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Abstract

Understanding the enrichment of heavy elements in dwarf galaxies help us clarify the
astrophysical sites of elements and evolutionary histories of the Local Group galaxies.
Astronomical spectroscopic observations have shown that there are large star-to-
star scatters in the abundances of elements synthesized by rapid neutron-capture
process (r-process elements) in extremely metal-poor stars. On the other hand, the
heaviest iron-peak element, Zn shows an increasing trend toward lower metallicity.
These observational signatures preserve the information about the early stages of
the formation of Local Group galaxies and astrophysical sites of heavy elements.
According to the hierarchical structure formation scenario, the Milky Way halo is
formed from the clustering of the smaller objects. The chemodynamical properties of
the Local Group dwarf galaxies thus help us understand galaxy formation. However,
the enrichment of heavy elements and their roles in the chemodynamical evolution of
dwarf galaxies have not yet been clarified.

In this thesis, we performed a series of high-resolution N-body/smoothed particle
hydrodynamics simulations of dwarf galaxies in isolated and cosmological initial con-
ditions. We confirm that our simulations are consistent with the observed properties
of the Local Group galaxies such as radial profiles, metallicity distribution, and mass-
metallicity relation. We study the enrichment of r-process elements from neutron
star mergers in dwarf galaxies. We find that neutron star mergers with merger times
of 100 Myr can explain the observed r-process abundances ratios. This is because
metallicity is not correlated with time ∼ 300 Myr from the start of the simulation due
to the low star formation efficiency in dwarf galaxies. In these galaxies, neutron star
mergers with merger times less than 500 Myr can produce r-process elements in very
metal-poor stars.

Star formation histories directly affect the abundances of r-process elements in
metal-poor stars. We find that galaxies with dynamical times longer than 100 Myr
reproduce the observed abundances of r-process elements. These galaxies have star
formation rates less than 0.001 solar masses per year. On the other hand, the first
neutron star merger appears at a higher metallicity in galaxies with a dynamical time
shorter than typical neutron star merger times. The star formation rates of these
galaxies are over 0.01 solar masses per year at around 100 Myr from the beginning of
the simulation. These galaxies have lower scatters of r-process elements than those
of the galaxies with longer dynamical times. We moreover find that the results are
insensitive to the total mass of halos and merger times of neutron star mergers.

Enrichment of Zn in dwarf galaxies is also studied in this thesis. We take into
account the yields of electron-capture supernovae, hypernovae, iron-core collapse
supernovae, and type Ia supernovae in the simulations. We find that the ejecta from
electron-capture supernovae contribute to forming extremely metal-poor stars with
high Zn abundances. On the other hand, the scatters of the Zn to iron ratios seen at
higher metallicity originate from the ejecta of type Ia supernovae. We also find that it
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is difficult to reproduce the observed abundances without assuming the contribution
from electron-capture supernovae.

The scatters of r-process elements mainly come from the inhomogeneity of the
metals in the interstellar medium. We find that the scaling factor for metal diffusion
larger than 0.01 is necessary to reproduce the observation of abundances of r-process
elements and Zn in dwarf galaxies. This value is consistent with the value expected
from turbulence theory and experiment. We also find that the timescale of metal
mixing is less than 40 Myr. This timescale is shorter than that of typical dynamical
times of dwarf galaxies.

To obtain the self-consistent picture for the formation of the Milky Way halo and
satellite dwarf galaxies through the enrichment of heavy elements, we performed a
series of cosmological zoom-in simulations of a galaxy. We computed the galaxy
with a halo mass of 1010 solar masses at redshift 2 to resolve the scale of satellite
dwarf galaxies. Most extremely metal-poor stars are formed before 1 Gyr from the
beginning of the simulation. In the galaxy, there are star-to-star scatters of r-process
elements in low metallicity. We find that r-process rich metal-poor stars are formed
in halos with a total mass of ∼ 108 solar masses and gas mass of ∼ 106 solar masses.

In this thesis, we identify that neutron star mergers can be major astrophysical sites
of r-process elements and electron-capture supernovae contribute to the enrichment
of Zn in low metallicity. We demonstrate that abundances of heavy elements in
metal-poor stars can be a nice tracer for the star formation histories and metal mixing
in dwarf galaxies. From the cosmological simulations, we find that r-process rich
stars are formed in the galaxy with a size similar to the ultra-faint dwarf galaxies. Our
results demonstrate that the comparison with future high-resolution simulations that
can resolve each star and observations of r-process elements in extremely metal-poor
stars will be able to constrain the early chemodynamical evolution of the Local Group
galaxies.
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Chapter 1

Introduction

Understanding the enrichment of heavy elements in galaxies helps us clarify the as-
trophysical sites of elements and chemodynamical evolution of galaxies. At the time
of the big-bang, the Universe consists of hydrogen, helium, and lithium. Explosive
events such as supernovae (SNe) and neutron star mergers (NSMs) distribute heavy
elements to the interstellar medium (ISM). Stars are formed from the gas contain-
ing these elements. Abundances of heavy elements in stars, therefore, reflect the
astrophysical sites of these elements and star formation histories (SFHs) in galaxies.

Dwarf galaxies are the ideal sites to study enrichment of heavy elements. Ac-
cording to the hierarchical structure formation scenario, galaxies are formed from
clustering of smaller systems (e.g., White and Rees, 1978; Blumenthal et al., 1984;
Springel et al., 2008). Dwarf galaxies would be survivors from the early stages of
galaxy formation. In the Local Group (LG), over 100 dwarf galaxies are observed
(e.g., McConnachie, 2012). These galaxies with resolved stellar populations give us
clues to understand the astrophysical sites of heavy elements and chemodynamical
evolution of galaxies.

In this thesis, we focus on the enrichment of elements synthesized by the rapid
neutron-capture process (r-process elements) and zinc (Zn) in dwarf galaxies. These
elements show characteristic features in the chemical abundances of metal-poor stars.
In this chapter, we review the astrophysical sites of elements, observed LG galaxies,
formation and evolution of galaxies.

1.1 Astrophysical sites of elements

1.1.1 Solar system abundances
The solar system abundances give us information of the astrophysical sites of elements.
The chemical compositions of the Sun can be determined by the absorption lines in the
solar photosphere or CI chondrites (e.g., Asplund et al., 2009). Figure 1.1 shows the
solar system isotopic abundances determined by CI chondrites (Lodders, 2003). As
shown in this figure, the abundances exponentially decline to mass number, A ∼100
and constant after that. There is the strong peak at A = 56 because the 56Fe nucleus is
the most stable nucleus among all isotopes. The peaks at A = 80, 130, 196 and A = 90,
138, 208 are due to the r-process and the slow neutron-capture process (s-process),
respectively. These peaks come from the magic number (N = 50, 82, 126) of the
nucleus.
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Figure 1.1: The solar isotopic abundances relative to silicon (Si)
abundance as a function of mass numbers (Lodders, 2003). The Si

abundance is set to be 106.

The solar system abundance patterns of r-process elements match those of metal-
poor stars (e.g., Sneden, Cowan, and Gallino, 2008). Figure 1.2 compares the
abundance patterns of r-process elements in the Sun and metal-poor stars. According
to this figure, elements from 50 ≤ A < 90 exactly matches the solar system
abundance pattern in metal-poor stars. Lighter and heavier r-process elements show
small variations. This result indicates that these elements from 50 ≤ A < 90 are
formed with the same pattern throughout the evolutionary history of galaxies.

1.1.2 Nucleosynthesis
Synthesis of elements in the Universe has three paths: big bang, stellar nucleosyn-
thesis, and destruction of a nucleus by a cosmic ray. Elements from H to Li are
synthesized by big-bang. No stable isotopes in the mass number of 5 and 6 prevent
forming heavier elements except for 7Li. Destruction of a nucleus by cosmic ray
synthesize small kinds of elements such as Be and B.

Heavier elements are synthesized in the stars. Stellar nucleosynthesis was sys-
tematically studied in Burbidge et al. (1957) and Cameron (1957). Major burning
stages in stars synthesize elements from He to Fe. The proton-proton chain and CNO
cycle in hydrogen burning convert four 1H to 4He (α). Later stages of stellar evolution
have He, C, O, ... burning stages. These burning stages synthesize elements up to
iron-peak elements. However, it is difficult to synthesize isotopes heavier than 56Fe
because the binding energy of a nucleus is maximum around this mass number.

Elements heavier than iron-peak are mainly synthesized by the capture of neutrons
(n). The neutron-capture processes are divided into two processes. If the timescale
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Figure 1.2: (a) Comparison of solar r-process abundance patterns
with r-rich metal-poor stars (figure 7 of Sneden, Cowan, and Gallino,
2008). The solid light blue curves represent the scaled solar r-process
abundance pattern (Simmerer et al., 2004), normalized by the Eu
abundance. The abundances except for CS 22892-052 is shifted for
comparison. (b) Difference of individual stars and solar r-process
abundances. The dashed horizontal line denotes the zero offset. (c)
Offset of average stellar abundance from the stellar model pattern of

Arlandini et al. (1999).
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of β-decay (tβ) is shorter than the timescale of neutron-capture (tn), elements are syn-
thesized along with the stable isotopes (s-process). The s-process cannot synthesize
isotopes heavier than 209Bi, which is the most stable isotope.

The other neutron-capture process, the r-process occurs when tβ ≫ tn. Nu-
cleosynthesis in the r-process occurs along with the nuclear limit lines. For the
r-process, the neutron-rich environment is required. Kratz et al. (1993) showed that
the number density of neutron should be ∼ 1020 – 1030 cm−3 for the r-process to
reproduce the solar abundances of r-process elements. The electron fraction (Ye)
indicates the proton-to-neutron ratio. If Ye < 0.5, the number of neutrons is larger
than that of protons. Wanajo (2013) showed that the condition to synthesize elements
beyond the third peak (A ∼ 196) is Ye < 0.2 if the asymptotic entropy (S) is less than
100 kB nucleon−1, where kB is the Boltzmann constant. High entropy environment
is also suitable for the r-process. Since S is proportional to T3/ρ, where T is the
temperature, and ρ is the density, high entropy means that the density is low at a
given temperature. This leads to be more difficult to synthesize seed nuclei through
the reaction: α + α + n → 9Be. As a result, the number of neutron per one seed
nuclei becomes high. In the case of S > 100 kB nucleon−1, the condition to synthesize
elements heavier than third peak is (S/230 kB nucleon−1)/((Ye/0.4)(τ/20ms)) > 1,
where τ is the expansion timescale of the ejecta (Wanajo, 2013). The astrophysical
sites of the r-process should satisfy these conditions.

1.1.3 Astrophysical sites of heavy elements
1.1.3.1 Supernovae

Massive stars explode as core-collapse supernovae (CCSNe) at the end of their
life. The final fates of stars depend on the metallicity. Figure 1.3 shows final fates of
stars. Stars within mass range between 8–10 M⊙ develop oxygen-neon-magnesium
core by C-burning. In these stars, low reaction thresholds of Ne and Mg increase
electron Fermi energy and electron capture triggers the gravitational collapse. These
stars explode as electron capture supernovae (ECSNe). Wanajo, Janka, and Müller
(2011) estimated that the upper limit of the rate of ECSNe is ∼ 4% of all CCSNe.

Stars more massive than 10 M⊙ explode as iron CCSNe. When the core of the
star reaches nuclear statistical equilibrium at T ∼ 1010 K, the dissociation of Fe-group
nuclei to α particles and a growing number of free nucleons (e.g. Janka, Melson, and
Summa, 2016). This causes the core collapse. The iron CCSNe are a major source of
heavy elements from carbon through zinc (e.g., Woosley and Weaver, 1995; Nomoto,
Kobayashi, and Tominaga, 2013).

Some fractions of stars more massive than 20 M⊙ explode with kinetic energy ∼
1 dex higher than that of normal CCSNe. These SNe are called hypernovae (HNe).
HNe are thought to be associated with long gamma-ray bursts (GRBs). Observations
of long GRBs suggest that the rate of HNe is fewer than 1 % of all type Ib/c SNe
(Podsiadlowski et al., 2004b; Guetta and Della Valle, 2007). HNe can be sources
of iron-peak elements (e.g., Umeda and Nomoto, 2002; Umeda and Nomoto, 2005;
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Figure 1.3: The metallicity dependence on final fates of stars as a
function of zero-age sequence mass (Mini, figure 5 of Doherty et al.,
2015). The dark-gray shaded, the light-grey, white, hatched, and gray
regions denote the mass range of CO white dwarfs (WDs), CO(Ne)

WDs, ONe WDs, ECSNe, and iron CCSNe, respectively.
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Kobayashi et al., 2006; Tominaga, Umeda, and Nomoto, 2007). The outward Si-
burning region compared to normal iron CCSNe produce higher [(Zn, Co, V)/Fe]1 ,
and smaller [(Mn, Cr)/Fe] ratios (Umeda and Nomoto, 2005).

CCSNe have long been regarded as astrophysical sites of r-process elements (e.g.,
Burbidge et al., 1957; Hillebrandt, Nomoto, and Wolff, 1984; Sumiyoshi et al., 2001;
Wanajo et al., 2003). The r-process was thought to occur in the prompt explosion after
the bounce. Recent numerical simulations, however, show that such explosion does
not occur. According to the recent simulations, neutrino-heating plays an important
role in the explosion of CCSNe (Janka et al., 2012). The neutrino-heating increases
Ye in SNe. Wanajo (2013) showed that the value of Ye is typically larger than 0.4.
The entropy is also not enough to synthesize r-process elements to the third peak.
In models with proto-neutron star mass of 1.4 M⊙, the entropy is 130 kB nucleon−1

at 10 s after the bounce. They show that the mass of proto-neutron stars should be
larger than 2.0 M⊙, which is too massive compared to the typical mass of neutron
stars. These results suggest that CCSNe are not the suitable site for the r-process.
SNe from strongly magnetized and rapidly rotating progenitors currently are the only
possibility to synthesize r-process elements to the third peak (Winteler et al., 2012;
Nishimura, Takiwaki, and Thielemann, 2015; Shibagaki et al., 2016). These types of
SNe would have low Ye environment which is suitable for the r-process.

1.1.3.2 Neutron star mergers

NSMs can be other major sites for the enrichment of heavy elements (e.g., Thiele-
mann et al., 2017). Observed binary pulsars are one of the indirect evidence of the
existence of NSMs. In the Milky Way (MW), there are at least four binary pulsars that
merge within the Hubble time (Lorimer, 2008). Short GRBs are also thought to be
associated with NSMs (e.g., Fernández and Metzger, 2016). Using these signatures,
the rate of NSMs is estimated to be 1000+9000

−990 Gpc−3yr−1 (Abadie et al., 2010b).
The first event of NSM (GW170817) is detected on August 17, 2017. Advanced

LIGO/Virgo reported that two neutron stars with the total mass of 2.74 M⊙ are
merged at the distance of 40 Mpc from the Earth (Abbott et al., 2017b). The rate of
NSMs estimated from this observation is 1540+3200

−1220 Gpc−3yr−1. After the detection
of gravitational waves, the counterpart of GW170817 is detected in multi-messenger
(gamma-ray, X-ray, ultraviolet, optical, infrared, and radio) observations (Abbott et
al., 2017c; Abbott et al., 2017a; Goldstein et al., 2017; Savchenko et al., 2017; Soares-
Santos et al., 2017; Cowperthwaite et al., 2017; Nicholl et al., 2017; Chornock et al.,
2017; Margutti et al., 2017; Alexander et al., 2017; Valenti et al., 2017; Haggard
et al., 2017; Tanvir et al., 2017; Díaz et al., 2017; McCully et al., 2017; Arcavi et al.,
2017b; Lipunov et al., 2017; Kim et al., 2017; Arcavi et al., 2017a; Pian et al., 2017;
Troja et al., 2017; Smartt et al., 2017; Utsumi et al., 2017; Li et al., 2018). Figure
1.4 shows timelines of the multi-messenger observations of GW170817. The short
GRB, GRB 170817A is observed after 1.74 s after the detection of the gravitational
waves (Abbott et al., 2017a). This observation confirms that NSMs are progenitors
of short GRBs.

1[A/B] = log10(NA/NB) − log10(NA/NB)⊙, where NA and NB are the number of the elements A
and B, respectively.
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Figure 1.4: The timeline of the multi-messenger observations of
GW170817 (figure 2 of Abbott et al., 2017c). The observing facilities,
instruments, and teams are listed at the beginning of the row. The
solid circles denote representative observations. The vertical solid
lines indicate the source was able to detect at least one instrument.
The top left magnification inset shows that frequency of gravitational
waves detected by LIGO-Hanford and LIGO-Livingston as a function
of time. The top middle inset represents X-ray light curve. The top
right inset denotes optical/near-infrared spectra observed by SALT (red
curve, McCully et al., 2017; Buckley et al., 2018), ESO-NTT (green
curve, Smartt et al., 2017), the SOAR 4m telescope (black curve,
Nicholl et al., 2017), and ESO-VLT-XShooter (blue curve, Smartt et
al., 2017). Bottom panels illustrate optical, X-ray, and radio images of

the counterpart of GW170817.
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The optical counterpart, kilonova AT2017gfo is also observed after the detection
of GW170817 (e.g., Smartt et al., 2017; Utsumi et al., 2017). At the early stages of the
afterglow (< 2 days), the blue optical component is dominated. After this phase, the
color of AT2017gfo becomes rapidly redder. This light curve is apparently different
from those of SNe. Tanaka et al. (2017) performed radiative transfer simulations of
the kilonova. They found that the emission is powered by the ejecta of 0.03 M⊙
which contain lanthanide elements. This is the first direct observed evidence that
NSMs produce r-process elements.

Nucleosynthesis studies have shown that NSMs can synthesize r-process elements
with A ≥ 110 (e.g., Thielemann et al., 2017). Dynamical ejecta from NSMs produce
materials with Ye < 0.1. This ejecta is suitable for synthesizing the heavy r-process
elements. However, it is not enough to explain the universality of r-process elements
between the solar r-process pattern and r-process rich metal-poor stars (Sneden,
Cowan, and Gallino, 2008). Newtonian simulations of NSMs showed only heavier
r-process elements (A ≳ 110) are synthesized. There is no observed evidence that
there are stars which have only heavy r-process elements. Recent simulations with
general relativity and neutrino transport showed shock heated ejecta have relatively
higher Ye (0.1 < Ye < 0.4, Wanajo et al., 2014). Wanajo et al. (2014) showed that
NSMs can synthesize r-process elements in the range 90 ≲ A ≲ 240 (Figure 1.5).
This result suggests that NSMs are the promising sources of r-process elements in
the Universe.

1.2 The Local Group galaxies

1.2.1 The observed Local Group Galaxies
The LG consists of over 100 galaxies including the MW (McConnachie, 2012).
These galaxies are located within 3 Mpc from the Sun. Because they are close to the
Earth, it is possible to resolve stellar populations of several galaxies in the LG. The
observations of chemodynamical properties of the LG galaxies help us understand
the formation and evolution of the LG galaxies.

SFHs in the LG galaxies can be estimated from color-magnitude diagrams. Weisz
et al. (2014) showed that the LG dwarf galaxies have various SFHs (Figure 1.6).
Their results suggested that average SFHs in dwarf spheroidal galaxies (dSphs) expo-
nentially decline with a timescale of ∼ 5 Gyr. For dwarf irregulars (dIrrs), transition
dwarfs, and dwarf ellipticals, SFHs are characterized by the combination of an expo-
nentially declining SFH with timescales of 3–4 Gyr for lookback ages >10–12 Gyr
ago and a constant SFH after that. They also suggest that lower mass galaxies tend to
stop the star formation (SF) in the early phase.

The detailed observations of the individual galaxy in the LG show that character-
istic features in each galaxy. The intermediate age (1–10 Gyr) stellar populations are
dominated in Fornax dSph (de Boer et al., 2012a). It also has a radial age gradient.
Younger and more metal-rich populations are dominated in its central region. For
Sculptor dSph, a stellar population is dominated by old and metal-poor stars (de Boer
et al., 2012b). Its SFH has a peak at 13 – 14 Gyr ago and ends the SF at 7 Gyr ago.
Carina dSph has episodic SFHs (e.g., de Boer et al., 2014). This would be triggered
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Figure 1.5: The comparison with solar r-process abundance patterns
and yields of r-process elements from NSMs (figure 4 of Wanajo et al.,
2014, reproduced by permission of the AAS). The top panel represents
r-process abundance pattern in the ejecta of Ye = 0.09 (the red curve),
0.14 (the light green curve), 0.19 (the magenta curve), 0.24 (the brown
curve), 0.34 (the blue curve), and 0.44 (the purple curve). The bottom
panel compares solar r-process abundances (black circles), and mass-

averaged yields (the red curve).
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Figure 1.6: SFHs of the LG dwarf galaxies (figure 11 of Weisz et al.,
2014, reproduced by permission of the AAS). From left to right, panels
show the MW satellites, M31 satellites, and field dwarf galaxies. The
black solid curve shows the average SFH of all galaxies in each field.
The gray shaded region shows the error of the average SFH. Colored

curves show SFHs of each galaxy.

by the interaction with the MW (Piatek et al., 2003) or gas infall (Lemasle et al.,
2012).

