caveat is that we estimate the
p-nucleus yield based on one particular HN model, and the dependence of this result
on primordial mass and metal abundance in the HN is not taken into account in the
GCE calculation. This suggests that the GCE results for p-nuclei are not particularly
sensitive to the HN primordial mass range. However, further study of the progenitor
dependence of HN is needed to reach more quantitative conclusions.

We also tested the contribution from the vp-process by SNe. The possiblity to
observe the contribution from vp-process still exist and the solar isotopic composition
has been well reproduced. And, the odd-even ratio in the future observations will

give us the important information of the origin of elements.



7 SUMMARY AND CONCLUSION OF OUR GCE STUDY FOR HEAVY
ELEMENTS

39

7 Summary and Conclusion of our GCE study for
heavy elements

7.1 Summary

Many studies of r-process have been done both theoretically and observationally.
Observed abundance pattern in individual stars was discussed by nucleosynthesis
calculation with MHD simulations and statistical trend in [X/Fe] - [Fe/H] plane was
evaluated by galactic chemical evolution studies. In this paper, we tried to reveal the
evolution of abundance pattern in a GCE context. We take into account contribution
from three astrophysical sites; CCSNe, NSM and collapsar. CCSNe have two types;
NDW, producing only light r-process elements, and MHDJ, producing all r-process
peaks. NSM has two ejecta. In a dynamical ejecta, electron fraction become very low
and fissile nuclei can be produced, on the other hand, the condition in wind ejecta is
similar to NDW and only the weak r-process occur. Although collapsar can produce
all r-process peaks, the peak might be shifted to upper region due to extremely high
value of entropy per baryon (Section 1.3).

Our model of the galactic gas evolution is based on Timmes et al. (1995). By
extending their formula for Type la supernova, we formulate the galactic NSM rate
taking account of binary coalescing time derived from GW energy loss rate. With
this gas evolution calculation, we perform a GCE calculation and reveal the time
evolution of r-process elements for each input of nucleosynthesis yields (Chapter 2,
3).

We find that CCSNe and collapsars are the dominant sources of r-process elements

in the early Galaxy, while the NSM contributes to only a late phase of the galaxy
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because of the cosmologically long timescale of orbital decay by GW radiation leading
to a coalescence. This statement is independently valid from a minimum coalescence
times 7,4, the combination of multiple r-process sites and the nuclear physics inputs.

The collapsars progenitor are more massive stars than supernovae therefore col-
lapsars more likely occur in the very early galaxy and have dominant impact on
the GCE. The variation of the relative contribution of each astrophysical site with
galactic time results in the time-evolution of the r-process abundance pattern.

We find that significant differences among our multiple-site GCE model calcula-
tions arise in the isotopic abundance pattern as a function of mass number A, while
still satisfying the universality of elemental abundances for metal-poor halo stars.
This is in contrast to previous studies that focused on only a single r-process site or
a combination of at most two astrophysical sites in order to explain the universality
of the elemental abundance pattern.

Several unique features of each astrophysical site are still expected in the GCE
of the isotopic mass A-abundance pattern. In particular, the collapsar contribution
dominates from the very beginning of the early Galaxy since its progenitor is a very
massive star. The collapsar r-process shows an odd-even pattern over the entire mass
range. Also for both the collapsars and NSMs the abundance peaks shift towards the
heavier mass region due to a high residual neutron-flux during the freezeout of the
I-process.

Also, the origin of p-nuclei, which is on the proton-rich stable nuclei and typical
fraction is less than 1.5%, is unclear. Mo and Ru have a large fraction of p-isotopes.
~v-process produce some p-nuclei however the process underproduces Mo and Ru.
Therefore, another process to create sufficient amount of p-isotopes of Mo and Ru
observed in the solar system. Recent studies show vp-processes in HN and SN can
produce large amount of p-nuclei. We, for the first time, include the HN vp-process
and SN vp-process into a GCE calculation.

The vp-processes in HN and SN clearly enhance the final yields, abundance in
the solar metallicity, of Mo and Ru in our GCE calculation. In both case, the Mo

abundance in metal poor epoch is enhanced by ~0.5 dex. By this enhancement, the
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GCE result better match to the observed Mo abundance of galactic stars.

Our GCE calculation including s-process, r-process and vp-process simultaneously
reasonably produce the fractions of all the isotopes of Mo, Ru and Pd. Moreover, we
theoretically predict the evolution of odd-even ratio of Mo, Ru and Pd as a reference

for future astronomical observations.
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7.2 Conclusion

In this thesis, we make theoretical predictions about the origin and evolution
of heavy elements, especially r-process elements and p-nuclei, from the perspective
of GCE. In addition to this, we discussed their observability, and proposed future
astronomical observations to be linked to a cross-cutting project between nuclear
physics, astrophysics and astronomy. Here we summarize our conclusions.

1. We revealed that the isotopic abundance pattern of r-process elements have
changed over the galactic history without violating the r-process universality. We
obtained a theoretical prediction of a 'template’ of r-process abundance pattern at
every metallicity, a measure of time, from the birth of galaxy (Section 4.1.2). We can
see the time variation in the r-process abundance patterns, however the universality
in elemental abundance pattern is still satisfied (Section 4.1.3). This will be a great
measure of future observations. Moreover, we demonstrate the possibilities to prove
the contribution of collapsar by analyse the zig-zag pattern that collapsar produce.
This can be observed in the isotopic ratio or just elemental abundance of Eu and Sm.

2. We demonstrated the vp-process in the supernovae and hypernovae can pro-
duce a sufficient amount of the p-nuclei in the solar system for the first time (Sec-
tion 6, 6.2). Even in elemental abundance, Mo abundance is considerably enhanced
by vp-process by around 0.5 dex and astronomical observations favor this trend
(Section 6.1.2). Also the odd-even ratio of Mo and Ru has changed dramatically
through the galactic history. The odd-even ratio is enough observable and future
next-generation telescopes will provide us with the ‘evidence’ of vp-process nucle-

osynthesis in supernova and hypernova.

Thus, we provide the theoretical prediction of the time evolution of r-process
elements and p-nuclei with great importance to reveal the origin of heavy elements

in the universe.
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