1.2.2 Chemical abundances of Local Group dwarf galaxies
The chemical abundances of metal-poor stars in LG dwarf galaxies provide us an im-
print of evolutionary histories of galaxies. Metallicity distribution functions (MDFs)
are one of the fundamental indicators for the chemical evolution of galaxies. Metal-
licity in LG dwarf galaxies has been measured by the empirical relation between the
Ca ii infrared triplet and [Fe/H], calibrated based on metallicities of globular clus-
ters. Helmi et al. (2006) found that MDFs in Sculptor, Sextans, Fornax, and Carina
dSphs lack stars with [Fe/H] ≲ −3. Their results shed light on the question, where
the extremely metal-poor (EMP) stars (stars with [Fe/H] < −3) in the MW halo are
formed. On the other hand, Starkenburg et al. (2010) showed that the widely-used
liner empirical calibration of Ca ii infrared triplet strongly deviate from their revised
calibration at [Fe/H] < −2. EMP stars currently have been found in classical dSphs
with median and high resolution spectroscopy (e.g., Frebel, Kirby, and Simon, 2010;
Tafelmeyer et al., 2010; Starkenburg et al., 2013). In addition, Kirby et al. (2008)
found 15 EMP stars in seven UFDs. Norris et al. (2008) reported that there is a star
with [Fe/H] = −3.4 in Boötes I UFD. These observations of EMP stars support the
hierarchical structure formation scenario from Lambda (Λ) cold dark matter (CDM)
cosmology. According to this scenario, dwarf galaxies dissolve to form the MW halo.

Average metallicity of galaxies correlates with their mass. The mass-metallicity
relation of galaxies can be understood by the deepness of the gravitational potential
well. More massive galaxies have deeper gravitational potential well and retain
more gas and metals (Dekel and Silk, 1986). Dekel and Woo (2003) predicted that
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metallicity (Z) and stellar mass (M∗) correlates with Z ∝ M0.4
∗ by their analysis of

the relation between SN feedback and mass of galaxies. They found that this relation
fits well with the observed mass-metallicity relation in LG dwarf galaxies. Kirby et al.
(2013) measured metallicities of red-giants in 15 MW dSphs, seven LG dIrrs, and
13 M31 dSphs (Figure 1.7). They found that the mass-metallicity relation roughly
continues from galaxies with M∗ = 103.5 to 1012 M⊙. The derived relation using their
sample (M∗ < 109 M⊙) is Z ∝ M0.30±0.02

∗ . They also found that both dSphs and
dIrrs follow the same mass-metallicity relation. Although each galaxy has different
evolutionary history, all galaxies including LG galaxies lie in the same relation of
mass and metallicity.
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Figure 1.7: Stellar mass–metallicity relation for models and the LG
dwarf galaxies. Black diamonds, triangles and squares with error bars
are the observed value of the MW dSphs, M31 dSphs and the LG
dIrrs, respectively (Kirby et al., 2013, K13). The sky-blue dot–dashed
line represents the least square fitting of the samples of (Dekel and
Woo, 2003, D03): [Fe/H] ∝ M0.40

∗ . The purple dashed line represents
the least-square fitting of K13: ⟨[Fe/H]⟩ = (−1.69 ± 0.04) + (0.30 ±

0.02) log
(
M∗/106M⊙

)
.

The elemental abundance ratios in galaxies give us clues to understand the astro-
physical sites of elements and chemodynamical evolution of galaxies. Theα-elements
(O, Mg, Si, Ca, and Ti) are synthesized by CCSNe. O and Mg are synthesized during
the hydrostatic He burning in massive stars. Si, Ca, and Ti are mostly produced during
CCSN explosion. On the other hand, Fe is synthesized by both CCSNe and Type Ia
SNe (SNe Ia). SNe Ia produce Fe with a typical timescale of ∼ 1 Gyr (e.g., Maoz,
Mannucci, and Nelemans, 2014). The onset of SNe Ia decreases the [α/Fe] ratio (e.g.,



12 Chapter 1. Introduction

Tinsley, 1979; Matteucci and Brocato, 1990). The point where [α/Fe] ratios start to
decrease is called "knee". The [α/Fe] ratios indicate the speed of chemical evolution
in galaxies. Figure 1.8 shows [α/Fe] as a function of [Fe/H] in LG galaxies. At
lower metallicity than the knee, [α/Fe] in dwarf galaxies follows that in the MW halo.
This result suggests that the enrichment of α-elements is similar in the MW halo and
LG dwarf galaxies at the early epoch of galaxy evolution. On the other hand, the
metallicity of the knee is lower than that of the MW halo. Suda et al. (2017) showed
that positions of the knee are −2.1 (Fornax), −2.1 (Sculptor), −2.3 (Draco), and −1.0
(MW). This result suggests that the enrichment of Fe is slower than that of the MW
halo.

Figure 1.8: (a) [Mg/Fe] (b) [Ca/Fe] as a function of [Fe/H] (figure
11 of Tolstoy, Hill, and Tosi, 2009). Blue, green, orange, and purple
plots represent α-element abundances in Fornax (Shetrone et al., 2003;
Letarte, 2007), Sculptor (Shetrone et al., 2003; Geisler et al., 2005;
Hill and DART Collaboration, 2012), Sagittarius (McWilliam and
Smecker-Hane, 2005; Monaco et al., 2005; Sbordone et al., 2007),
and Carina (Shetrone et al., 2003; Koch et al., 2008). Open and filled
symbols respectively denote single-slit spectroscopy measurements
and multi-object spectroscopy. The small gray squares show the α-
element abundances of the disk and halo of the MW (Venn et al.,

2004).

The abundances of the heaviest iron group element, Zn show slightly different
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behavior from α-elements. Figure 1.9 shows [Zn/Fe] as a function of [Fe/H] in LG
galaxies. At [Fe/H] ≲ −2.5, there is an increasing trend toward lower metallicity
(e.g., Cayrel et al., 2004; Nissen et al., 2004; Nissen et al., 2007; Saito et al.,
2009; Duffau et al., 2017). At higher metallicity, the increasing trend toward lower
metallicity continues in dwarf galaxies while there is a flat [Zn/Fe] ratio in the MW
halo. Skúladóttir et al. (2017) implied that there are star-to-star scatters of [Zn/Fe]
ratios at [Fe/H] > −2.5. However, these behaviors of [Zn/Fe] ratios are not well
understood due to the poor knowledge of the astrophysical sites of Zn. We will
discuss this issue in Chapter 4.

Figure 1.9: [Zn/Fe] as a function of [Fe/H] for the Milky Way (light
gray points) and LG dwarf galaxies (colored points). Boötes I: Gilmore
et al. (2013), Carina: Shetrone et al. (2003) and Venn et al. (2012),
Comaberenices: Frebel et al. (2010), Draco: Shetrone, Côté, and
Sargent (2001) and Cohen and Huang (2009), Fornax, Leo I: Shetrone
et al. (2003), Reticulum II: Ji et al. (2016a), Sagittarius: Sbordone et al.
(2007), Sculptor: Shetrone et al. (2003), Geisler et al. (2005), Simon
et al. (2015), Skúladóttir et al. (2015), and Skúladóttir et al. (2017),
Segue I: Frebel, Simon, and Kirby (2014), Sextans: Shetrone, Côté,
and Sargent (2001) and Honda et al. (2011), Ursa Major II: Frebel et al.
(2010), Ursa Minor: Shetrone, Côté, and Sargent (2001), Sadakane
et al. (2004), and Cohen and Huang (2010). Error bars indicate the
statistical as well as systematic errors given in each reference. All data
are compiled using the SAGA database (Suda et al., 2008; Suda et al.,

2011; Suda et al., 2017; Yamada et al., 2013).

The abundance ratios of neutron-capture elements are very different from other
elements. Figure 1.10 shows [Ba/Fe] as a function of [Fe/H]. Although the s-process
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synthesizes 85 % of Ba, we follow Ba as r-process elements. We can eliminate s-
process contributions using the [Ba/Eu] ratio because the r-process synthesizes 99%
of Eu (Burris et al., 2000). The pure r-process [Ba/Eu] ratio is [Ba/Eu] = −0.89
(Burris et al., 2000). The contribution of the s-process mostly begins from [Fe/H] =
−2.75 in the MW halo (Burris et al., 2000). On the other hand, the contribution of
the s-process would appear as lower metallicity in dSphs. However, the number of
stars in which Eu has been detected is small. We therefore correct the observational
value of [Ba/Eu] to be −0.89 for all stars with [Fe/H] > −2.75.

In the MW halo, [r/Fe] ratios show scatters over 3 dex in EMP stars (e.g.,
McWilliam et al., 1995; Burris et al., 2000; Fulbright, 2000; Westin et al., 2000;
Johnson, 2002; Hill et al., 2002; Honda et al., 2004; Barklem et al., 2005; François
et al., 2007; Aoki et al., 2013; Ishigaki, Aoki, and Chiba, 2013; Roederer et al., 2014).
This scatter indicates that r-process elements are produced at lower rates than the
rate of whole SNe when the spatial distribution of metallicity is not yet homogenized.
On the other hand, dSphs do not have stars with [Ba/Fe] > 1 at [Fe/H] ≲ −3. The
r-process abundances in UFDs except for Reticulum II are also depleted compared
to those of the MW halo. Ji et al. (2016b) found that Reticulum II UFD shows strong
enhancement of r-process elements. These observations help us understand the as-
trophysical sites of r-process elements and evolutionary histories of the LG galaxies
(see Chapters 2, 3, 5, and 6).

1.3 Formation and evolution of galaxies

1.3.1 Galaxy formation
Early studies of galaxy formation were based on the observations of kinematics and
colors (metallicities) of stars. It has been known that halo stars have fast velocity and
low metallicity (Oort, 1922; Oort, 1926; Roman, 1955). Eggen, Lynden-Bell, and
Sandage (1962) found that lower metallicity stars have higher eccentricities by the
analysis of 221 stars. From their findings, they concluded that the galaxy is formed
by the collapse of gas cloud within a few times 108 years. This monolithic collapse
scenario had long been a standard scenario of galaxy formation.

On the other hand, Searle and Zinn (1978) found that there is no radial dependence
on metallicities of globular clusters in the outer halo. They also found that stars on
the horizontal branch in these clusters show a wide spread in the color distribution
which indicate a broad range of age. These results suggested that the outer halo was
formed by the clustering of protogalactic fragments. Yoshii and Saio (1979) found
that metallicity and eccentricity were not correlated when they took into account
the metal-poor stars with small proper motions. They showed that halo formation
timescale is 3 × 109 years. Norris, Bessell, and Pickles (1985) also found that ∼
20% of their objects are [Fe/H] ≤ −1.0 and the eccentricity less than 0.4. Chiba and
Beers (2000) concluded that there is no correlation between [Fe/H] and eccentricity.
These results support the model of Searle and Zinn (1978).

Hierarchical structure formation scenario based on ΛCDM cosmology success-
fully explains the properties of galaxies (e.g., Blumenthal et al., 1984). White and
Rees (1978) showed that dark-matter condensed around the time of recombination
and clustered gravitationally to form larger systems. Development of tree method
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Figure 1.10: [Ba/Fe] as a function of [Fe/H] (SAGA database, Suda
et al., 2008; Suda et al., 2011; Suda et al., 2017; Yamada et al.,
2013). Ba abundances are corrected to be [Ba/Eu] = −0.89 to remove
the s-process contribution. Black, blue, and red plots respectively
represent [Ba/Fe] ratios in the MW, Reticulum II, and the other LG
dwarf galaxies (Carina, Draco, Leo I, Sculptor, Ursa Minor, Boötes I,

Leo IV, Ursa Major II, Comaberenices, and Sextans).
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(Barnes and Hut, 1986) for N-body calculation and smoothed particle hydrodynam-
ics (SPH, Gingold and Monaghan, 1977; Lucy, 1977; Monaghan and Lattanzio,
1985) enabled us to compute formation of galaxies in cosmological initial condition.
Katz and Gunn (1991) successfully made systems that resemble spiral galaxies by
their N-body/hydrodynamic simulations. Steinmetz and Müller (1994) computed the
chemodynamical evolution of disk galaxies in a cosmological context. They showed
that the disk of the galaxy has a metallicity gradient of d(log Z)/dr = −0.05 kpc−1.

Numerical simulations based on the hierarchical structure formation scenario cur-
rently become the powerful tool to study galaxy formation. Bekki and Chiba (2000)
and Bekki and Chiba (2001) reproduced the observed properties of the MW halo
such as the metallicity-eccentricity relation, the radial density profile, and MDFs by
their chemodynamical simulations. Bullock and Johnston (2005) found that satellites
that contribute to the stellar halo accreted ∼ 9 Gyr ago in their hybrid semianalytic
puls N-body model. This accretion time is older than that of surviving satellites (∼
5 Gyr). Their result implied that stars in the inner stellar halo should have different
chemical compositions from stars in the surviving satellite galaxies.

Recent numerical simulations successfully reproduce several observed properties
of galaxies. Figure 1.11 shows an example of such simulation (the eagle project
Schaye et al., 2015). Some of the simulations can resolve the scale of dwarf galaxies.
Governato et al. (2010) showed that the constant density profile in dwarf galaxies can
be explained if strong outflows due to SN feedback removes low-momentum gas. Ma
et al. (2016) reproduced the mass-metallicity relation of galaxies with M∗ = 104–1011

M⊙ in their simulations. Sawala et al. (2016) performed cosmological hydrodynamic
simulations of LG galaxies. Their simulated galaxies have the relation of stellar mass
and velocity dispersion consistent with LG dSphs.

1.3.2 Galactic chemical evolution
Galactic chemical evolution studies histories of the transformation from gas to stars
and enrichment of elements in galaxies. Homogeneous one-zone models have long
been used for the studies of galactic chemical evolution (e.g., Tinsley, 1980; Mat-
teucci, 2001). Basic ingredients of galactic chemical evolution models are stellar
yields, lifetimes, initial mass function, SF rates (SFRs), and gas flows. One-zone
chemical evolution models assume all metals are instantaneously mixed into the ISM.
These models derive average abundances of elements in a galaxy. One-zone models
are still used as a powerful tool to study the astrophysical sites of elements (e.g.,
Kobayashi et al., 2006; Matteucci et al., 2014; Ishimaru, Wanajo, and Prantzos,
2015).

In the early phases of galaxy evolution, chemical abundances in the ISM were
still inhomogeneous. Chemical abundances in very metal-poor stars reflect such
inhomogeneities. Argast et al. (2000) and Argast et al. (2002) introduced the stochastic
chemical evolution model that can treat inhomogeneities of chemical abundances in
the ISM. In their model, the ISM is divided into a cell of (50 pc)3. SF takes place
in probabilistically selected cells. To treat inhomogeneities, they assume that metals
ejected from SNe are mixed into the swept up materials.

Clarifying the enrichment of heavy elements can enhance our understanding of the
astrophysical sites of elements and evolutionary history of galaxies. For the r-process,



1.3. Formation and evolution of galaxies 17

Figure 1.11: A galaxy within a halo in the simulation (figure 1 of
Schaye et al., 2015). From blue to red, color shows gas temperature.
The inset denote zoomed-in image of a galaxy formed in the simulation.
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NSMs are thought to be a promising site of r-process from nucleosynthetic studies
(see Section 1.1.3.2). On the other hand, Argast et al. (2004) failed to reproduce
star-to-star scatters of r-process abundances in EMP stars in the MW halo by NSMs
due to their long merger times and low rates (high yields). Binary NSs typically need
∼ 100 Myr before they coalesce. Long merger times delay the production of r-process
elements in a galaxy. NSMs typically eject ∼ 10−2 M⊙ of r-process elements with ∼
103 times lower rates of all CCSNe. This low rate causes extremely high abundance
of r-process abundances in high metallicity which are not seen in the observations.
However, Argast et al. (2004) did not consider the hierarchical structure formation
(see Section 1.3.1) and metal mixing processes except for those in SN remnants.
Ishimaru, Wanajo, and Prantzos (2015) showed that r-process elements increase
at lower metallicity in less massive sub-halos in their one-zone chemical evolution
model. NSMs occurred in halos with a size of dSphs have r-process elements in
[Fe/H] ≲ −2.5 (see Chapter 2). The central density not the total mass of halos affect
the early SFRs and r-process abundances (see Chapter 3).

Understanding the enrichment of Zn will connect the chemical evolution from the
high redshift to the present universe. Abundances of Zn have been used as a tracer
of gas phase metallicity in damped Lyman-α systems at high redshift (e.g., Wolfe,
Gawiser, and Prochaska, 2005; Vladilo et al., 2011). Although it is used as a tracer of
metallicity, enrichment of Zn is not well understood. Kobayashi et al. (2006) showed
that HNe increase the average value of [Zn/Fe] ratios. However, they require HN rates
∼ 10 times higher than those estimated from long GRBs (Podsiadlowski et al., 2004a;
Guetta and Della Valle, 2007). ECSNe may also contribute to the enrichment of Zn
(see Chapter 4). For the first step to understand the enrichment of Zn, it is necessary
to clarify the role of different kinds of SNe.

The r-process elements and Zn could be used as a tracer of the efficiency of
metal mixing in galaxies. Homogeneous chemical abundances in open star clusters
are the direct evidence of metal mixing (e.g., De Silva et al., 2007a; De Silva et al.,
2007b). Roy and Kunth (1995) studied the sites of metal mixing in gas-rich galaxies.
They showed that drivers of metal mixing are divided into three different scales.
On the largest scales (1–10 kpc), differential rotation and azimuthal homogenizing
homogenize metals with a timescale of ≤ 1 Gyr. On the intermediate scales (100–
1000 pc), inter-cloud collisions play an important role in metal mixing. On the small
scales (≤ 100 pc), turbulent diffusion mixes metals with a timescale of ≲ 1 Myr.
However, which process is dominant in the context of galactic chemical evolution
is not known. Comparison between heavy element abundances in simulations and
metal-poor stars in LG galaxies can constrain the efficiency of metal mixing (see
Chapter 5).

Galactic chemical evolution is related to the galaxy formation. We need to treat the
chemical evolution in a context of the dynamical evolution of galaxies to understand
evolutionary histories of galaxies fully. Galactic chemodynamical models can treat
chemical evolution and galactic dynamics. Kawata and Gibson (2003) developed a
chemodynamical evolution code based on N-body/SPH method. They showed that
feedback from SNe Ia cannot be ignored in the evolution of elliptical galaxies. Revaz
et al. (2009) performed a series of chemodynamical simulations of isolated dwarf
galaxy models. Their results suggested that the diversity of SFHs and chemical
abundances seen in LG galaxies are due to the intrinsic evolution of dwarf galaxies.
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Kobayashi and Nakasato (2011) presented chemodynamical simulations of MW type
galaxies. They showed that the enrichment histories of 13 kinds of elements and
dynamical properties of stars that can be directly compared to the observations.
Abundances of r-process elements could constrain the formation and evolution of LG
galaxies. The r-process rich stars only exist in the MW halo and Reticulum II UFD.
High resolution cosmological zoom-in simulations can directly answer this question
(see Chapter 6).

1.4 N-body / smoothed particle hydrodynamics code,
asura

Here we describe an N-body / SPH code, asura (Saitoh et al., 2008; Saitoh et al.,
2009) adopted in this dissertation. We adopt three different kinds of particles in
our simulations: dark matter, gas, and star particles. We treat dark matter and star
particles as collisionless particles. Dark matter particles contribute to the dynamical
evolution of our model galaxies. Star particles mainly contribute to feedback of
energy and heavy elements produced by SNe and NSMs. We solve the hydrody-
namical evolution of gas particles using SPH (e.g., Gingold and Monaghan, 1977;
Lucy, 1977; Monaghan and Lattanzio, 1985; Monaghan, 1992). To properly treat a
contact discontinuity, we need to modify SPH formalism to the density-independent
formalism of SPH (DISPH) (Hopkins, 2013; Saitoh and Makino, 2013; Yamamoto,
Saitoh, and Makino, 2015). The difference of the treatment of hydrodynamics sig-
nificantly affects, for example, the entropy profiles of galaxy clusters (Saitoh and
Makino, 2016) and galaxies that experience ram pressure stripping (Nichols, Revaz,
and Jablonka, 2014). However, in the case of isolated galaxy simulations, Hopkins
(2013) has shown that time-averaged SFRs are not significantly different from the
formalisms of SPH. We thus choose widely used standard SPH method in Chapters 2
and 3. We adopt DISPH in Chapters 4–6.

Gravity is calculated by a treecode (Barnes and Hut, 1986) with GRAPE method
(Makino, 1991) using the Phantom-GRAPE library (Tanikawa et al., 2012). The code
is parallelized following Makino (2004). We set the value of 0.5 for the opening angles
for the ordinary three-dimensional spaces and the gravitational softening lengths. The
second-order scheme is adopted for time integration (Saitoh and Makino, 2016) using
individual-block time step method (McMillan, 1986; Makino, 1991). For integration
of self-gravitating fluid system, we adopt the fully asynchronous split time-integrator
(FAST) algorithm to reduce calculation cost (Saitoh and Makino, 2010). We use the
time-step limiter, which forces the timestep difference among neighbor particles to
be less than four times long, in order to follow the evolution of strong shock regions
such as SN remnants (Saitoh and Makino, 2009). We use a metallicity dependent
cooling/heating function generated by Cloudy (Ferland et al., 1998; Ferland et al.,
2013). The cooling/heating function covers the temperature range from 10–109

K. Ultra-violet background heating is implemented following Haardt and Madau
(2012). We also implemented the effect of hydrogen self-shielding following the
fitting function of Rahmati et al. (2013).

We allow SF when gas particles satisfy three conditions. (1) Gas particles are
conversing (∇ · v < 0). (2) The density is higher than threshold density, nth. (3) The
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temperature is lower than threshold temperature, Tth (e.g., Navarro and White, 1993;
Katz, Weinberg, and Hernquist, 1996; Stinson et al., 2006). We adopt nth = 100 cm−3

for our fiducial model, which is the mean density of giant molecular clouds (GMCs).
We adopt Tth = 1000 K for our fiducial model. The value of Tth is insensitive to the
final structure of galaxies (Saitoh et al., 2008).

When a gas particle satisfies the three conditions above, it becomes eligible to
form new collisionless star particles. Star particles are produced by the following
probability according to the prescription of Katz (1992) and Katz, Weinberg, and
Hernquist (1996):

p =
mgas

m⋆

{
1 − exp

(
−c⋆

dt
tdyn

)}
, (1.1)

where m⋆ and mgas are the mass of star and gas particles, respectively, and c⋆ is
the dimensionless SFE parameter. We set m⋆ = mgas/3 following Okamoto et al.
(2003) and Okamoto et al. (2005). The mass of a gas particle of our fiducial model
is initially assumed as 4.0 × 102M⊙, while it is reduced by SF. When the mass of a
gas particle becomes lower than one-third of initial mass, the particle is converted
into a collisionless particle. The dimensionless SFE parameter of our fiducial model
(c⋆ = 0.033) is chosen based on the slow SF model (Zuckerman and Evans, 1974;
Krumholz and Tan, 2007). Saitoh et al. (2008) suggest that when nth = 100 cm−3 is
adopted, the final results are fairly insensitive to the adopted value of c⋆ in their MW
model. In Appendix A, we also confirm this result in our dSph models.

Each star particle is treated as a single stellar population (SSP), i.e., each star
particle is assumed to be an assembly of stars with the same age and the same
metallicity. The initial mass function (IMF) of star particles is the Salpeter IMF
(Salpeter, 1955) : ϕ ≡ m−x , where x = 1.35 (Chapter 2 and 3), Kroupa IMF (Kroupa,
2001, Chapters 4 and 6), and Chabrier IMF (Chabrier, 2003, Chapter 5) with mass
range of 0.1–100M⊙. We set the progenitor mass of CCSNe to be 8–40 M⊙. In this
model, stars more massive than 40 M⊙ end their lives as black holes. Star particles,
which explode in a time interval of ∆t are selected by the following probability
(pCCSNe),

pCCSNe =

∫ m(t+∆t)

m(t)
ϕ(m′)m′−1dm′∫ 8M⊙

m(t)
ϕ(m′)m′−1dm′

, (1.2)

where m(t) is the turn off mass at age t. Each CCSN explosion distributes thermal
energy of 1051 erg to the surrounding SPH particles. The mass of one star particle is
∼ 100 M⊙. When a particle explode as CCSNe, the number of CCSNe inside each
star particle corresponds to ∼ 1. Numerical simulations of galaxy formation widely
adopt this method (e.g., Okamoto, Nemmen, and Bower, 2008; Saitoh et al., 2008;
Dalla Vecchia and Schaye, 2012; Simpson et al., 2013; Vogelsberger et al., 2013;
Hopkins et al., 2014). In addition to the SN feedback, we implement heating by
HII region formed around young stars. The number of the Lyα photons is evaluated
using pégase (Fioc and Rocca-Volmerange, 1997). The parameters of these baryonic
physics are listed in Table 1.1.
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Table 1.1: Parameters of baryon physics.

Symbol Fiducial values Variation

c⋆ 0.033 0.033, 0.5
nth 100 cm−3 0.1–100 cm−3

Tth 1×103 K 1×103 – 3×104 K
ϵSN 1 ×1051 erg (0.03 – 1) ×1051erg

Notes: Fiducial values of c⋆, nth, Tth, ϵSN are taken from Saitoh et al. (2008).

1.5 This thesis
This thesis concerns the enrichment of heavy elements (r-process elements and Zn) in
dwarf galaxies. It aims at (i) clarifying the contribution of NSMs and different kinds
of SNe (CCSNe, HNe, ECSNe, and SNe Ia) to the enrichment of heavy elements
(Chapters 2–4), and (ii) constraining the formation and evolution of galaxies using
heavy element abundances (Chapters 5 and 6). This work covers enrichment of heavy
elements in isolated dwarf galaxies (Chapters 2–5) and a cosmologically formed
galaxy (Chapter 6). The key issues that will be discussed in this thesis are as follows.

• Enrichment of r-process elements by NSMs in dSphs (Chapter 2).

• The relation of structures of halos, star formation histories, and enrichment of
r-process elements (Chapter 3).

• Enrichment of Zn in dwarf galaxies (Chapter 4).

• Efficiency of metal mixing in dwarf galaxies (Chapter 5).

• Connection between enrichment of r-process elements and galaxy formation
(Chapter 6).

Figure 1.12 illustrates the structure of this thesis. The first part of this thesis
studies the enrichment of heavy elements in isolated dwarf galaxies. These works
clarify the contributions of NSMs and SNe in chemodynamical evolution of dwarf
galaxies.

Chapter 2 NSMs are one of the promising astrophysical site of r-process. However,
previous chemical evolution models that do not consider the contribution of sub-
halos fail to reproduce the observed abundances of r-process elements in metal-poor
stars. In this chapter, we perform a series of high-resolution N-body/SPH simulations
with simple metal mixing model in the star-forming region of isolated dSphs. This
chapter shows that NSMs with a merger time of ∼ 100 Myr can contribute to the
enrichment of r-process elements at [Fe/H] < −2.5 in a dSph. We find that this is
because the metallicity does not increase due to the low SFE up to ∼ 300 Myr from
the beginning of the star formation. This chapter demonstrates that NSMs can be
a major astrophysical site of r-process elements in the context of chemodynamical
evolution of galaxies.
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Figure 1.12: Structure of this thesis.
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Chapter 3 LG dwarf galaxies have various SFHs (Section 1.2.1). This chapter
addresses the effects of the SFHs to the enrichment of r-process elements in dwarf
galaxies. We change the central density and total mass of halos to produce galaxies
with different stellar mass and SFHs in the chemodynamical simulations. We find
that galaxies with dynamical times with ∼ 100 Myr have SFRs with ≲ 10−3 M⊙yr−1

at 1 Gyr from the beginning of the simulation. These galaxies produce stars with
r-process elements in [Fe/H] ≲ −2.5. On the other hand, r-process elements appear
at higher metallicity in galaxies with dynamical times less than 100 Myr. We also
find that early SFRs and enrichment of r-process elements are not affected by the
total mass of halos.

Chapter 4 This chapter clarifies the role of SNe (CCSNe, ECSNe, HNe, and SNe
Ia) to the enrichment of heavy elements while Chapters 2 and 3 clarify the role of
NSMs in the galactic chemical evolution. Zn is a nice tracer to identify the role of
SNe in the galactic chemical evolution. Here we newly put the effect of ECSNe into
the simulations. We find that the ejecta from ECSNe can contribute to the formation
of metal-poor stars with [Zn/Fe] ≳ 0.5. We also find that scatters of [Zn/Fe] seen in
[Fe/H] ≳ −2.5 due to the contribution of SNe Ia are the same as those of [Mg/Fe].
This chapter demonstrates that ECSNe or SNe from low mass progenitors can be one
of the contributors to the enrichment of Zn in galaxies.

The second part of this thesis studies efficiency of metal mixing and formation
of galaxies on the point of enrichment of heavy elements. This part demonstrates
abundances of heavy elements in metal-poor stars can be used as a tracer of formation
and evolution of galaxies.

Chapter 5 Chemical abundances of metal-poor stars help us understand the efficiency
of metal mixing in galaxies. In this chapter, we newly implement the turbulence-
induced metal mixing model to our chemodynamical simulations. We use Mg, Ba,
and Zn as a tracer of the efficiency of metal mixing in dwarf galaxies. We find that
models with scaling factor of metal diffusion less than 0.01 can produce abundances
of heavy elements in metal-poor stars consistent with observations. This efficiency
of metal mixing corresponds to the timescale of metal mixing less than 40 Myr. This
result implies that metals should be mixed with shorter timescales than the dynamical
times of dwarf galaxies.

Chapter 6 The ratios of r-process element to Fe in stars with [Fe/H] < −2.5 in the
LG galaxies are (i) star-to-star scatters in the MW halo, (ii) no r-process rich stars
in dSphs, (iii) enhanced r-process abundances in Reticulum II UFD (Figure 1.10).
These difference may reflect the formation of LG galaxies. This chapter connects the
enrichment of r-process elements and galaxy formation. Here we perform a series
of high-resolution cosmological zoom-in simulations with metal mixing based on
Chapter 5. In the cosmologically formed galaxy, there are star-to-star scatters of
r-process abundances in [Fe/H] < −2. We find that r-process rich stars are formed
in the halos with a gas mass of ∼ 106 M⊙. In these small halos, ejecta from a NSM
enrich whole gas to high r-process abundances. This result suggests that the r-process
enhanced stars seen in the MW halo may come from halos with a size similar to the
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present UFDs.

This thesis is concluded in Chapter 7. Chapter 7 summarizes the scenario pro-
posed in this thesis. We also show future prospects of this work.
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Chapter 2

Enrichment of r-process elements in
dwarf spheroidal galaxies in the
chemodynamical evolution models

The r-process is a major process to synthesize elements heavier than iron, but the
astrophysical site(s) of r-process is not identified yet. NSMs are suggested to be a
major r-process site from nucleosynthesis studies. Previous chemical evolution stud-
ies however require unlikely short merger times of NSMs to reproduce the observed
large star-to-star scatters in the abundance ratios of r-process elements relative to
iron, [Eu/Fe], of extremely metal-poor stars in the MW halo. This problem can be
solved by considering chemical evolution in dSphs which would be building blocks
of the MW and have lower SFEs than the MW halo. We demonstrate that enrich-
ment of r-process elements in dSphs by NSMs using an N-body/smoothed particle
hydrodynamics code. Our high-resolution model reproduces the observed [Eu/Fe]
by NSMs with a merger time of 100 Myr when the effect of metal mixing is taken
into account. This is because metallicity is not correlated with time up to ∼ 300
Myr from the start of the simulation due to low SFE in dSphs. We also confirm
that this model is consistent with observed properties of dSphs such as radial profiles
and metallicity distribution. The merger times and the Galactic rate of NSMs are
suggested to be ≲ 300 Myr and ∼ 10−4 yr−1, which are consistent with the values
suggested by population synthesis and nucleosynthesis studies. This study supports
that NSMs are the major astrophysical site of r-process1.

2.1 Review: NSMs as a source of r-process elements
Elements heavier than iron are mainly synthesized by the r-process as well as the s-
and p-processes. More than 90% of the number of elements such as europium (Eu),
gold (Au), and platinum (Pt) in the solar system are synthesized by the r-process
(Burris et al., 2000). Sufficiently neutron-rich environment is required in order to
synthesize r-process elements with mass number (A) over 110.

The observed r-process elemental abundance ratios, such as [Eu/Fe], in EMP stars
([Fe/H] ≲ −3) show star-to-star scatters of ∼ 3 dex in the MW halo (see Figure 1.10).
The mechanism of star-to-star scatters in the abundance studies should be clarified
simultaneously with the astrophysical site(s) of the r-process.

1Contents in this chapter have been published in Hirai, Ishimaru, Saitoh, Fujii, Hidaka, and Kajino
(2015).
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Neutrino-driven winds from proto-neutron stars of CCSNe have long been re-
garded as one of the possible sites of the r-process (e.g., Meyer et al., 1992; Woosley
et al., 1994; Wanajo et al., 2001). Previous chemical evolution studies suggest that
the observed [Eu/Fe] scatter is well reproduced by models assuming that CCSNe of
low-mass (8–10 M⊙) progenitors produce r-process elements (e.g., Mathews, Bazan,
and Cowan, 1992; Ishimaru and Wanajo, 1999; Travaglio et al., 1999; Tsujimoto,
Shigeyama, and Yoshii, 2000; Travaglio, Galli, and Burkert, 2001; Travaglio, Galli,
and Burkert, 2001; Argast et al., 2004). However, recent hydrodynamical simulations
of CCSNe, which include neutrino transport in sophisticated manner, suggest that the
proto-neutron star winds of CCSNe do not necessarily produce a neutron-rich con-
dition suitable for the r-process (e.g., Reddy, Prakash, and Lattimer, 1998; Roberts,
Reddy, and Shen, 2012; Martínez-Pinedo et al., 2012; Roberts, Reddy, and Shen,
2012; Horowitz et al., 2012). Nucleosynthesis calculations suggest that heavy ele-
ments with A ≳ 110, are difficult to be synthesized in CCSNe due to such too weak
neutron-rich environments (e.g., Wanajo, Janka, and Müller, 2011; Wanajo, 2013).

NSMs are also suggested to be a promising site of the r-process (Lattimer and
Schramm, 1974; Lattimer and Schramm, 1976; Lattimer et al., 1977; Symbalisty and
Schramm, 1982; Eichler et al., 1989; Meyer, 1989). Recent detailed nucleosynthesis
calculations show that heavy r-process elements are successfully synthesized in NSMs
(Freiburghaus, Rosswog, and Thielemann, 1999; Goriely, Bauswein, and Janka, 2011;
Korobkin et al., 2012; Bauswein, Goriely, and Janka, 2013; Rosswog et al., 2014;
Wanajo et al., 2014). In addition, near infrared afterglow of the Swift short GRB,
GRB130603B (Berger, Fong, and Chornock, 2013; Tanvir et al., 2013) is detected.
This is suggested to be a piece of evidence that progenitors of short GRBs are compact
binary mergers and r-process nucleosynthesis occurs there (Tanaka and Hotokezaka,
2013). Recently, gravitational waves from a NSM and their afterglows are detected
(e.g., Abbott et al., 2017b, , see Section 1.1.3.2).

NSMs have long merger times and low rates. The neutron star (NS) binaries
lose their energy very slowly due to the gravitational emissions. The merger times
are estimated ≳ 100 Myr from observed binary pulsars (Lorimer, 2008). Recent
predictions from population synthesis models also suggest that most of NS binaries
merge ≳ 100 Myr after their formation (Dominik et al., 2012). On the other hand,
the NSM rate is estimated to be 10−6 – 10−3 yr−1 for a MW size galaxy from the
observed binary pulsars (Abadie et al., 2010b). However, early studies of galactic
chemical evolution pointed out that it is difficult to reproduce the observed trend
of [Eu/Fe] of EMP stars by NSMs due to their long merger times and the low rate
(Mathews and Cowan, 1990; Argast et al., 2004). Most of other recent studies
also conclude that short merger times (≲ 10 Myr) or a second site of r-process
such as jet-like explosions of magnetorotational CCSNe (e.g., Winteler et al., 2012;
Nishimura, Takiwaki, and Thielemann, 2015) is required to account for large star-
to-star scatters in EMP stars (Matteucci et al., 2014; Komiya et al., 2014; Tsujimoto
and Shigeyama, 2014; Cescutti et al., 2015; Wehmeyer, Pignatari, and Thielemann,
2015). On the other hand, detailed population synthesis calculations suggest that
production of NSMs with short-merger times (∼ 10 Myr) highly depends on the
treatment of common envelop phase which is not well understood (e.g., Portegies
Zwart and Yungelson, 1998; Dominik et al., 2012; Kinugawa et al., 2014). Dominik
et al. (2012) suggest that NSMs with merger times of ≲ 10 Myr cannot be produced
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in their most pessimistic model assuming each common envelop with an Hertzsprung
gap donor causes a merger (Submodel B in Dominik et al., 2012). In addition, there
are no observational clues that exist binary pulsars which merge within ∼ 10 Myr so
far (Lorimer, 2008).

This discrepancy may be solved, if the Galactic halo is formed via mergers of sub-
halos within the framework of hierarchical structure formation scenario (Ishimaru,
Wanajo, and Prantzos, 2015). Ishimaru, Wanajo, and Prantzos (2015) calculate the
enrichment of r-process elements by NSMs with merger times of 100 Myr (95 %
of NSMs) and 1 Myr (5 % of NSMs) in their one-zone chemical evolution model
for each sub-halo. They suggest that [Eu/Fe] increases at [Fe/H] ≤ −3 if the SFEs
are lower in less massive sub-halos. According to their calculations, the observed
scatters in [Eu/Fe] ratios in metal-poor stars are possibly explained by NSMs with
merger times of 100 Myr. Key factors of chemical evolution such as the time variation
of the SFR, outflow, and inflow strongly depend on thermodynamical feedback from
SNe. Detailed chemodynamical evolution studies in low-mass galaxies like sub-halos
are highly desirable to justify their assumptions to describe the enrichment history
of r-process elements in a self-consistent manner between dynamical and chemical
evolution of galaxies.

Recent hydrodynamical studies performed a series of simulations of galaxy for-
mation assuming that the NSMs are a major site of r-process (van de Voort et al.,
2015; Shen et al., 2015). van de Voort et al. (2015) suggest that gas mixing processes
such as galactic winds and hydrodynamic flows play the important roles to explain
the observed Galactic r-process ratio. Their high-resolution model with 7.1×103M⊙
of the mass of one gas particle (mgas) is, however, difficult to reproduce the observed
r-process abundance ratios. They imply that additional metal mixing is required to
explain the observation. Shen et al. (2015) also suggest that the observed r-process
abundance ratios are possibly taken into account in their NSM models if the metal mix-
ing in SF region is implemented. However, the mass resolution (mgas = 2.0×104M⊙)
in their models is as low as the fiducial low-resolution model of van de Voort et al.
(2015) (mgas = 5.7 × 104M⊙). It is therefore important to demonstrate that if the
NSM models account for the observations in independent simulations of much higher
resolution.

In this chapter, we calculate enrichment of r-process elements ejected by NSMs
in low mass galaxies with high-resolution (mgas = 4.0 × 102M⊙) chemodynamical
evolution models. We perform N-body/SPH simulations of dSph models using asura
code (Saitoh et al., 2008; Saitoh et al., 2009). We discuss effects of metal mixing in
SF region as well as the dependence on the SFR, the merger times, and the rate of
NSMs.

In Section 2.2, we introduce methods and models of dSphs. In Section 2.3,
we compare model predictions and observed properties of dSphs generated by our
models. In Section 2.4, we discuss enrichment of r-process elements in dSphs.
Finally in Section 2.5, we summarize our main results.
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2.2 Method and models

2.2.1 Chemical enrichment process
We take into account both SNe and NSMs in our models. We set initial gas metallicity
equals to zero. We assume that gas particles around a star particle are enriched with
metals when a CCSN or NSM occurs in a star particle. Metals are distributed in 32
nearest neighbor particles using weights of SPH kernel. Mass of element X in the jth
neighbor particle ejected by ith star particle, ∆MX, j , is given by

∆MX, j =
m j

ρi
MX,iW(ri j, hi j), (2.1)

where ri j is the distance between particle i and j, hi j is the smoothing length, and
W(ri j, hi j) is the SPH kernel given by a cubic spline function (e.g., Kawata, 2001,
Chapters 2 and 3) or Wendland kernel C4 (Wendland, 1995; Dehnen and Aly, 2012,
Chapters 4–6). The density of the gas particles is given as

ρi =
∑
i, j

m jW(ri j, hi j). (2.2)

Smoothing length is the scale of containing Nngb nearest neighbor particles. Following
Saitoh et al. (2008), we set Nngb = 32 ± 2 (Chapters 2 and 3) or 128 ± 8 (Chapters
4–6) as a fiducial value.

2.2.2 NSM models
In this thesis, we newly put the effects of NSMs in our simulations. We assume that
NSMs synthesize r-process elements. Here we regard Eu and Ba as a representative of
r-process elements. Observed r-process elemental abundance ratios such as [Eu/Fe]
indicates that the production of r-process elements should have occurred before SNe
Ia start to contribute (≳ 1 Gyr) to galactic chemical evolution (Maoz and Mannucci,
2012). Minimum merger times of NSMs need to be shorter than the typical delay
time of SNe Ia. The most plausible merger times of NSMs is regarded as ∼ 100
Myr (e.g., Lorimer, 2008; Dominik et al., 2012). We thus set the merger time of
NSMs is 100 Myr as a fiducial value in Chapters 2 and 3. In Chapters 5 and 6,
we implement the merger time distribution of NSMs in a similar way as SNe Ia.
According to the population synthesis calculations in Dominik et al. (2012), the
merger time distribution is close to the power law with its index of −1. We set the
minimum merger time as 107 yr, following Dominik et al. (2012).

The NSM rate and the merger times (tNSM) are highly uncertain. We therefore
vary them ∼ 2 dex in our simulations. We regard a number fraction of NSMs to the
total number of neutron stars, fNSM, as a parameter, which determines the NSM rate.
In this model, we assume the mass range of NS progenitor mass as 8–20 M⊙. We set
the upper mass of NSM progenitor stars as 20 M⊙ from the lower limit of the mass of
a black hole formation (Dominik et al., 2012). We set fNSM = 0.01 as a fiducial value.
The corresponding NSM rate in a MW size galaxy is ∼ 5 × 10−5 yr−1. It is within
the values of the Galactic disk ∼10−6–10−3 yr−1, estimated from observed compact
binaries (Abadie et al., 2010b).
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We distribute the ejecta of r-process elements with the same method we use for
SNe following Montes et al. (2016). Ejecta from NSMs might expand to a larger
region than SNe (Tsujimoto and Shigeyama, 2014). For yields of NSMs (Chapters 5
and 6), we assume that each NSM ejects 1.8 × 10−4 M⊙ of Ba and 2.0 × 10−5 M⊙
of Eu (Wanajo et al., 2014). In Chapters 2 and 3, yields of NSMs are related to the
rate of NSMs following Ishimaru, Wanajo, and Prantzos (2015). [Eu/Fe] at [Fe/H] =
0 is expected to be ∼ 0.5 without SNe Ia because solar Fe is estimated to be produced
∼60–65% by SNe Ia, and ∼35–40% by CCSNe (e.g., Goswami and Prantzos, 2000;
Prantzos, 2008). We thus simply set the yield of r-process elements to be [Eu/Fe] =
0.5 at [Fe/H] = 0.

Binary black hole-NSMs are also expected to eject r-process elements (e.g.,
Korobkin et al., 2012; Mennekens and Vanbeveren, 2014). However, they affect the
rate of production of r-process elements by several factors which are much smaller
than the uncertainty of the rate of NSMs. We therefore only implement NSMs for
simplicity.

2.2.3 Definition of newly formed stars
The abundance of a star must be identical to the abundance of the gas, which formed
the star. The abundance of a newly formed star particle inherits (1) the abundance
of the SF gas particle (e.g., Raiteri et al., 1999; van de Voort et al., 2015; Shen
et al., 2015); (2) the abundance of the average of gas particles within a SPH kernel
(e.g., Steinmetz and Müller, 1994; Kobayashi and Nakasato, 2011; Shen et al., 2015).
Method (1) does not have a metal mixing process except for hydrodynamical mixing
process such as stellar winds, outflows and inflows due to the SN explosion. [Eu/Fe]
produced in method (1) is discussed in Section 2.4.1. On the other hand, in method
(2), a metal mixing process is taken into account. We use a metallicity averaged over
32 neighbor gas particles in a SPH kernel to a newly born star particle. The region can
be regarded as an SF region, which corresponds to ∼ 104M⊙. This mass corresponds
to the typical size of GMCs (e.g., Larson, 1981; Liszt, Delin, and Burton, 1981;
Sanders, Scoville, and Solomon, 1985; Solomon et al., 1987; Heyer et al., 2009). We
discuss results inferred from method (2) in Section 2.4.2.

Massive stars tend to be born in clusters and associations (Lada and Lada, 2003).
Clusters and OB associations form from GMCs. Observations of stars in open
clusters suggest that their metallicity is homogeneous (De Silva et al., 2007b; De
Silva et al., 2007a; Pancino et al., 2010; Bubar and King, 2010; Ting et al., 2012;
Reddy, Giridhar, and Lambert, 2012; Reddy, Giridhar, and Lambert, 2013; De Silva
et al., 2013). Feng and Krumholz (2014) theoretically show that turbulent mixing in
SF regions causes this homogeneity. The timescale of metal mixing is determined by
the local dynamical time of SF regions (≲ 1 Myr). This timescale is much shorter
than the typical timescale of SF (≳10 Myr) in slow SF model (Zuckerman and Evans,
1974; Krumholz and Tan, 2007). We thus assume that the metals are instantaneously
mixed in SF regions. We discuss the effect of different implementation on abundance
ratios in galaxies in Section 2.4.1 and 2.4.2. This metal mixing model is adopted in
Chapters 2 and 3.
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2.2.4 Models of dSphs
We follow initial conditions of dSph models adopted in Revaz et al. (2009) and Revaz
and Jablonka (2012). Both dark matter and gas particles follow the pseudo-isothermal
profile (Begeman, Broeils, and Sanders, 1991), based on the observed dark matter
profiles of nearby dwarf galaxies (Oh et al., 2011; Oh et al., 2015),

ρ =
ρc

1 + (r/rc)2
, (2.3)

where ρc is the central density and rc is the core radius. Gas particles are also
distributed along with the profile. We set rc = 1.0 kpc, rmax = 7.1 kpc, and Mtot =
7 ×108M⊙, according to Revaz and Jablonka (2012). We adopt 0.15 of mass ratio
of gas to dark matter particles (baryon fraction, fb ≡ Ωb/Ωm). The value of fb is
taken from Planck Collaboration et al. (2014). Adopting particles with different mass
may suffer dynamical friction. Massive particles more easily fall into the center of
the galaxy by losing angular momentum. In Appendix B, we show the effects of
dynamical friction.

Following Revaz et al. (2009), we assume an isotropic velocity dispersion of
dark matter particles, σ(r), for spherical distribution (Hernquist, 1993; Binney and
Tremaine, 2008),

σ2(r) = 1
ρ(r)

∫ ∞

r
dr′ρ(r′)∂Φ(r

′)
∂r′

, (2.4)

where Φ(r) is the gravitational potential. For gas particles, we set a velocity equal to
zero and an initial temperature of 104 K. For both dark matter and gas particles, we
adopt gravitational softening length (ϵg) of 28 pc for runs with the initial total number
(N) of 214, ϵg = 14 pc for runs with N = 216, 217, and 218, and ϵg = 7 pc for runs with
N = 219. We run our simulations over 14 Gyr. The parameters of our model galaxies
are listed in Table 2.1. Table 2.2 summarizes all runs discussed in this chapter.

Table 2.1: Parameters of the initial condition.

Quantity Values

Mtot 7×108M⊙
rc 1 kpc
rmax 7.1 kpc
fb 0.15

Notes: Values are taken from Revaz et al., 2009; Revaz and Jablonka, 2012.
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2.3 Chemodynamical evolution of dSphs

2.3.1 Dynamical evolution of dSph models
We discuss chemodynamical evolution of model s000 to confirm that the parameter
set of this model is appropriate for the case of dSphs. Parameter dependence is
discussed in Appendix A. Figure 2.1 shows the evolution of the spatial distribution of
gas and stars of model s000. Upper panels of Figure 2.1 show the gas density maps of
model s000 at 0 Gyr, 1 Gyr, 5 Gyr, and 10 Gyr from the beginning of the simulation.
The gas monotonically collapses during the first 1 Gyr. Then, gas density reduces
by SF and gas outflow by energy feedback of SNe. Red colored area in upper panels
of Figure 2.1 corresponds to the SF region where the number density of gas is larger
than 100 cm−3. As shown in this figure, SF region is strongly confined at the center
of the galaxy. The red area is largest at 1 Gyr. This indicates that SF is most active
after ∼ 1 Gyr from the beginning of the simulation.

Lower panels of Figure 2.1 show stellar density maps at 0 Gyr, 1 Gyr, 5 Gyr, and
10 Gyr. The distribution of stars at 1 Gyr is associated with the high-density region of
gas (red region in Figure 2.1). As shown in these figures, stars continuously form in
the inner region of this model galaxy for over 10 Gyr and stellar density distribution
expands with time from the center to the outer region. At 10 Gyr, the morphology of
the galaxy becomes spherical symmetry.

In order to quantitatively discuss the structural and dynamical properties of mod-
els, we investigate the radial profiles. Figure 2.2 shows the radial profiles of model
s000. We define the galactic center using potential minimum. The values in each
point are calculated in each bin from the center to the outer region. Figure 2.2 (a)
shows time variation of the dark matter density profile. At 1 Gyr, the dark matter
follows the initial density profile given in Equation (2.3). After the collapse in the
first 1 Gyr, the shape of the dark matter profile does not change over 10 Gyr.

Figure 2.2(b) shows time variation of the gas density profile. Inner region (≲ 1
kpc) of the gas density profile follows the evolution of the dark matter density profile.
Outer region of gas is blown away due to the outflow induced by SNe. In addition, the
total amount of gas reduces because of SF. However, gas still remains even at 10 Gyr.
As in Appendix A, all of our models have gas at 10 Gyr. The observed LG dSphs
in contrast have no or little gas (e.g. McConnachie, 2012). This result suggests that
physical processes such as ram pressure and tidal stripping are required to remove all
gas away from dSphs (Mayer et al., 2006; Nichols, Revaz, and Jablonka, 2014).

In Figure 2.2 (c), we present the stellar density profiles. Stars distribute within
∼ 1 kpc, which is consistent with the observed tidal radii (∼0.5 – 3 kpc) of dSphs
in the LG (Irwin and Hatzidimitriou, 1995). The density profile of stars is basically
associated with the dark matter density profile.
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Figure 2.2 (d) shows the stellar velocity dispersion profile. The observed stellar
velocity dispersion of dSphs is almost constant within ∼ 1 kpc from the center
(Walker et al., 2009). Model s000 has similar properties with the observed radial
stellar velocity dispersion profiles inside 1 kpc from the center in the LG dSphs.

Figure 2.2: Radial profiles of model s000 at t = 0 Gyr (green), 1
Gyr (blue), 5 Gyr (magenta), and 10 Gyr (red). (a) Radial dark matter
density profile. (b) Radial gas density profile. (c) Radial stellar density
profile. (d) Radial stellar velocity dispersion profile. Black dots are
observed stellar velocity dispersion in the Fornax dSph (Walker et al.,

2009).

2.3.2 Time variations of the SFRs
Figure 2.3 shows the time variation of the SFR in model s000 (red curve) and the
observed values of the Fornax and the Sculptor dSphs (de Boer et al., 2012b; de Boer
et al., 2012a). The SFR of model s000 is peaked at ∼ 2 Gyr. Gas density increases
with accretion (see Figure 2.2 (b)) and finally reaches the threshold density for SF.
On the other hand, SN feedback drives gas away from the inner region to the outer
region (Hopkins, Quataert, and Murray, 2011). Because of the shallow gravitational
potential and high threshold density for SF (nth = 100 cm−3), SN feedback significantly
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affects the timescale of gas accretion. It therefore takes long time (∼ 1 Gyr) to reach
the peak of the SFR. The SFR of model s000 (∼ 10−3M⊙ yr−1) is consistent with the
observed value of the Fornax and the Sculptor dSphs inferred from color-magnitude
diagram analysis (∼ 10−3M⊙ yr−1, de Boer et al., 2012b; de Boer et al., 2012a). The
SFR of model mExt (magenta curve) is discussed in Section 2.4.3.
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Figure 2.3: The SFR as a function of time for our models. Red and
magenta-dashed curves represent the SFR of models s000 and mExt,
respectively. Blue and green-dashed histograms represent the observed
SFR of the Fornax dSph (de Boer et al., 2012a) and the Sculptor dSph

(de Boer et al., 2012b), respectively.

2.3.3 Metallicity distribution
Metallicity distribution is one of the best properties to test reliability of chemical
evolution models. Figure 2.4 compares metallicity distribution between model s000
and observation. All data of the Fornax (Kirby et al., 2010) and the Sculptor dSphs
(Kirby et al., 2009; Kirby et al., 2010; Kirby and Cohen, 2012). Metallicity distribu-
tion of model s000 is almost consistent with the observed value of the Sculptor dSph.
The metallicity at the peak of the distribution of model s000 is [Fe/H] = −1.57, which
is lower than that of the Fornax dSph, [Fe/H] = −1.06 (Kirby et al., 2013). This is
because we do not implement SNe Ia in this model, while the Fornax dSph must be
significantly affected by the metal ejection of SNe Ia (e.g., Kirby et al., 2010). If we
take into account of the products of SNe Ia, the peak metallicity is expected to shift by
∼ 0.5 dex to the higher metallicity, which is closer value to that of the Fornax dSph.
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Figure 2.4: Metallicity distribution of model s000 (red curve), model
s000 but [Fe/H] is shifted to 0.5 dex taking into account the effect of
SNe Ia (magenta-dashed curve), the observed value of the Fornax dSph
(blue histogram) (Kirby et al., 2010), and the Sculptor dSph (green
histogram) (Kirby et al., 2009; Kirby et al., 2010; Kirby and Cohen,

2012).
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2.4 Enrichment of r-process elements in dwarf spheroidal
galaxies

2.4.1 Enrichment of r-process elements without metal mixing in
SF region

In this section, we discuss [Eu/Fe] as a function of [Fe/H] predicted in model s000.
In model s000, the metallicity of a star particle inherits that of the gas particle from
which the star particle was formed, according to the method (1) in Section 2.2.3.
Figure 2.5 shows [Eu/Fe] as a function of [Fe/H] predicted in model s000. We also
put the observed data of the Galactic halo and several dSphs, i.e., Carina, Draco,
Leo I, Sculptor, and Ursa Minor dSphs (SAGA database, Suda et al., 2008; Suda
et al., 2011; Suda et al., 2017; Yamada et al., 2013), excluding carbon-enhanced stars,
which are possibly affected by gas transfer in binaries. We also exclude stars in the
Fornax dSph because some of them have extremely high [Eu/Fe] (> 0.5 dex) due to
significant contamination of the s-process (Letarte et al., 2010). As shown in Figure
2.5, stars of highly r-process enhanced stars; [Eu/Fe] > 1 (so-called r-II stars), are
over-abundant. In addition, r-deficient stars in −2 < [Fe/H] < −1 are predicted. Such
low [Eu/Fe] stars are not seen in the observation. These stars are not simply caused
by delayed production of Eu by NSMs. In fact, the average value of [Eu/Fe] does
not increase with metallicity at around [Fe/H] ∼ −2. The significant dispersions of
chemical components among gas particles seem to be rather essential. The relations
between the galactic age and abundances of Fe and Eu show the reason why such
large dispersions are seen in low metallicity region. Figure 2.6 (a) shows [Fe/H] as
a function of time. Metallicity obviously increases with time, as CCSNe produce
iron. The metallicity however has more scatters at the earlier time, especially during
the first few Gyrs. Then, later formed stars are enriched by more numerous CCSNe,
and as a result, the dispersion of stellar metallicity decreases with time. We denote
the stars, which are formed from the gas enriched only by a single CCSN by black
circles in Figure 2.6 (a). Their metallicity widely distributes over ∼ 3 dex. These
stars concentrate only in ≲ 2 Gyr.

Figure 2.6 (b) shows [Eu/H] as a function of time. In contrast to Figure 2.6 (a),
large star-to-star scatters in [Eu/H] remain over the whole evolution of the galaxy. As
shown in black circles in Figure 2.6 (b), gas particles affected by one NSM remain
over 10 Gyr. One of the reasons must be the low rate of NSMs. The rate of NSMs
is one hundred times lower than that of CCSNe in this model. The total number of
NSMs may not be enough to converge the [Eu/H] in this model.

In addition to the low NSM rate, the efficiency of gas mixing in this model seems
to cause unnaturally large scatters in [Eu/H]. If a star particle contains products from
a single NSM, the value of [Eu/H] must be determined by the distance from the NSM,
which enriched the star forming gas particle. However, as shown in Figure 2.6 (b),
dispersion of such stars drags longer than 5 – 10 Gyrs, which is much longer than the
merger times of NSMs. It implies that gas particles never change the abundance of
Eu, unless other NSMs enrich them again, although in actual, gas clouds are expected
to interact with others. Observations of open clusters show that stellar metallicity is
quite homogeneous in each cluster (e.g., De Silva et al., 2007b; De Silva et al., 2007a;
Pancino et al., 2010; Bubar and King, 2010; Ting et al., 2012; Reddy, Giridhar, and
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Figure 2.5: [Eu/Fe] as a function of [Fe/H] of model s000. Contour is
the number of stars produced in our model, between 0 (purple) and 20
(red). Yellow curve is the median of model prediction. Dash-dotted
curves are the first and third quartiles, respectively. Circles are the
observed value of the Galactic halo stars (SAGA database, Suda et al.,
2008; Suda et al., 2011; Yamada et al., 2013). Squares are the observed
value of stars in Carina, Draco, Leo I, Sculptor, and Ursa Minor dSphs
(SAGA database, Suda et al., 2017). Stars produced by our model are

plotted within 0.5 kpc from the center of our model galaxies.
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Figure 2.6: (a) [Fe/H] as a function of time from the start of the
simulation of model s000. (b) [Eu/H] as a function of time from the
start of the simulation of model s000. Black circles are stars formed
from gas particles, which are affected by one CCSN. Contour is the

same as Figure 2.5.
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Lambert, 2012; Reddy, Giridhar, and Lambert, 2013; De Silva et al., 2013). The gas
in SF region is possibly homogenized by hydro-dynamical effects, such as turbulent
mixing (Feng and Krumholz, 2014). In addition, previous studies suggest that the
standard SPH simulations without metal mixing tend to predict a lower amount of
gas with low metallicity and higher metallicity of inter galactic medium (Wiersma
et al., 2009; Shen, Wadsley, and Stinson, 2010). Shen et al. (2015) suggest that it
is difficult to reproduce the observed [Eu/Fe] as a function of [Fe/H] without metal
mixing in SF region.

On the other hand, the fiducial model of van de Voort et al. (2015) reproduces
the observed [Eu/Fe] of metal-poor stars, although they adopt the same definition
of metallicity as our model s000. They suggest that large-scale metal mixing such
as galactic winds and hydrodynamical flows is important to reproduce the observed
[Eu/Fe] as a function of [Fe/H]. In their model, NSMs eject metals in the region of
3.5×106M⊙, which is much larger than the swept-up mass of NSMs (∼ 104M⊙). The
treatment of van de Voort et al. (2015) is identical to implement metal mixing.

2.4.2 Enrichment of r-process elements with metal mixing in SF
region

As discussed in the previous section, the effect of mixing of enriched gas must be
essential to account for the observed values of [Eu/Fe] in metal-poor stars. Therefore,
we take into account the effect of metal mixing according to the method (2) in Section
2.2.3, and we adopt the average metallicity of gas particles in the SPH kernel of the
progenitor gas particle for the metallicity of newly formed stars. Figure 2.7 shows
[Eu/Fe] as a function of [Fe/H] with the metal mixing model, m000. Model m000
has the same parameter set for s000 except for the effect of metal mixing in SF region
(see Table 2.2). As shown in this figure, r-deficient stars in [Fe/H] of −2 to −1 seen
in Figure 2.5 disappear due to metal mixing. The fraction of r-II stars is also reduced
in this model due to the adoption of averaged metallicity in the SF region. Model
m000 apparently reproduces the observational tendency of [Eu/Fe] in metal-poor
stars much better than the model s000. Our model does not require the assumption
of short merger times (tNSM ≲ 10 Myr), which is required to reproduce observations
in previous studies (e.g., Argast et al., 2004; Matteucci et al., 2014; Komiya et al.,
2014; Tsujimoto and Shigeyama, 2014).

Figure 2.8 shows [Eu/Fe] distributions in stars of [Fe/H] < −2.0 predicted in s000
(without mixing model) and m000 (with mixing model). Observational values of the
MW (red histogram) and dSphs (blue histogram) are provided by the SAGA database
(Suda et al., 2008; Suda et al., 2011; Suda et al., 2017; Yamada et al., 2013). While
model s000 overproduces stars with [Eu/Fe] < −1, model m000 significantly reduces
the fraction of r-deficient stars. In addition, the fraction of r-II stars also reduces in
model m000. This result therefore suggests that metal mixing in SF region is fairly
important physical process to reproduce the observed [Eu/Fe] as a function of [Fe/H].

The predicted distribution of [Eu/Fe] must be affected by the mass of the mixed
gas (Mmix), and the initial total number of particles (N). We define Mmix = Nngbmgas.
The mass of one gas particle (mgas) is proportional to N−1. Table 2.3 lists the examined
values of parameters and the corresponding mixing mass (Mmix). Figure 2.9 (a) shows
the median value and the dispersion of [Eu/Fe] of models, which have different Nngb.
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Figure 2.7: [Eu/Fe] as a function of [Fe/H] of the model m000.
Symbols are the same as Figure 2.5.
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Figure 2.8: [Eu/Fe] distribution of stars with [Fe/H] < −2.0 of our
models (black histogram) and observation (red histogram: the Galactic
halo stars, blue histogram: Carina, Draco, Leo I, Sculptor, and Ursa
Minor dSphs). Data are compiled by SAGA database (Suda et al.,
2008; Suda et al., 2011; Suda et al., 2017; Yamada et al., 2013). Left
panel: plotted model is s000 (without metal mixing in SF region).
Right panel: plotted model is m000 (with metal mixing in SF region).

The dispersion of [Eu/Fe] becomes smaller with larger Nngb as shown in this figure.
When we increase the Nngb, the value of Mmix increases and larger mass fraction of
gas in the galaxy is mixed. Due to the effects of increasing Mmix, the dispersion
becomes smaller in the models with larger value of Nngb.

Figure 2.9 (b) shows the median value of [Eu/Fe] as a function of [Fe/H] of models,
which have different N . As shown in Figure 2.9 (b), the dispersion of [Eu/Fe] shows
the similar tendency irrespective of N , i.e., it decreases with increasing of metallicity.
When we adopt the larger value of N , more star particles are produced, i.e., the
number of events of metal mixing increases. This means that metals are more mixed
in the SF region if Mmix is constant. However, Mmix is defined to be proportional
to N−1. Models with larger value of N have smaller value of Mmix. The effect of
increasing N offsets the effect made by decreasing Mmix. Thus, the dispersion is not
affected by N .

2.4.3 The effect of SN feedback to the enrichment of r-process
elements

The value and scatters in the abundance ratio of [Eu/Fe] must be affected by SFR,
especially for metal-poor stars. In order to examine the effect of SFR, we discuss
[Eu/Fe] as a function of [Fe/H] with the model mExt, in which extremely weak SN
feedback energy (ϵSN = 3 × 1049 erg) and low threshold density for SF (nth = 0.1
cm−3) are assumed (Table 2.2). According to Appendix A, the weaker feedback
model produces higher SFR and model with smaller value of nth shifts the peak of
SFR to the earlier time. Since mExt has lower values of ϵSN and nth, stars are more
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Figure 2.9: (a) Median [Eu/Fe] as a function of [Fe/H] produced by
the different number of nearest neighbor particles (Nngb). Solid curves
are the median of model prediction and dashed curves are the first and
third quartiles. Red curve represents mN16 (Nngb = 16). Black curve
represents m000 (Nngb = 32). Green curve represents mN64 (Nngb =
64). Blue curve represents s000 (without metal mixing in SF region).
(b) Median [Eu/Fe] as a function of [Fe/H] produced by different
initial number of particles (N). Red curve represents m014 (N = 214).
Green curve represents m016 (N = 216). Blue curve represents m017
(N = 217). Sky blue curve represents m018 (N = 218). Black curve

represents m000 (N = 219).
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Table 2.3: Mass of metal mixing region.

Model N Nngb Mmix
(104M⊙)

m000 219 32 1.3
mN16 219 16 0.6
mN64 219 64 2.7
m018 218 32 2.6
m017 217 32 5.1
m016 216 32 10.3
m014 214 32 41.0

The columns correspond to the name of model, initial total number of
particles (N), the number of nearest neighbor particles (Nngb), and mass of
the mixing region (Mmix).

easily produced comparing to the model m000. The SFR of model mExt during the
first 1 Gyr rises rapidly and is larger than 10−2M⊙yr−1. The peak of SFR reaches
∼ 10−1M⊙yr−1, while that of m000 is ≲ 10−3M⊙yr−1. The SFR of model mExt at ≲
1 Gyr is much higher than the observational values (Figure 2.3).

Figure 2.10 shows [Eu/Fe] as a function of [Fe/H] in model mExt. This model
predicts significantly different [Eu/Fe] from m000 (Figure 2.7) although both models
adopt the same initial distribution of gas particles. Model mExt produces a distribu-
tion of r-deficient stars around [Fe/H] ∼ −2. In addition, no stars are produced below
[Fe/H] ∼ −3.

This difference is related to the timescale of chemical evolution in the early phase
of the galaxy formation. For model m000, the median metallicity of gas particles at
1 Gyr is [Fe/H] = −3.32. On the other hand, the median metallicity of gas particles in
mExt is [Fe/H] = −0.91 at 1 Gyr. The SFE of model mExt is estimated to be ∼ 0.1–1
Gyr−1. The value of SFE is comparable to some other inhomogeneous chemical
evolution studies (Argast et al., 2004; Cescutti et al., 2015; Wehmeyer, Pignatari,
and Thielemann, 2015). Model mExt proceeds chemical evolution much faster than
m000 due to the high SFR of mExt (∼ 10−2M⊙yr−1). The [Eu/Fe] as a function
of [Fe/H] in model mExt is inconsistent with the observation due to fast chemical
evolution by the high SFR. This result suggests that the SFR and SFE in the early
phase of dSphs are ≲ 10−3M⊙yr−1 and ≲ 0.10 Gyr−1, respectively, if the r-process
elements are ejected by NSMs with a long merger time (∼100 Myr). As shown in
Figure 2.3, the SFR of ∼ 10−3M⊙yr−1 is a reasonable agreement with the observed
value of the Fornax dSph (de Boer et al., 2012a). This SFR is also consistent with
sub-halo models of Ishimaru, Wanajo, and Prantzos (2015) (Case 1 in their model
suggests that the appropriate value of SFE for a sub-halo with a stellar mass of 107M⊙
should be 0.10 Gyr−1, which corresponds to the order of SFR as ∼ 10−3M⊙yr−1).
They also suggest that the observed [Eu/Fe] scatter in metal-poor stars by NSMs with
a long merger time.
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Figure 2.10: [Eu/Fe] as a function of [Fe/H] of model mExt (Mtot =
7×108 M⊙, c⋆ = 0.033, nth = 0.1 cm−3, ϵSN = 3×1049 erg, and t = 100

Myr). Symbols are the same as Figure 2.5.
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2.4.4 Merger times of NSMs
In this section, we discuss the effect of merger times of NSMs. Figure 2.11 shows
resultant [Eu/Fe] as a function of [Fe/H] by NSMs with different merger times (tNSM).
Eu in Figure 2.11 (a) and (b) are produced by NSMs with tNSM = 10 Myr (mt10) and
500 Myr (mt500), respectively. Although mt10 has a slightly smaller fraction of stars
in −3 < [Fe/H] < −2 than model m000, the global relative abundance ratio is similar
to m000 (tNSM = 100 Myr). Contrary to the models m000 and mt10, the model with
much longer merger times such as 500 Myr in mt500 shows large scatters in [Eu/Fe]
at higher metallicity and cannot account for the observed scatters in [Fe/H]∼ −3.

Figure 2.12 shows [Fe/H] as a function of the substantial galactic age, i.e., the
elapsed time from the rise of the major SF. As shown in Figure 3, we can regard that
the major SF arises from 600 Myr from the beginning of the calculation. The average
metallicity of stars is almost constant during the first ∼ 300 Myr. Due to low SFE of
the galaxy, spatial distribution of metallicity is highly inhomogeneous in ≲ 300 Myr.
In this epoch, since most of gas particles are enriched only by a single SN, metallicity
of stars is mainly determined simply by the distance from each SN to the gas particles
which formed the stars. Therefore, NSMs with tNSM ∼ 100 Myr can account for
the observation of EMP stars, as well as those with tNSM ∼ 10 Myr. In contrast,
metallicity is well correlated with the galactic age after ∼ 300 Myr, irrespective of
the distance from each SN to the gas particles. Because SN products have already
been well mixed in a galaxy, the stellar metallicity is determined by the number of
the SNe, which enriched the stellar ingredients. Therefore, if merger times of NSMs
are much longer than ∼ 300 Myr, it is too long to reproduce observations.

2.4.5 The rate of NSMs
Although the Galactic rate of NSMs is highly uncertain, the yields of r-process
elements in our models are related to the NSM rate as already mentioned in Section
2.2.1. The estimated Galactic NSM rate is 10−6 to 10−3 yr−1 based on three observed
binary pulsars (Abadie et al., 2010b). Table 2.4 lists yields of models discussed here.
Figure 2.13 shows predicted [Eu/Fe] as a function of [Fe/H] assuming different NSM
rate. Figure 2.13 (a) and (b) represent models with the NSM fractions fNSM = 0.001
(mr0.001) and fNSM = 0.1 (mr0.1), respectively. The corresponding NSM rate in a
MW-like galaxy is ∼ 10−5 yr−1 (mr0.001) and ∼ 10−3 yr−1 (mr0.1). Model mr0.001
predicts larger scatter and a smaller number of stars at [Fe/H] < −3 than m000. Model
mr0.001 has [Eu/Fe] dispersion by more than 3 dex at [Fe/H] = −2. In addition, there
remains ∼ 1 dex dispersion even for stars with [Fe/H] > −2. In contrast, model mr0.1
predicts smaller scatter than m000, although it does not seem to be inconsistent with
observations. Such tendencies are also seen in Argast et al. (2004), Komiya et al.
(2014) and van de Voort et al. (2015).

Our fiducial model, m000, reproduces the observed r-process ratio as discussed
in Section 2.4.2. The NSM rate of m000 for a MW-like galaxy is ∼ 10−4 yr−1. The
total mass of r-process elements produced by each NSM corresponds to ∼ 10−2M⊙.
The value is consistent with recent nucleosynthesis calculations: 10−3M⊙ to 10−2M⊙
(e.g., Goriely, Bauswein, and Janka, 2011; Korobkin et al., 2012; Hotokezaka et al.,
2013; Bauswein, Goriely, and Janka, 2013; Wanajo et al., 2014).
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Figure 2.11: [Eu/Fe] as a function of [Fe/H] with different merger
times of NSMs. (a): mt10 (tNSM = 10 Myr). (b): mt500 (tNSM = 500

Myr). Symbols are the same as Figure 2.5.
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Figure 2.12: [Fe/H] as a function of time of model m000. The
horizontal axis is plotted from 600 Myr from the start of the simulation.
Black curve is the average of the metallicity in each age. Contour is

the same as Figure 2.5.
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Table 2.4: List of yields.

Model fNSM Mr
(M⊙)

mr0.001 0.001 10−1

m000 0.01 10−2

mr0.1 0.1 10−3

The columns correspond to the name of models, fraction of NSMs ( fNSM),
and total yields of r-process elements (Mr). Fraction of NSMs is the
fraction of stars that cause NSMs in the mass range 8 – 20 M⊙.

Argast et al. (2004) construct an inhomogeneous chemical evolution model of the
MW halo. Their model is difficult to reproduce [Eu/Fe] by NSMs with the Galactic
NSM rate of 2×10−4 yr−1 due to high SFE. [Eu/Fe] produced in their model is similar
to that of mExt (Figure 2.10).

From the discussion above, NSM rate of ∼ 10−4 yr−1 in a MW size galaxy
is preferred to reproduce the observed [Eu/Fe]. This rate is consistent with the
estimated galactic NSM rate from the observed binary pulsars (Abadie et al., 2010b).
Near future gravitational detectors, KAGRA, advanced LIGO, and advanced VIRGO
(Abadie et al., 2010a; Kuroda and LCGT Collaboration, 2010; Accadia et al., 2011;
Abbott et al., 2016) are expected to detect 10 – 100 events per year of gravitational
wave from NSMs.

2.5 Summary
We have carried out numerical simulations of chemodynamical evolution of dSphs
using N-body/SPH code, asura to investigate the enrichment history of r-process
elements. This study suggests that NSMs with merger times of ∼ 100 Myr and the
Galactic event rate of ∼ 10−4 yr−1 can explain the dispersion of [Eu/Fe] in reasonable
agreement with observations in EMP stars. This study supports that NSMs are the
major astrophysical site of the r-process. Our isolated dSph models reproduce basic
properties of the observed LG dSphs such as radial profiles, time variations of the
SFR as well as metallicity distribution. Here, we summarize the main results.

(1) The abundance ratio of [Eu/Fe] produced in our models without metal mixing
in SF regions has too large dispersion. This is because metals in a gas particle
do not diffuse out to mix into the other particles throughout the evolution of
galaxies. This issue will be extensively studied in Chapter 5.

(2) Models with metal mixing in SF region reproduce the observed [Eu/Fe] distribu-
tion and its scatter as a function of [Fe/H]. Our model shows good convergence
of the resolution. We show that NSMs with tNSM = 100 Myr is favorable for re-
producing the observed [Eu/Fe] as a function of metallicity. This result implies
that the metal mixing process is critical to reproduce the [Eu/Fe] distribution.
In addition, this study suggests that the SFR of dSphs in the early epoch of their
evolution (∼ 1 Gyr) is ≲ 10−3M⊙yr−1.
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Figure 2.13: [Eu/Fe] as a function of time with different rate of NSMs.
(a): mr0.001 ( fNSM = 0.001). (b): mr0.1 ( fNSM = 0.1). Symbols are

the same as Figure 2.5.
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(3) NSMs with a merger time of ≲ 300 Myr are acceptable to account for the
observed abundance of EMP stars. This is because metallicity is not correlated
with time up to ∼ 300 Myr from the start of the simulation due to low SFE of
the model galaxy.

(4) This study suggests that the Galactic NSM rate to account for the observed
r-process abundance scatters is ∼ 10−4 yr−1. The total mass of r-process
elements ejected by one NSM is ∼ 10−2M⊙, which is consistent with the
value suggested by nucleosynthesis studies (10−3–10−2M⊙). Next generation
gravitational detectors KAGRA, advanced LIGO and advanced VIRGO are
expected to detect gravitational waves from NSMs and their event rates would
be over 10 per year. Their detections will give us more reliable galactic NSM
rate.

In this study, we have focused on the enrichment history of r-process elements
in isolated dSphs with fixed mass. To fully understand the enrichment history of
r-process elements in the LG galaxies, it is important to show how the mass and size
of galaxies affect the enrichment of r-process elements (Chapter 3).

Recent observations suggest that the low abundance of r-process elements ([Ba/Fe]2
< −1) in stars with [Fe/H] < −3.5. These stars provide clues to understand the astro-
physical site(s) of r-process elements and the metal enrichment in the first galaxies.
Some studies suggest that the r-process abundance of these stars can be explained
by short merger times channel (∼ 1 Myr) of NSMs (Ishimaru, Wanajo, and Prantzos,
2015) or accretion of materials from inter stellar medium to the Population III stars
(Komiya et al., 2014). Since we have only focused on the star-to-star scatters of
[Eu/Fe] in stars with [Fe/H] ∼ −3 assuming that NSMs are the major site of r-process
in this thesis, we have not discussed the origin of these stars. It is profitable to discuss
the origin of these stars by the detailed simulation of galaxies.

To address all of these issues, it is required to understand how the MW halo
formed. We need to clarify the relation between the building block galaxies of the
MW and the present LG dSphs. Chapter 6 extends our numerical simulations of
chemodynamical evolution of dSphs to cosmological zoom-in simulations in order to
fully understand the enrichment of r-process elements in the LG galaxies and confirm
the validity of the scenario of hierarchical structure formation.

2Barium (Ba) can also be regarded as the r-process element in [Fe/H] ≲ −3
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Chapter 3

Early chemodynamical evolution of
dwarf galaxies deduced from
r-process elements

The abundance of r-process elements of EMP stars in the LG galaxies gives us clues to
clarify the early evolutionary history of the MW halo. The LG dwarf galaxies would
have similarly evolved with building blocks of the MW halo. However, how the
chemodynamical evolution of the building blocks affects the abundance of r-process
elements is not yet clear. In this chapter, we perform a series of simulations using
dwarf galaxy models with various dynamical times and total mass, which determine
SFHs. We find that galaxies with dynamical times longer than 100 Myr have SFRs
less than 10−3M⊙ yr−1 and slowly enrich metals in their early phase. These galaxies
can explain the observed large scatters of r-process abundance in EMP stars in the
MW halo regardless of their total mass. On the other hand, the first NSM appears
at a higher metallicity in galaxies with a dynamical time shorter than typical NSM
times. The scatters of r-process elements mainly come from the inhomogeneity of
the metals in the interstellar medium whereas the scatters of α-elements are mostly
due to the difference in the yield of each SN. Our results demonstrate that the future
observations of r-process elements in EMP stars will be able to constrain the early
chemodynamical evolution of the LG galaxies1.

3.1 Review: Enrichment of r-process elements in dwarf
galaxies and building blocks of the MW

The chemical abundance of EMP stars ([Fe/H]≲ −3) provides us insight into the early
evolutionary history of galaxies. Although observations of the MW halo stars cannot
directly show us how the MW progenitor galaxies evolved, the chemical abundances
of the LG dwarf galaxies would provide hints to help us understand the evolutionary
histories of the building blocks of the MW (e.g., Karlsson, Bromm, and Bland-
Hawthorn, 2013; Lee et al., 2013; Lee et al., 2015; Bland-Hawthorn, Sutherland,
and Webster, 2015). Each dwarf galaxy seems to have a different distribution of r-
process elements whereas observed abundances of elements lighter than Zn in EMP
stars of dwarf galaxies are more or less in reasonable agreement with those of the

1Contents in this chapter have been published in Hirai, Ishimaru, Saitoh, Fujii, Hidaka, and Kajino
(2017).
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MW halo (Frebel et al., 2010; Frebel, Kirby, and Simon, 2010). The enhancements of
r-process elements of dSphs are slightly lower than those of the MW halo (e.g., Frebel
and Norris, 2015). On the other hand, UFDs have significantly depleted r-process
abundances in general (e.g., Frebel and Norris, 2015) except for the Reticulum II
UFD, which shows substantial enhancement of Eu (Roederer et al., 2016; Ji et al.,
2016b; Ji et al., 2016a). Although the distribution of [r/Fe] seems to differ among
dwarf galaxies, the dispersion at the given metallicity in the sum of different dwarf
galaxies agrees well with that of the MW halo stars. These observational results
imply that the LG dwarf galaxies should have similarly evolved with building blocks
of the MW in the early phase.

Ishimaru, Wanajo, and Prantzos (2015) have shown that NSMs with a long merger
time of 100 Myr can explain the observed ratio of r-process elements to iron such as
[Eu/Fe] if the MW halo formed via hierarchical mergers of sub-halos with different
SFEs. SFEs of progenitor galaxies of the MW are deeply related to the dynamical
evolution of galaxies. It is thus required to examine the dependence on the SFEs
on dynamical conditions, by using chemodynamical simulations of galaxies beyond
simple chemical evolution models. Shen et al. (2015) and van de Voort et al. (2015)
performed hydrodynamic MW-formation simulations beginning from cosmological
initial conditions. Their simulations can self-consistently follow the evolutionary
history of the MW. However, mass resolutions of their models are not enough to
discuss sub-structures of the MW halo.

In Chapter 2, we have constructed N-body/SPH models of dwarf galaxies with
higher resolution. Results in Chapter 2 suggest that the observed [Eu/Fe] in EMP
stars can be accounted for by NSMs with merger times of ≲ 300 Myr. Low SFE in
the early phase of the evolution of dwarf galaxies causes the formation of EMP stars
with r-process elements that are consistent with observations. They also identified
that enrichment of r-process elements has a strong connection with the dynamical
evolution of galaxies. These simulations were, however, performed for a fixed dark
matter halo model producing only one example of the evolutionary history of a dwarf
galaxy. On the other hand, observational studies suggest a diversity of SFHs of
the LG dwarf galaxies (e.g., Tolstoy, Hill, and Tosi, 2009). We, therefore, perform
simulations with the MW progenitor galaxies with different dynamical evolution to
examine how the dynamical evolution of galaxies affects the enrichment of r-process
elements.

In Section 3.2, we describe isolated dwarf galaxy models. In Section 3.3, we
compare the properties of our models and the observed dwarf galaxies. In Section
3.4, we show the relation between the dynamical evolution of dwarf galaxies and
enrichment of r-process elements. Section 3.5 discusses the implication to the MW
halo formation. In Section 3.6, we summarize the main results.
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3.2 Isolated dwarf galaxy models
In this chapter, we assume isolated dwarf galaxy models described in Section 2.2.4.
We set the total number of particles and the gravitational softening length equal to 219

and 7.0 pc, respectively. We take the mass ratio of gas-to-dark matter particle of 0.15
(Planck Collaboration et al., 2014). Both dark matter and gas particles follow the
pseudo-isothermal profile (Equation 2.3). The initial values of ρc (0.5 – 10.0 × 107

M⊙ kpc−3) evolve to stellar central density of ∼ 108−10 M⊙ kpc−3 at 13.8 Gyr from
the beginning of the simulation. These values are consistent with central densities of
the observed nearby dwarf galaxies (∼ 106−10 M⊙ kpc−3, Oh et al., 2011; Adams
et al., 2014; Oh et al., 2015; Burkert, 2015).

The total mass of the galaxy (Mtot) satisfies the following equation,

Mtot = 4πρcr3
c

[
rmax
rc

− arctan
(
rmax
rc

)]
, (3.1)

where rmax is the maximum outer radius. We fix rmax = 7.1 rc (Chapter 2) except for
model D. Model D has rmax = rc = 1 kpc to discuss the chemodynamical evolution
of dwarf galaxies having very high density, resulting in a strong inflow at the early
evolutionary phase. We summarize parameters of all models in Table 3.1. The
central density and total mass are the free parameters of our models. We can estimate
the dynamical times of the central region of galaxies from the density of the system
(tdyn =

√
3/4πGρc), where G is the gravitational constant. Higher ρc therefore gives

shorter tdyn. We can calculate other parameters from Equations (2.3) and (3.1) with
the total number of particles of 219.
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We have performed the high-resolution simulation to resolve the scale down to
∼ 10 pc properly using asura (Saitoh et al., 2008; Saitoh et al., 2009). Section 1.4
describe the details of our code. The mass of a star particle in this simulation is
∼ 100 M⊙. When the mass of a star particle is ∼100 M⊙, there are ∼ 1 SNe in an
SSP particle. In this case, the results depend on the way how we sample the IMF
(Revaz et al., 2016). We randomly sample the IMF following Okamoto, Nemmen,
and Bower (2008). The IMF sampling is significantly important when we discuss the
[α/Fe] ratio in galaxies because SN produces both α-elements and Fe and different
mass SNe produce a different ratio of [α/Fe]. On the other hand, when we discuss
Eu abundance, the effect of IMF sampling is smaller than the α-element abundance
because Eu yield does not depend on the mass of the progenitors of NSMs (Wanajo
et al., 2014). We have checked that scatters of [Eu/Fe] do not strongly depend on the
resolution of the simulation.

The chemodynamical evolution of dwarf galaxies strongly depends on the initial
density and total mass (Carraro et al., 2001; Chiosi and Carraro, 2002; Valcke, de
Rijcke, and Dejonghe, 2008; Revaz et al., 2009; Revaz and Jablonka, 2012). The
initial density affects the SFHs of dwarf galaxies (Carraro et al., 2001). Isolated dwarf
galaxy models with different total masses describe various observational properties
(Valcke, de Rijcke, and Dejonghe, 2008). These are therefore two critical parameters
to understand in the relation between the dynamical evolution and enrichment of r-
process elements. They affect the final properties of dwarf galaxies such as metallicity
and stellar mass (Revaz and Jablonka, 2012).

Figure 3.1 shows the initial radial density profiles of dark matter particles in our
models. The initial central density varies by ∼ 1 dex among models A, B, C, and D
(Figure 3.1a). On the other hand, models A, E, and F have different values of the
total mass, but the central density is the same among them (Figure 3.1b). In Section
3.3, we show that these models reproduce the observed chemical properties of dwarf
galaxies.

3.3 Comparison with observed dwarf galaxies
In this section, we compare the predicted and observed properties of dwarf galaxies.
Hydrodynamic simulations of galaxies still rely on sub-grid physics such as metal
mixing and SN feedback which cannot resolve in simulations of galaxies. It is thus
necessary to confirm that our simulations are consistent with fundamental properties
of observed galaxies. Here we show that the MDF, mass–metallicity relation and
[α/Fe] as a function of [Fe/H] predicted in our models are not significantly different
from the observed dwarf galaxies.

3.3.1 Metallicity distribution functions
Figure 3.2 shows the computed MDF after 14 Gyr from the beginning of the simula-
tion. We plot the results at 14 Gyr to compare with observational data of the LG dwarf
galaxies. Table 3.2 shows stellar mass, median metallicity, and standard deviations of
our models at 14 Gyr. Although we did not try to match the observed dwarf galaxies,
standard deviations of MDFs (∼0.35–0.60) lie within that of the observed LG dwarf
galaxies (0.32–0.66, Kirby et al., 2013). These MDFs reflect the SFHs of each
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Figure 3.1: Initial density profiles of dark matter particles. (a) Radial
dark matter profiles of models with different initial densities. Red,
green, blue, and orange curves represent models A, B, C, and D, re-
spectively. (b) The same as those in (a) but for different total masses.
Red, cyan, and magenta curves represent models A, E, and F, respec-

tively.

galaxy. Higher central density models (A, B, C, and D) have steeper slopes of MDFs
in low metallicity (Figure 3.2a). This result implies that metals are enriched faster
in higher central density models in their early phase. The MDF of Model D shows
a narrow peak with low-metallicity tail due to rapid chemical evolution in its early
phase. On the other hand, the MDF of model F has a sharp cut-off in the metal-rich
side because the SFR does not decrease too much from its peak value.

Figure 3.3 shows gas MDFs at 0.2 Gyr from the beginning of the SF. This time
roughly corresponds to the time when the first NSM occurs. According to this figure,
the gas MDFs of models A, B, E, and F are broader than those in models C and D.
Inhomogeneity of gas phase metallicity significantly affects the scatters of [Eu/Fe]
(see Section 3.4.1).

3.3.2 Mass–metallicity relation
In Figure 3.4, we show the comparison of the predicted mass–metallicity relation to
that of the observed dwarf galaxies. The median metallicity in our models increases
as the stellar mass increases. This feature is consistent with the observation (Kirby et
al., 2013). Both metallicity and stellar mass increase as the density (models A, B, C,
and D) or total mass (models A, E, and F) increases. More massive or higher density
galaxies have deeper gravitational potential well than less massive or lower-density
galaxies. In such galaxies, gas and metals are barely removed from the galaxies (e.g.,
Dekel and Silk, 1986). In this sense, total mass and density have similar effects on
the final stellar mass and metallicity.
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Table 3.2: Final properties of our models. From left to right the
columns show model name, stellar mass, median metallicity, and stan-

dard deviation of MDF.

Model M∗ ⟨[Fe/H]⟩ σ

(106 M⊙)
A 0.3 −2.6 0.35
B 1.2 −2.4 0.39
C 3.4 −2.0 0.40
D 6.4 −1.5 0.60
E 8.0 −1.8 0.44
F 170.0 −1.3 0.42

Figure 3.2: Stellar metallicity distribution functions at 14 Gyr. (a)
MDFs of models with different initial densities. Red, green, blue, and
orange curves represent models A, B, C, and D, respectively. (b) The
same as those in (a) but for different total masses. Red, cyan, and

magenta curves represent models A, E, and F, respectively.
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Figure 3.3: Gas MDFs at 0.2 Gyr from the onset of SF. This time
roughly corresponds to the time when the first NSM occurs. (a) Gas
MDFs of models with different initial densities. Red, green, blue, and
orange curves represent models A, B, C, and D, respectively. (b) The
same as those in (a) but for different total masses. Red, cyan, and

magenta curves represent models A, E, and F, respectively.

Slightly lower metallicity by ∼ 0.4 dex in our models than that in the observations
is due to the lack of SNe Ia. According to the observed [α/Fe] as a function of [Fe/H]
in the MW halo stars, SNe II and SNe Ia produce ∼ 35–40 % and ∼ 60–65 % of
solar Fe (Goswami and Prantzos, 2000; Prantzos, 2008). Note that the increase of
metallicity due to SNe Ia in different galaxies is not a constant value. It is affected by
SFHs of each galaxy. However, since the aim of this chapter is to discuss r-process
elements produced in the early phase of galaxy evolution where the contribution of
SNe Ia is negligible, discussion of the effect of SNe Ia is beyond the scope of this
chapter. We thus simply shift the metallicity with 0.4 dex in each galaxy to compare
with the observation as shown in large symbols in Figure 3.4.

Metallicity in model D is higher than that of the observed mass–metallicity
relation. Metals in model D are efficiently retained inside the galaxy because strong
inflow caused by a very compact density profile (Figure 3.1) in the early phase
prevents metal-outflow. This model is too extreme as an initial condition for the
dwarf galaxies and indeed the resulting stellar mass and metallicity deviate from
the observed relation. From the viewpoint of the mass–metallicity relation, we can
exclude model D from the models that represent the observed LG dwarf galaxies.

The slope of the mass–metallicity relation given by models in Figure 3.4 is slightly
steeper than that of the observation. This result might be related to the lack of tidal
disruption effect, which we did not implement in this study and insufficient feedback.
The stellar mass of small galaxies can be easily reduced by tidal disruptions (e.g.,
Nichols, Revaz, and Jablonka, 2014). Stellar feedback also affects the slope of the
mass–metallicity relation. In our simulations, we only assume thermal feedback from
SNe. Okamoto, Shimizu, and Yoshida (2014) point out that the radiation-pressure
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feedback from young stars suppresses SF more efficiently in galaxies with higher
metallicity and produces a shallower slope of the mass–metallicity relation. Several
semi-analytic models, as well as hydrodynamic simulations, report the steeper slope
(e.g., Davé et al., 2013; Lu et al., 2014; Torrey et al., 2014; Somerville and Davé,
2015). Isolated dwarf galaxy models adopted in this study might, however, over-
simplify the evolutionary history of dwarf galaxies. We will study the evolutionary
history of the LG galaxies in the context of standard ΛCDM cosmology in Chapter
6.

3.3.3 α-element abundance
Figure 3.5 shows [Mg/Fe] as a function of [Fe/H] for stars before the onset of SNe
Ia (after 1 Gyr from the onset of the SF). The scatters in the observed [Mg/Fe] in
EMP stars are less than 0.2 dex. According to Figure 3.5, all models reproduce the
low scatters of [Mg/Fe]. Besides, the metallicity of all models except for model D
is [Fe/H] ≲ −2 at 1 Gyr. These results suggest that SNe Ia start to contribute at
around [Fe/H] ∼ −2 in these models, i.e., [Mg/Fe] begins to decrease at around this
metallicity that is consistent with the observed MW dSphs. On the other hand, the
metallicity of model D is already too high to explain [Mg/Fe] in the MW dSphs.
Decreasing trend of [Mg/Fe] in models C and D reflects the adopted yield that more
massive stars produce higher [Mg/Fe] ratio (Nomoto et al., 2006).

Figure 3.6 shows the standard deviation of [Mg/Fe] as a function of [Fe/H]. We
can confirm that scatters of all models have lower than 0.2 dex. Standard deviations
of all models decrease as the metallicity increases. This result reflects that the spatial
distribution of metallicity becomes homogeneous in higher metallicity. Figure 3.7
shows [Mg/Fe] as a function of [Fe/H] for gases at 1 Gyr. According to this figure,
the scatters of [Mg/Fe] are also small in the ISM of our models. According to these
results, we confirm that all models have low [Mg/Fe] scatters in EMP stars. This
result ensures that the metal mixing scheme adopted here is not too unnatural.

The small scatter of [Mg/Fe] mainly come from the difference in the yields of
each SN rather than the spatial inhomogeneity of the abundance of Mg and Fe. Since
SNe synthesize both Mg and Fe, the spatial variations of the abundance of Mg and Fe
are related. When the abundance of Fe is high in a region, Mg is also high in many
cases. Therefore, they offset each other due to the above relation making the resultant
scatters of [Mg/Fe] very small.

3.4 Enrichment of r-process elements

3.4.1 Effects of initial density of halos
The difference in dynamical evolution directly affects the time variations of SFRs that
strongly influence the enrichment of r-process elements. Here we show the effects of
initial density of halos (models A, B, C, and D). Figure 3.8 shows the SFHs in models
A, B, C, and D. The gases collapse during the initial dynamical time, tdyn and then
the first SF occurs. Dynamical times in models A and B are much longer than the
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Figure 3.4: Stellar mass–metallicity relation for models and the LG
dwarf galaxies. Large, colored dots stand for 0.4 dex shifted metallicity
to account for lack of SNe Ia in models A (red filled circle), B (green
filled circle), C (blue filled circle), D (orange inverted triangle), E
(cyan filled square), and F (magenta filled square). Small colored dots
stand for the same models, but their metallicity is not corrected. Black
diamonds, triangles, and squares with error bars are the observed value
of the MW dSphs, M31 dSphs, and the LG dIrrs, respectively (Kirby
et al., 2013, K13). The sky-blue dot–dashed line represents the least
square fitting of the samples of (Dekel and Woo, 2003, D03): [Fe/H]
∝ M0.40

∗ . The purple dashed line represents the least-square fitting of
K13: ⟨[Fe/H]⟩ = (−1.69 ± 0.04) + (0.30 ± 0.02) log

(
M∗/106M⊙

)
.

The green line represents the least-square fitting of models except for
model D: ⟨[Fe/H]⟩ = (−1.93±0.05)+ (0.50±0.04) log

(
M∗/106M⊙

)
.
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Figure 3.5: [Mg/Fe] as a function of [Fe/H] for stars predicted by
models after 1 Gyr evolution, i.e., before the onset of SNe Ia. The time
of the onset of SF from the start of the simulation in models A, B, C, D,
E, and F is 0.21, 0.06, 0.02, 0.02, 0.27, and 0.10 Gyr, respectively. We
plot models A, B, C, and D, E, F from left to right in top and bottom
panels, respectively. Gray scales are the number of stars predicted in
our models, between 1 (black) and 100 (white). The small dots are the
observed value of the MW halo stars. Red, blue, green, cyan, magenta,
and orange dots are the observed value of Carina, Draco, Fornax, Leo
I, Sculptor, and Ursa Minor dwarf galaxies, respectively. We compile
all data in SAGA database (Suda et al., 2008; Suda et al., 2011; Suda

et al., 2014; Yamada et al., 2013).
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Figure 3.6: Standard deviation of stellar [Mg/Fe] (σ) as a function
of [Fe/H] after 1 Gyr from the onset of SF. Red, green, blue, orange,
cyan, and magenta curves represent models A, B, C, D, E, and F,

respectively.
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Figure 3.7: [Mg/Fe] as a function of [Fe/H] for gas computed by
models at 1 Gyr from the onset of SF. We plot models A, B, C, and D,
E, F from left to right in top and bottom panels, respectively. Contours

are the mass fraction of gas.
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lifetimes of SN progenitors (∼ 10 Myr). This fact means that SN feedback from the
first generation stars heats the ISM to prevent the subsequent collapse of gases and
the formation of the next generation stars. The SFR in the early epoch is therefore
as low as ≲ 10−3 M⊙yr−1 in models A and B (Figure 3.8), which is consistent with
the average observed SFR of the LG dwarf galaxies estimated from color–magnitude
diagrams (e.g., de Boer et al., 2012b; de Boer et al., 2012a; Weisz et al., 2014).

On the other hand, dynamical times in models C and D are comparable to the
time-scale of the first SN feedback. In these models, SFRs are not suppressed by
the SN feedback due to short dynamical times. The SFR in the early epoch thus
significantly rises as shown in Figure 3.8. When the contribution of SN feedback
increases as the time passes, the SFR is suppressed in these models.

In Figure 3.9, we show the mean stellar [Fe/H] in each model as a function of
time. The cross symbol indicates the mean value of [Fe/H] at 100 Myr after the
first SF takes place in each model. This metallicity corresponds to the metallicity
at which the first NSM occurred. Hereafter, we denote this value of metallicity as
[Fe/H]0. As shown in Figure 3.9, the value of [Fe/H]0 increases from lower to higher
density models, i.e., [Fe/H]0 = −3.2,−3.0,−2.2, and −1.4 for models A, B, C, and
D, respectively. These metallicities roughly correspond to those at which the large
dispersion in [Eu/Fe] appears. The value of [Fe/H]0 depends on the rate of increase
in metallicity before the first NSM occurs. Higher SFRs of models C and D increase
metallicity before the first NSM occurs resulting in a higher value of [Fe/H]0 as shown
in Figure 3.9. Metallicities in models C and D become almost constant after the time
for [Fe/H]0 due to suppressed SFRs.

Figure 3.10 shows [Eu/Fe] of stars formed in our simulations as functions of
[Fe/H] at 1 Gyr from the beginning of the SF, i.e., before the onset of SNe Ia. From
models A to C, as the central density increases, the average [Fe/H] at which the first
NSM occurs shifts from lower to higher metallicity and the dispersion of [Eu/Fe]
decreases. Stars enriched by r-process elements appear at around [Fe/H] ∼ −3 in
models A and B. Few EMP stars are however formed in model C. This means that
star-to-star scatters of the r-process elements at [Fe/H] ∼ −3 seen in the MW halo
do not come from dwarf galaxies like those in model C. These galaxies contribute to
the stars in higher metallicity in the MW halo. Model D shows the scatters of [Eu/Fe]
in [Fe/H] > −2, which contradict the observations. This result indicates that the
assumption of an extremely flat initial dark matter profile (Figure 3.1) is unrealistic.
We can, therefore, exclude model D from the MW progenitor galaxies at least in terms
of Eu abundance.

The star-to-star scatters of [Eu/Fe] can come from inhomogeneous spatial distri-
bution of metals in ISM of dwarf galaxies (Chapter 2). Figure 3.11 shows the standard
deviation of [Eu/Fe] (σ) as a function of [Fe/H]. Models A and B in Figure 3.11 lead
to larger dispersion (σ > 1) than model C (σ < 0.4) in [Fe/H] ≲ −2.5. As shown
in Figure 3.3, models A and B have broader gas MDFs than those of models C and
D. These results suggest that the spatial distribution of metals is still inhomogeneous
in models A and B when NSMs have first occurred whereas the ISM must have been
already homogenized in model C.

To quantify the inhomogeneity of metallicity in galaxies, Argast et al. (2000)
introduced a metal pollution factor ( fpoll). We define it with Mpoll/Mgas, where Mpoll
is the gas mass polluted by SNe and Mgas is the total gas mass in the galaxy. According
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Figure 3.8: SFRs as a function of time. Red, green, blue and orange
curves show models A, B, C, and D, respectively. Vertical dotted lines
show the time 1 Gyr after the formation of first stars in each model.
These lines correspond to the time when Figure 3.10 is plotted. Vertical

dotted lines of model C (blue), and D (orange) are overlapped.
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Figure 3.9: The mean stellar [Fe/H] as a function of time (solid
curves). Red, green, blue and orange curves show models A, B, C,
and D, respectively. Vertical lines are the dispersion of 2σ. We plot
these lines when the number of stars is more than two. Around 0.1
Gyr, there is only one star in model C in each bin. Crosses indicate
the value of [Fe/H]0. Vertical dotted lines show the time 1 Gyr after
the formation of first stars in each model. These lines correspond to
the time when Figure 3.10 is plotted. Vertical dotted lines of model C

(blue), and D (orange) are overlapped.
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to Argast et al. (2000), Mpoll is equal to NSNMsw, where NSN is the number of SNe
and Msw is the gas mass swept up by an SN. In our case, we need to add the term of
metal mixing in an SF region to fpoll defined in Argast et al. (2000). The pollution
factor in this study is equal to NSNMsw + N⋆Mmix, where Msw is the gas mass within
SPH kernel when we distribute metals, N⋆ is the number of stars and Mmix is the gas
mass used for metal mixing in an SF region. If fpoll ≳ 1, the whole galaxy is polluted
by SNe, i.e., the spatial distribution of metallicity in galaxies is homogeneous. On the
other hand, if fpoll ≲ 1, the spatial distribution of metallicity is still inhomogeneous,
i.e., scatters appear in [Eu/Fe] as a function of [Fe/H]. When we calculate fpoll in our
models, the values of fpoll at 0.2 Gyr from the beginning of the SF are 0.71 (model A),
0.26 (model B), 2.5 (model C), and 41.1 (model D). These results mean that model C
and D that have SFRs of ≳ 10−2 M⊙yr−1 in the early phase is already homogeneous
in metallicity when the first NSMs occurred.
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The observed dwarf galaxies such as Carina, Draco, Fornax, and Sculptor contain
r-process elements in EMP stars, although the number of observed EMP stars is
insufficient to allow us to discuss the star-to-star scatters of r-process elements (e.g.,
Frebel and Norris, 2015). The early SFRs of these galaxies inferred from the color-
magnitude diagrams are ∼ 10−3 M⊙yr−1 (de Boer et al., 2012b; de Boer et al.,
2012a). These values are consistent with models A and B. This result implies that
the initial dynamical time of these dSphs might have been of ∼ 100 Myr.

As discussed in Section 3.4.1, if the SFR is high such as model C, only high-
metallicity stars are enriched by the r-process. The Sagittarius dwarf galaxy is
a candidate for galaxies like model C because it has r-process elements only in
[Fe/H] > −1 if we can sample enough number of stars that have been a member
of the Sagittarius dwarf galaxy since it was formed. Most stars in the Sagittarius
dwarf galaxy are older than 5 Gyr (de Boer, Belokurov, and Koposov, 2015). The
Sagittarius dwarf galaxy might have formed with a high initial density and formed
stars with a high SFR. However, the number of observed stars is not sufficient to
permit us to conclude. We need statistics of the stars at [Fe/H] < −1 to confirm that
r-process elements are absent in this galaxy.

According to the above discussion, we find that the initial density of halos of
galaxies significantly affects the early SF and the enrichment of r-process elements.
Although we should confirm this in cosmological simulations of the formation of
dwarf galaxies, we expect that their evolutions are similar to our model results once
they become a self-gravitating system.

3.4.2 Effects of total mass of halos
According to the hierarchical merging paradigm, the MW halo is formed via accretions
of sub-halos with different masses. The total mass of each galaxy, as well as the
density, is also an important parameter that affects the final metallicity and stellar
mass of galaxies (Revaz and Jablonka, 2012). Thus, it is necessary to examine the
enrichment of r-process elements in dwarf galaxies with different masses.

Figure 3.12 shows time variation of SFRs in models A, E, and F. SN feedback
suppresses SFRs in all these models in the early phase. Their dynamical times are
of the order ∼ 100 Myr, which is longer than the lifetime of massive stars. In these
models, SN feedback can heat the gas around the SF region and prevents subsequent
new SF.

Figure 3.13 shows the mean stellar [Fe/H] as a function of time. The average
metallicities at 100 Myr, [Fe/H]0, in models A, E, and F are [Fe/H]0 < −3.1 due
to suppressed SFR in these models. The value of fpoll is equal to 0.33 (model A),
0.0023 (model E), and 0.011 (model F) at 100 Myr. This result means that the spatial
distribution of metallicity has not yet homogenized in all models at this phase. As
shown in Figure 3.13, all models show large scatters of metallicity over one dex in
this phase as indicated by vertical solid lines. Figure 3.13 suggests that the rate of
increase in [Fe/H] is an almost identical trend irrespective of the total mass.

Figure 3.14 shows the distributions of stars in the [Eu/Fe] versus [Fe/H] diagrams
predicted in models A, E, and F. Large dispersion in [Eu/Fe] appears at [Fe/H] ∼ −3
in models A and E. Figure 3.15 shows the standard deviation of [Eu/Fe] as a function
of [Fe/H]. According to Figure 3.15, models A, E, and F have σ > 1 in [Fe/H]
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Figure 3.11: Standard deviation of [Eu/Fe] (σ) as a function of [Fe/H]
after 1 Gyr from the onset of SF. Red, green, blue, and orange curves

represent models A, B, C, and D, respectively.
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Figure 3.12: SFRs as a function of time. Red, cyan, and magenta
curves show models A, E, and F, respectively. Vertical dotted lines
show the time 1 Gyr after the formation of first stars in each model.
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Figure 3.13: The mean stellar [Fe/H] as a function of time (solid
curves). Red, cyan, and magenta curves show models A, E, and F,

respectively. Symbols and lines are the same as in Figure 3.9.



3.4. Enrichment of r-process elements 75

≲ −3. This result reflects the slow chemical evolution in the early evolutionary
phase. Model F predicts almost no EMP stars with 1 Gyr due to the suppressed SF.
A sufficient number of stars which contain Eu are formed after ∼ 3 Gyr in model F.
The distribution looks similar to those in models A and E. The major SF in model F
starts after ∼ 2 Gyr has passed since the beginning of the simulation. The dispersion
in [Eu/Fe] at 3 Gyr in model F is thus comparable to those of models A and B at 1
Gyr. These results suggest that [Eu/Fe] versus [Fe/H] does not depend on the total
mass of the system.
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3.4.3 Merger times of NSMs
Here, we discuss the effect of merger times of NSMs. In the previous section, we
find that the SFR in the early phase determines the metallicity at the time when
the first NSM occurs. The star-to-star scatters of [Eu/Fe] decrease as the central
density increases depending on the models adopted here (Figure 3.10). As the central
density increases, the dynamical time becomes shorter and the star-to-star scatter of
[Eu/Fe] decreases. To quantitatively examine the relation among three quantities of
the distribution in [Eu/Fe] versus [Fe/H] diagram, dynamical times, and NSM times,
we carried out simulations assuming NSM times of 10 and 500 Myr. These merger
times are respectively shorter and longer than our fiducial value (100 Myr). Dominik
et al. (2012) suggest that the distribution of merger times has a power law with an
index of −1 and the minimum time is ∼ 10 Myr in their binary stellar evolution
models. Eu in EMP stars should come from NSMs whose merger times are shorter
than the typical lifetime of SNe Ia progenitors, i.e., ∼ 1 Gyr. We thus adopt NSM
times of 10 and 500 Myr for models A, B, C, and D.

Figure 3.16 shows [Eu/Fe] as a function of [Fe/H] for models A10, B10, C10, and
D10 with NSM times of 10 Myr. The star-to-star scatters of [Eu/Fe] in models A10
and B10 are not significantly different from each other as those in Figure 3.10. As
shown in Figure 3.16, a large scatter of [Eu/Fe] is seen at [Fe/H] ≲ −2 in model
C10 when an NSM time is assumed to be 10 Myr. However, it is difficult to explain
Eu in low metallicity region ([Fe/H] ≲ −3). In the case of model D10, it does not
explain Eu at all in [Fe/H] < −2. According to Figure 3.9, the average metallicities
for models C10, and D10 reach [Fe/H] > − 2.5 in the first 10 Myr from the beginning
of the simulation. It suggests that Fe increases too fast in these models to explain the
dispersion in [Eu/Fe] of EMP stars.
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Figure 3.15: Standard deviation of [Eu/Fe] (σ) as a function of [Fe/H]
after 1 Gyr for models A, E, and 3 Gyr for model F from the onset
of SF. Red, cyan and magenta curves represent models A, E, and F,

respectively.
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Figure 3.17 shows [Eu/Fe] as a function of [Fe/H] for NSM times of 500 Myr for
models A500, B500, C500, and D500. The dispersions of [Fe/H] in models A500 and
B500 are still over one dex at 500 Myr from the beginning of SF (Figure 3.8). The
large scatter of [Eu/Fe] therefore appear even if we assume an NSM time as 500 Myr.
Models C500, and D500 in Figure 3.17 likewise show that [Eu/Fe] distribution is not
strongly altered if we assume a merger time of 500 Myr.



3.4. Enrichment of r-process elements 81

Fi
gu

re
3.

17
:[

Eu
/F

e]
as

a
fu

nc
tio

n
of

[F
e/

H
]f

or
sta

rs
pr

od
uc

ed
by

N
SM

sw
ith

a
m

er
ge

rt
im

e
of

50
0

M
yr

af
te

r1
G

yr
fr

om
th

e
on

se
to

f
SF

.F
ro

m
le

ft
to

rig
ht

,w
e

pl
ot

m
od

el
sA

50
0,

B
50

0,
C

50
0,

an
d

D
50

0.
Sy

m
bo

ls
ar

e
th

e
sa

m
e

as
Fi

gu
re

3.
10

.



82 Chapter 3. Early chemodynamical evolution of dwarf galaxies deduced from
r-process elements

From these results, we find that star-to-star scatters of r-process elements are not
strongly affected by the merger time in the range 10 – 500 Myr. This result suggests
that even if NSMs have a distribution of merger times, the distribution of [Eu/Fe] in
EMP stars does not significantly change as shown in the previous studies (Hirai et al.,
2015; Shen et al., 2015).

3.5 Implications to the formation of the MW halo
As discussed in Section 3.4, models with low SFR (≲ 10−3 M⊙ yr−1) at the beginning
can reproduce the large scatters in [Eu/Fe] of EMP stars. Therefore, if the EMP stars
in the MW halo formed in accreting sub-halos, the SFR in the sub-halos would be
suppressed such as in models A, B, E, and F. On the other hand, the average metallicity
of the MW halo is [Fe/H] = −1.6 (Ryan and Norris, 1991). Also, the constant α-
element to iron ratio in the MW halo stars ([α/Fe] ≈ 0.5) indicates no contribution of
SNe Ia. This observation means that the metallicity of the MW halo reaches [Fe/H] =
−1.6 before beginning of the contribution of SNe Ia (∼ 1 Gyr). According to Figures
3.9 and 3.13, the average metallicity in models A, B, E, and F is [Fe/H] ≲ −2.5 at 1
Gyr. This result means that the contribution of SNe Ia starts to occur at [Fe/H] ∼ −2
in models A, B, E, and F. This contradicts the observed [α/Fe] abundance in the MW
halo. Assembly of galaxies as in models A, B, E, and F is not possible to explain the
whole metallicity range of the MW halo. It is thus required to consider other reasons
to explain the stars with [Fe/H] > −2 in the MW halo.

In this study, we adopt isolated dwarf galaxy models. This assumption would
underestimate the rate of increase in metallicity. The main halo of the MW should have
encountered mergers of sub-halos in the context of hierarchical structure formation.
This event may induce high SFRs and increase the metallicity later forming EMP
stars. The star-to-star scatters of r-process elements would be formed in halos like
models A, B, E, and F. Stars with [Fe/H] > −2 observed in the MW halo would be
formed in halos like model C. It is possible to prove whether these events really occur
or not by analyzing MW formation simulations with higher resolution.

3.6 Summary
We performed a series of N-body/SPH simulations of the chemodynamical evolution
of dwarf galaxies by varying the initial central density and the total mass of the models
by one order of magnitude. We find that the distribution of r-process elements in EMP
stars significantly depends on the dynamical evolution of galaxies reflecting different
dynamical structures of galaxies (Figure 3.10). The initial density, which determines
the dynamical time (tdyn) of galaxies, is the most important fundamental parameter to
determine the distribution of stars in [Eu/Fe] versus [Fe/H]. The dynamical times of
dwarf galaxies significantly affect the time variations of SFRs (Figure 3.8). Models
with longer dynamical times tend to form stars more slowly. We find that the early SFR
is suppressed to be less than 10−3 M⊙yr−1 in galaxies with dynamical times of ∼ 100
Myr. If the value of tdyn is similar, such models show a similar distribution of [Eu/Fe]
versus [Fe/H] regardless of the total mass, which is consistent with the observation of
EMP stars. With a higher initial density of galaxies, in contrast, [Eu/Fe] distribution
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shifts to a higher metallicity and the star-to-star scatters diminish. We confirm that
the scatters of [Eu/Fe] mainly come from the inhomogeneity of the metals in the ISM
whereas the scatters of α-elements are predominantly due to the difference in the
yield of each SN.

These results suggest that the observed star-to-star scatters of [Eu/Fe] in EMP
stars in the MW halo can be explained by NSMs if the MW halo formed via accretion
of dwarf galaxies with the initial central density of < 108 M⊙kpc−3. Our results
also imply that [Eu/Fe] distribution in individual galaxies reflects the early SFR and
dynamical times of galaxies.

We also find that NSM times between 10 and 500 Myr do not strongly affect the
final results. Low-density models such as models A and B can predict star-to-star
scatters in [Eu/Fe] even if we assume an NSM time of 500 Myr (Figure 3.17). To
explain the final abundance, we do not need to adopt unlikely short merger times if
the SFR is suppressed to be less than 10−3 M⊙yr−1.

We expect that future precise observations of EMP stars in dwarf galaxies will
prove the early evolutionary history of the LG galaxies. If the star-to-star scatters of
[Eu/Fe] would appear in galaxies at similar metallicities with different stellar mass,
the SFR of galaxies should be lower than 10−3 M⊙yr−1 regardless of their total
mass. On the other hand, if the smaller scatters would appear at higher metallicities
in galaxies with higher stellar mass, this could be a signal that the early SFRs for
heavier galaxies is higher due to higher initial central density. This study suggests that
the future high-dispersion spectroscopic observations of the abundance of r-process
elements will be able to constrain the early evolutionary histories of LG galaxies.
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Chapter 4

Enrichment of zinc in dwarf galaxies

Chapters 2 and 3 clarifed the role of NSMs to the enrichment of heavy elements.
This chapter clarifies the role of SNe (CCSNe, ECSNe, HNe, and SNe Ia) to the
galactic chemical evolution. We focus on the enrichment of Zn in this chapter.
The heaviest iron-peak element, Zn has been used as an important tracer of cosmic
chemical evolution. Spectroscopic observations of the metal-poor stars in LG galaxies
show that an increasing trend of [Zn/Fe] ratios toward lower metallicity. However,
enrichment of Zn in galaxies is not well understood due to the poor knowledge of
astrophysical sites of Zn as well as metal mixing in galaxies. Here we show possible
explanations for the observed trend by taking into account ECSNe as one of the
sources of Zn in our chemodynamical simulations of dwarf galaxies. We find that the
ejecta from ECSNe contribute to stars with [Zn/Fe] ≳ 0.5. We also find that scatters
of [Zn/Fe] in higher metallicity originate from the ejecta of type Ia supernovae. On
the other hand, it appears difficult to explain the observed trends if we do not consider
ECSNe or low mass Fe CCSNe as a source of Zn. These results suggest that ECSNe
or low mass Fe CCSNe can be one of the contributors to the enrichment of Zn in
galaxies1.

4.1 Review: Astrophysical sites of Zn
Astrophysical sites of Zn are highly complicated. Since massive stars have relatively
shorter lifetimes than those of lower-mass stars, Zn ejected by SNe can be a dominant
source of the enrichment of Zn at low metallicity ([Fe/H] ≲ −2). Stars more massive
than ∼ 10 M⊙ explode as CCSNe. They synthesize 64Zn during complete Si-burning
and 66−70Zn by neutron-capture process (Woosley and Weaver, 1995; Kobayashi et
al., 2006). Several chemical evolution studies have been conducted to understand the
Galactic enrichment history of Zn (Matteucci et al., 1993; Timmes, Woosley, and
Weaver, 1995; Goswami and Prantzos, 2000; François et al., 2004; Ishimaru, Wanajo,
and Prantzos, 2006; Kobayashi et al., 2006). Timmes, Woosley, and Weaver (1995)
suggest that the amount of Zn in the observation can be explained if they reduce the
Fe yields by a factor of two. Kobayashi et al. (2006) show that the CCSN yields of
Nomoto et al. (1997) cannot give enough Zn to explain the observation.

HNe have been suggested as a possible astrophysical site of Zn (Umeda and
Nomoto, 2002; Umeda and Nomoto, 2005; Kobayashi et al., 2006; Tominaga, Umeda,
and Nomoto, 2007). HNe produce∼ 1 dex larger kinetic energies than those of normal

1Contents in this chapter have been published in Hirai, Saitoh, Ishimaru, and Wanajo (2018).
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CCSNe (e.g., Tanaka et al., 2009) and are thought to be observed as long gamma-
ray bursts (GRBs, Podsiadlowski et al., 2004b; Guetta and Della Valle, 2007). The
outward Si-burning regions in HNe synthesize larger amounts of Zn. Kobayashi et al.
(2006) show that if half of the stars heavier than 20 M⊙ explode as HNe, the [Zn/Fe]
ratio increases∼ 1 dex compared to the prediction of Nomoto et al. (1997). Tominaga,
Umeda, and Nomoto (2007) suggest that the increasing trend can be reproduced if
EMP stars reflect each yield of HN with a different progenitor mass.

ECSNe can also be the astrophysical sites of Zn. The lowest-mass (≲ 10 M⊙)
progenitors of CCSNe that develop oxygen-neon-magnesium cores cause this type of
SNe (e.g., Miyaji et al., 1980; Nomoto et al., 1982; Hillebrandt, Nomoto, and Wolff,
1984; Nomoto, 1984; Nomoto, 1987; Miyaji and Nomoto, 1987). The explosion
occurs in stars with core mass of 1.367 M⊙ (Takahashi, Yoshida, and Umeda, 2013)
when the electrons captured by 24Mg and 20Ne remove the pressure support. Hy-
drodynamic simulations show that the explosion energy of ECSN is ∼ 1050 erg (e.g.,
Kitaura, Janka, and Hillebrandt, 2006; Janka et al., 2008; Janka et al., 2012; Wanajo,
Janka, and Müller, 2011). Doherty et al. (2015) predicted that the mass range of
progenitors of ECSNe is 9.8–9.9 M⊙ at solar metallicity by their stellar evolution
calculation. This range depends on the treatment of mass-loss rate, the efficiency
of third dredge-up, and convection (e.g., Siess, 2007; Poelarends et al., 2008; Jones
et al., 2013; Jones, Hirschi, and Nomoto, 2014; Woosley and Heger, 2015; Doherty
et al., 2017). Wanajo et al. (2009) and Wanajo, Janka, and Müller (2011) estimated
that the upper limit of the fraction of ECSNe in all CCSNe was about 30 % based
on their nucleosynthesis calculations. ECSNe can be observed as optically bright
SNe characterized by the short plateau with a faint tail luminosity curve (e.g., Tom-
inaga, Blinnikov, and Nomoto, 2013; Smith, 2013; Moriya et al., 2014). The crab
nebula (SN 1054) is one of the most promising candidates of an ECSN remnant (e.g.,
Davidson et al., 1982; Nomoto et al., 1982).

Nucleosynthesis studies based on two-dimensional hydrodynamic simulations of
an 8.8 M⊙ ECSN show that ECSNe produce all the stable isotopes of Zn in neutron-
rich ejecta with the electron fraction (proton-to-nucleon ratio) of ∼ 0.4 – 0.5 (Wanajo,
Janka, and Müller, 2011; Wanajo et al., 2018). ECSNe also synthesize a small amount
of Fe. These features of nucleosynthesis lead to higher values of [Zn/Fe] than those of
normal CCSNe. In addition to Zn, ECSNe may contribute to the enrichment of light
trans-iron elements (e.g., Wanajo, Janka, and Müller, 2011; Hansen, Andersen, and
Christlieb, 2014; Aoki et al., 2017), 48Ca (Wanajo, Janka, and Müller, 2013a), and
60Fe (Wanajo, Janka, and Müller, 2013b). There are several studies on the enrichment
of r-process elements by ECSNe (e.g., Ishimaru and Wanajo, 1999; Ishimaru et al.,
2004). However, their role in the enrichment of Zn in galaxies has not yet been
studied.

The main purpose of this chapter is to clarify the enrichment of Zn in dwarf
galaxies using a series of high-resolution galactic chemodynamical simulations. We
aim to constrain the astrophysical sites of Zn in galaxies by comparing our simulations
with observations of metal-poor stars. Section 4.2 describes models adopted in this
chapter. In Section 4.3, we show the SFHs, the metallicity distributions, and the
α-element abundances computed by our fiducial model. In Section 4.4, we show the
enrichment of Zn computed in our dwarf galaxy models. We discuss the astrophysical
sites of Zn in galaxies implied from the enrichment histories of Zn. In Section 4.5,
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we summarize the results of this chapter.

4.2 Models
We adopt Chemical Evolution Library (celib) to compute stellar feedback and chem-
ical evolution (Saitoh, 2016; Saitoh, 2017) in asura (Section 1.4). We adopt the
IMF of Kroupa (2001) from 0.1 to 100 M⊙. We assume that stars more massive
than 8 M⊙ explode as CCSNe and distribute the thermal energy of ∼ 1051 erg to
surrounding gas particles. We also assume that a certain fraction ( fHN) of stars more
massive than 20 M⊙ explode as HNe. They distribute the thermal energy of ∼ 1052

erg to surrounding gas particles. We adopt fHN = 0, 0.05, and 0.5 in this study. The
value of fHN = 0.05 is taken from the observed rate of long GRBs (Podsiadlowski
et al., 2004b; Guetta and Della Valle, 2007). The value of fHN = 0.5 is taken from the
chemical evolution model of Kobayashi et al. (2006). We adopt the nucleosynthesis
yields of Nomoto, Kobayashi, and Tominaga (2013, hereafter, N13) in our fiducial
models. We also test the nucleosynthesis yields of Chieffi and Limongi (2004, here-
after, CL04) at Z ≥ 10−5Z⊙ and Limongi and Chieffi (2012) at Z < 10−5Z⊙ for
comparison (Appendix C). SNe Ia are assumed to occur in stars with 3–6 M⊙ in this
simulation. We adopt the empirical delay time distribution of SNe Ia presented in
Maoz and Mannucci (2012). The number of SNe Ia (NSNIa) per unit time can be
written as

dNSNIa
dt

= ϵSNIa

(
t

109yr

)αSNIa

, (4.1)

where ϵSNIa = 4 × 10−13 and αSNIa = −1 following Maoz and Mannucci (2012) to
be consistent with the observed rate and delay time of SNe Ia. We set the minimum
delay time of SNe Ia to be 108 yr (Totani et al., 2008). The energy from SNe Ia is
distributed in the same way as CCSNe. We adopt the model N100 of Seitenzahl et al.
(2013) for the nucleosynthesis yields of SNe Ia. We assume that each SN Ia produces
0.74 M⊙ of Fe and does not produce Zn.

4.2.1 ECSN models
We newly consider the role of ECSNe in our simulation. We adopt the nucleosynthesis
yields of model e8.8 in Wanajo et al. (2018); the same as those in Wanajo, Janka, and
Müller (2011), Wanajo, Janka, and Müller (2013a), and Wanajo, Janka, and Müller
(2013b). When an ECSN occurs, the thermal energy of 9 × 1049 erg is distributed
to the surrounding gas particles according to Wanajo et al. (2018). The mass range
of ECSN progenitors is taken from the stellar evolution calculations of Doherty et al.
(2015). At Z = 0.0001, the lower and upper progenitor masses of ECSNe are 8.2
M⊙ and 8.4 M⊙, respectively. At Z = 0.02, the mass range becomes 9.8 – 9.9 M⊙.
We also adopt the mass range computed by Poelarends (2007). Their models show
more pronounced metallicity dependences on the mass ranges than those of Doherty
et al. (2015). Also, we consider the case of a constant mass range of 8.5 – 9.0 M⊙.
Table 4.1 summarizes the mass ranges of ECSN progenitors adopted in this study.
We discuss the effects of adopted mass ranges in Section 4.4.3.
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Table 4.1: The mass ranges of ECSN progenitors.

Doherty et al. (2015) Poelarends (2007) Constant mass range
Z Ml Mu Ml Mu Ml Mu

(M⊙) (M⊙) (M⊙) (M⊙) (M⊙) (M⊙)

0.02 9.8 9.9 9.0 9.3 8.5 9.0
0.008 9.5 9.6 8.7 9.3 8.5 9.0
0.004 8.8 9.0 8.4 9.1 8.5 9.0
0.001 8.3 8.4 7.6 8.4 8.5 9.0
0.0001 8.2 8.4 6.9 8.2 8.5 9.0
0.00001 8.2 8.4 6.4 8.2 8.5 9.0

From left to right, columns show metallicity (Z), the lower (Ml) and upper
(Mu) mass of ECSN progenitors.

4.2.2 Nucleosynthesis yields of zinc
We adopt the nucleosynthesis yields of Zn for ECSNe (Wanajo et al., 2018), normal
CCSNe (N13 or CL04), and HNe (N13). The former (ECSNe) and latters (CC-
SNe and HNe) are based on the solar-metallicity and metallicity-dependent models,
respectively. Table 4.2 lists the yields of ECSNe, CCSNe, and HNe for selected
metallicities adopted in this study. The solar-metallicity model of an ECSN is used
for all the other metallicities because of its insensitivity to the initial compositions
(Wanajo, Janka, and Müller, 2011; Wanajo et al., 2018). Wanajo et al. (2018) show
that all stable Zn isotopes are predominantly synthesized in neutron-rich ejecta with
the electron fraction from 0.4 to 0.5. ECSNe produce sufficient amounts of such
neutron-rich ejecta. This leads to the production of Zn in ECSNe. On the other
hand, higher entropy ejecta from HNe than those from normal CCSNe result in a
strong α-rich freeze out from nuclear statistical equilibrium. This leads to greater
production of 64Zn in HNe than that in normal CCSNe (e.g., N13).
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Figure 4.1 shows the IMF-integrated yields of [Zn/Fe] as a function of metallicity.
ECSNe produce higher [Zn/Fe] ratios than those of CCSNe and HNe. This is because
ECSNe synthesize sufficiently small amounts of Fe compared to the other types of
SNe. HNe synthesize sufficient Fe as well as Zn. This feature of nucleosynthesis
results in the lower values of [Zn/Fe] than those of ECSNe. The yield of Zn from a
CCSN is sensitive to the location of the mass cut that divides the ejected material and
the remnant core. We discuss the effects of different yields of SNe in Appendix C.1.

Figure 4.1: The IMF integrated yields of [Zn/Fe] as a function of
metallicity. Blue circles, green squares, and red triangles connected
with solid lines represent the IMF weighted yields of ECSNe, HNe,
and CCSNe, respectively. The ECSN yields are taken from Wanajo
et al. (2018). The HN and CCSN yields are taken from N13. The
red dashed line shows the CCSN yields of CL04. Yields for Z = 0
are plotted at log10(Z/Z⊙) = −5.6. We adopt Z⊙ = 0.0134 (Asplund

et al., 2009).

Figure 4.2 shows the mass fractions of Zn isotopes relative to the solar values
(production factors). The black dotted line indicates the production factor of 10 that
is taken as the lower bound for each astrophysical site to be a main contributor of a
given isotope (e.g., Woosley and Heger, 2007). At Z = 0, the production factors of
66,67,68,70Zn from HNe and CCSNe are significantly lower than this lower bound. The
production factors of these isotopes increase with metallicity. This is because the
weak s-process, which synthesizes 66,67,68,70Zn in CCSNe, is more efficient at higher
metallicity (Kobayashi et al., 2006). Kobayashi, Karakas, and Umeda (2011) show
that the ratio of 64Zn/66,67,68,70Zn continuously decreases toward higher metallicity.
However, they find that the ratio is too low to explain the solar isotopic ratios at
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Z = Z⊙. On the other hand, ECSNe synthesize all isotopes of Zn (independent of
metallicities) in a nuclear statistical equilibrium (Wanajo, Janka, and Müller, 2011;
Wanajo et al., 2018). As shown in Figure 4.2, the production factors of the Zn isotopes
in ECSNe are between 1.5 × 10 and 1.2 × 102. This suggests that a contribution
of ECSNe with a rate of several percent of all CCSNe can explain most of the solar
isotopic abundances of Zn.

Figure 4.2: Production factors of Zn isotopes. Blue circles, green
squares, and red triangles connected with solid lines represent the
production factors of ECSNe (8.8 M⊙), HNe (25 M⊙), and CCSNe
(15 M⊙) at the solar metallicity, respectively. Green and red dashed
lines denote the production factors of HNe (25 M⊙) and CCSNe (15
M⊙) at Z = 0, respectively. Yields of isotopes are taken from (Wanajo
et al., 2018) for ECSNe and N13 for HNe and CCSNe. The black
dotted line indicates the production factor of 10 that is taken as the
lower bound for each astrophysical site to be a main contributor of a

given isotope (e.g., Woosley and Heger, 2007).

4.2.3 Metal mixing models
In SPH simulations without a metal-mixing scheme, the metals inherited from SNe
are locked in a gas particle throughout the galaxy evolution. In this study, we take a
shear-based metal-mixing model (Shen, Wadsley, and Stinson, 2010; Saitoh, 2017).
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The time derivative of ith metal (Zi) follows diffusion equation,

dZi

dt
= ∇(D∇Zi),

D = Cd |Si j |h2, (4.2)

where D is the diffusion coefficient, Cd is the scaling factor for diffusion coefficient, Si j
is the trace-free shear tensor, and h is the smoothing length of SPH particle. Chapter
5 shows that the value of Cd ≳ 0.01 is appropriate to explain the observational trends
of r-process elements in dSphs. We discuss the efficiency of metal mixing in Chapter
5.

4.3 Chemodynamical evolution of dwarf galaxies
We adopt the isolated dwarf galaxy model presented in Section 2.2.4. We confirm that
this model can reproduce the observed properties, such as MDFs, mass–metallicity
relation, and velocity dispersion profiles, of the LG dwarf galaxies (Chapters 2 and
3). The total number of particles is 218. The halo mass and central density are
7×108 M⊙ and 5.0×107M⊙ kpc−3, respectively. The masses of one dark matter and
gas particles are 4.5×103 M⊙ and 8.0×102 M⊙, respectively. We have confirmed that
effects of IMF sampling (Revaz et al., 2016) do not strongly affect our results. We
show that our main results do not strongly depend on the resolution of simulations
(Appendix C.2). We set the gravitational softening length as 7.8 pc and scaling factor
for metal diffusion. Cd = 0.01. The final stellar mass of this galaxy is 5 × 106 M⊙.
Table 4.3 lists all the models adopted in this study.

Table 4.3: List of models discussed in this chapter.

Model ECSN mass range fHN

G Doherty et al. (2015) 0.05
H Poelarends (2007) 0.05
I 8.5 – 9.0 M⊙ 0.05
J 0.5
K 0.05
L Doherty et al. (2015)
M 8.5 – 9.0 M⊙

From left to right, columns show the names of models, the mass ranges of
ECSN progenitors, and the HN fractions.

Here we show the SFHs, the metallicity-distribution functions, and the α-element
abundances computed in our models. Although we do not intend to construct models
that are relevant to specific LG dwarf galaxies, we confirm that our models have
properties similar to those of the observed dwarf galaxies, as follows:

Figure 4.3 shows the time variations of SFRs in model G. Star formation begins
after a sufficient gas fall onto the central region of the galaxy. The oscillating behavior
of SFRs is due to discontinuous SN feedbacks. As shown in this figure, a typical
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SFR in this model is ∼ 10−3 M⊙yr−1. This value is roughly consistent with the SFHs
of LG dSphs such as Sculptor and Fornax estimated from color-magnitude diagrams
(de Boer et al., 2012a; de Boer et al., 2012b).

Figure 4.3: Time variations of SFRs in model G (red curve). The
green line shows the SFH of the Sculptor dSph estimated from the

color-magnitude diagram (de Boer et al., 2012b).

Figure 4.4 shows the metallicity distribution function of model G at 13.8 Gyr from
the beginning of the simulation. The median metallicity and the final stellar mass are
[Fe/H] = −1.34 and M∗ = 3.72 × 106 M⊙, respectively. These values are consistent
with those of LG dwarf galaxies such as the Sculptor dSph ([Fe/H] = −1.68 and M∗ =
3.9 × 106 M⊙) and the Leo I dSph ([Fe/H] = −1.45 and M∗ = 4.9 × 106 M⊙) within
the observational errors (Kirby et al., 2013).

Figure 4.5 shows the α-element abundance ratios ([Mg/Fe]) as a function of
[Fe/H] in model G. Stars with [Fe/H] ≲ −2.8 in this model show star-to-star scatters
of [Mg/Fe] less than 0.1 dex. Such small scatters of [Mg/Fe] also are reported for the
EMP stars in some LG galaxies (e.g., Frebel and Norris, 2015). The observed values
of [Mg/Fe] decrease as the metallicity increases for stars with [Fe/H] ≳ −2.5. This
trend can be interpreted as a consequence of the contribution of SNe Ia that do not
produce α-elements. In our model, the values of [Mg/Fe] start to decrease at [Fe/H]
≈ −2.5, which is consistent with the case of the Sculptor dSph reported in Suda et al.
(2017).

The slope of computed [Mg/Fe] as a function of [Fe/H] is shallower than the
observed one. This may be due to the different SFH between our model and Sculptor
or modeling of SNe Ia. de Boer et al. (2012b) show that Sculptor has steadily
decreasing SFH from 14 to 7 Gyr ago. On the other hand, our models have a constant
SFH over 9 Gyr (Figure 4.3). When the SFH is peaked at the very early stages,
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Figure 4.4: Predicted and observed metallicity distribution functions.
The red histogram represents the metallicity distribution function of
model G at 13.8 Gyr from the beginning of the simulation. The green
dashed, and blue dash-dotted histograms show the observed metallicity
distribution functions of the Sculptor and Leo I dSphs (Kirby et al.,
2009; Kirby et al., 2010; Kirby and Cohen, 2012). All observed data

are compiled using the SAGA database (Suda et al., 2017).
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the computed slope of [Mg/Fe] tends to be steeper than the slopes of models with
SFHs peaked at later phases (Homma et al., 2015). Another possibility to cause the
different slope can be attributed to our modeling of SNe Ia. We model the delay time
distribution of SNe Ia with power-law distribution with the minimum delay time of
0.1 Gyr. Kobayashi and Nomoto (2009) show that SN Ia rates should be very low
in [Fe/H] ≲ −1 to reproduce observed α-element abundances. Homma et al. (2015)
suggest that the minimum delay time of SNe Ia is estimated to be 0.5 Gyr from the
α-element abundances in dSphs. Since discussing these effects is beyond the scope
of this chapter, we do not discuss these possibilities further here.

Figure 4.5: [Mg/Fe] as a function of [Fe/H] in model G. The color-
coded stellar mass fractions are displayed in the logarithmic scale.
The solid black curves show that the median values of computed
data at each [Fe/H] bin. The dotted curves show the 5 % and 95
% significance levels. Gray dots represent the observed values for
Sculptor dSph (Kirby et al., 2010). We plot observed values with
internal errors of ∆[Fe/H] < 0.15, ∆[Mg/Fe] < 0.30 to be consistent
with high resolution data (Hill et al. in prep) following Hill and DART

Collaboration (2012).
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4.4 Enrichment of Zn

4.4.1 Enrichment of Zn at [Fe/H] ≲ −2.5
The observation of [Zn/Fe] is characterized by an increasing trend toward lower
metallicity. In Figure 4.6, we plot observed data of Sculptor and the MW halo. We
plot the binned MW halo data at [Fe/H] < −2.5 because observed data of dSphs
are not enough to compare with our models. Skúladóttir et al. (2017) show that the
abundance ratios of [Zn/Fe] in Sculptor are consistent with those of the MW halo at
[Fe/H] ≲ −2. Here we mainly focus on figuring out conditions to form stars with
[Zn/Fe] ≳ 0.5, which are seen in the observations. We also compare the slopes of
[Zn/Fe] as a function of [Fe/H] in our models and observations.

Figure 4.6 shows [Zn/Fe] as a function of [Fe/H] computed in model G. Stars
with [Zn/Fe] ≳ 0.5 at [Fe/H] ≲ −2 reflect the high [Zn/Fe] ratios in the ejecta of
ECSNe (Figure 4.1). On the other hand, the ejecta from HNe and CCSNe contribute
to increasing the average values of [Zn/Fe]. The average values of [Zn/Fe] are
determined by the IMF weighted values of Zn yield of all astrophysical sites of Zn.
In model G, the average values of Zn are lower than those of observations at [Fe/H]
≲ −3. In Section 4.4.3, we show that these values are related to the rates of ECSNe
and HNe.

The stellar [Zn/Fe] ratios of model G slightly increase toward lower metallicity.
We performed the chi-squared linear fitting to our data at −4.0 < [Fe/H] < −2.5. We
choose this metallicity range because the effects of SNe Ia are negligible at [Fe/H] <
−2.5 and there are not enough observed data at [Fe/H] < −4.0. The linear fitting of our
result shows that the slope of [Zn/Fe] as a function of [Fe/H] is −0.12 ± 0.01. On the
other hand, the linear fitting of the observed data of the MW halo (SAGA database,
Suda et al., 2008; Suda et al., 2011; Yamada et al., 2013) shows the slope of −0.26
± 0.04. We take the observed data of the MW halo because the number of observed
data of dwarf galaxies is not enough to analyze in this metallicity range. The flatter
slope than that of the observations is due to the adopted mass ranges of the ECSN
progenitors in low metallicity. We adopt the stellar evolution model of Doherty et al.
(2015) in model G. They show that the mass range of ECSN varies only 0.1 M⊙ from
Z = 10−5 to 10−3 Z⊙. This almost constant mass range in low metallicity makes it
difficult to reproduce the increasing trend toward lower metallicity. At [Fe/H]≳ −2.9,
SNe Ia start contributing to decrease the [Zn/Fe] ratio toward higher metallicity.

The stars of model G with the highest [Zn/Fe] ratios for given metallicity bins
have an increasing trend toward lower metallicity. Figure 4.6 shows that the highest
[Zn/Fe] ratio at [Fe/H] = −2.5 is [Zn/Fe] = 0.4. The highest value increases to
[Zn/Fe] = 1.0 at [Fe/H] = −3.5. This trend comes from the inhomogeneity of the
spatial metallicity distribution in the early epoch of galaxy evolution. Figure 4.7
shows the time evolutions of [Fe/H] and [Zn/Fe]. As shown in Figure 4.7a, stars with
[Fe/H] < −2 are formed until 2 Gyr from the beginning of the simulation. ECSNe
synthesize an appreciable amount of Zn with a small amount of Fe (Figure 4.1). When
the first ECSN occurs in the galaxy, stars subsequently formed around the ejecta of
ECSNe have high values of [Zn/Fe] (∼ 1). These stars can only be formed in the
early epoch of galaxy evolution (t < 2 Gyr in this model, Figure 4.7b). The fraction
of ECSNe out of all SNe is 3.1 % at Z = 0.0001 in this model. Due to the low event
rate of ECSNe, the Zn abundances in the ISM are highly inhomogeneous during the
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Figure 4.6: Same as Figure 4.5, but for [Zn/Fe] as a function of
[Fe/H] in model G. Black dots denote observed values of Sculptor
dSph (Shetrone et al., 2003; Geisler et al., 2005; Simon et al., 2015;
Skúladóttir et al., 2015; Skúladóttir et al., 2017). Typical error bars
of the observation (Skúladóttir et al., 2017) are shown in the top right
corner of the figure. The red points show the average values of [Zn/Fe]
in the MW halo stars (Saito et al., 2009). The vertical error bars on
red points indicate the difference between the maximum and minimum
values of [Zn/Fe] in each metallicity bin. The horizontal bars on red

points represent the range of [Fe/H] in each bin.
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early epoch of galaxy evolution. As time passes, an increase of Fe by SNe as well as
metal mixing reduces the fraction of gases with high [Zn/Fe] values.

Figure 4.8 shows [Zn/Fe] versus [Fe/H] for the models H and I (Table 4.3) as-
suming different mass ranges of ECSN progenitors as well as HNe with fHN = 0.05.
As shown in this figure, both models tend to have stars with higher [Zn/Fe] ratios at
lower metallicities than those in model G (Figure 4.6) as a consequence of adopting
wider range of progenitors of ECSNe than the stellar evolution models in Doherty
et al. (2015). The fractions of ECSNe out of all CCSNe are 38.2 % and 6.9 % in
models H and I, respectively (3.1 % in model G). Although the slope of [Zn/Fe] is still
shallower than that of the observation, the average values of [Zn/Fe] are consistent
with the observation in model I. These results suggest that the increasing trends of
[Zn/Fe] toward lower metallicity can be reproduced if the rates of ECSNe are higher
in lower metallicity. The rates of ECSNe in low metallicity are determined by the
mass range and lifetimes of progenitors of ECSNe. However, we cannot constrain the
mass range of ECSNe in this model because there are large uncertainties in models of
galaxies as well as of stellar evolution. Stripped-envelope stars in close binaries can
be the progenitors of ECSNe (Tauris et al., 2013; Tauris, Langer, and Podsiadlowski,
2015; Moriya and Eldridge, 2016). The mass range for ECSNe in binary systems
is predicted to be wider than that for single stars (Podsiadlowski et al., 2004a; Poe-
larends et al., 2017). Yoshida et al. (2017) suggest that ultra-stripped SNe synthesize
large amounts of iron-peak elements. Wanajo et al. (2018) show that the SNe from
the low-mass end of the progenitors with iron-cores can also synthesize Zn as large as
that of ECSNe. In the case of chemodynamical simulations of galaxies, we currently
treat star particles as SSPs, i.e., the yields produced by star particles are IMF weighted
values of CCSNe, HNe, or ECSNe. Future chemodynamical simulations of galaxies
that can resolve each star will make it possible to discuss the effects of different yields
of individual SNe.

4.4.2 Enrichment of Zn at [Fe/H] ≳ −2.5
At higher metallicity, the MW halo, and dSphs have different trends of [Zn/Fe]
as a function of [Fe/H] (Figure 1.9). Sculptor has increasing trends toward lower
metallicity while the MW halo stars have constant [Zn/Fe] ratios. Skúladóttir et al.
(2017) imply that there are star-to-star scatters of [Zn/Fe] in Sculptor at [Fe/H] ≳
−1.8. They show that several stars with the same metallicity have apparently different
[Zn/Fe] ratios. However, they cannot confirm these scatters of [Zn/Fe] ratios because
of their low signal-to-noise data. The scatters are mostly consistent with their error-
bars.

For −2.5 ≲ [Fe/H] ≲ −1.0, the increasing contribution of SNe Ia makes the slope
of [Zn/Fe] steeper than that in lower metallicity. Since SNe Ia do not produce Zn, stars
formed from the gas polluted by the ejecta of SNe Ia have low [Zn/Fe] values. Scatters
of [Zn/Fe] values for [Fe/H] ≳ −2 reflect the inhomogeneity of [Zn/Fe] abundances
affected by SNe Ia. Stars with [Zn/Fe] < −0.5 are formed under substantial influence
from the ejecta of SNe Ia. As shown in Figure 4.7b, all stars with [Zn/Fe] < −0.5 are
formed within 4 Gyr from the beginning of the simulation.

Scatters of [Zn/Fe] at [Fe/H] ≳ −2.5 are not different from those of α-elements
in our models. Figure 4.9 shows standard deviations of [Mg/Fe] and [Zn/Fe] as a
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Figure 4.7: (a) [Fe/H] and (b) [Zn/Fe] as a function of time in model G.
The color-coded stellar mass fractions are displayed in the logarithmic

scale.
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Figure 4.8: Same as Figure 4.6 but for (a) model H and (b) model
I. Model H adopts the metallicity dependent mass range of ECSN
progenitors computed by the stellar evolution model in Poelarends
(2007). Model I assumes that stars from 8.5 to 9.0 M⊙ become

ECSNe in all the metallicity range.
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function of [Fe/H]. At [Fe/H] > −2.5, scatters of [Zn/Fe] and [Mg/Fe] almost overlap
with each other. Larger scatters of [Zn/Fe] than those of [Mg/Fe] at [Fe/H] ≲ −2.5
are caused by the ejection of Zn from ECSNe to the ISM that is still inhomogeneous
in metallicity. This result suggests that scatters seen in Skúladóttir et al. (2017) are
mostly caused by observational errors.

At [Fe/H] ≳ −1, most stars have [Zn/Fe] ∼ −0.4 (Figure 4.6). This feature reflects
the increase of the yield of Zn in CCSNe at higher metallicities (Figure 4.1). This
increase of Zn yield is caused by the neutron-capture process during He and C burning
at higher metallicity (Kobayashi et al., 2006).

Figure 4.9: Standard deviations (σ) of [Mg/Fe] (the red solid curve)
and [Zn/Fe] (the blue dotted curve) as a function of [Fe/H] in model

G.

4.4.3 Effects of ECSNe and HNe on the enrichment of Zn
In this chapter, we consider ECSNe, HNe, and normal CCSNe as the astrophysical
sites of Zn. As shown in Figure 4.1, ECSNe and HNe have higher ratios of [Zn/Fe]
than those of normal CCSNe. This result means that ECSNe and HNe would have
a significant impact on the enrichment of Zn. However, we do not know how these
sites affect the enrichment of Zn in a galaxy. Rates of ECSNe and HNe are not well
determined. This uncertainty would affect the enrichment history of Zn. Here we
discuss how each expected source of Zn affects the enrichment of Zn in the galaxy.

Figure 4.10 shows [Zn/Fe] as a function of [Fe/H] for the models assuming that
ECSNe do not contribute to the enrichment of Zn. Figure 4.10a represents the result
of model J. The HN fraction for model J ( fHN = 0.5) is taken from Kobayashi et al.
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(2006). According to Figure 4.10a, the [Zn/Fe] ratios are flat at low metallicities.
The observed stars with [Zn/Fe] ≳ 0.5 at [Fe/H] ≲ −2 cannot be explained, which is
consistent with the result in Kobayashi et al. (2006). Previous studies show that the
increasing trend of the [Zn/Fe] ratios toward low metallicity can be explained if the
yields of individual SNe are reflected in the abundances of EMP stars (Umeda and
Nomoto, 2002; Umeda and Nomoto, 2005; Tominaga, Umeda, and Nomoto, 2007).
However, our results suggest that the metal mixing erases these signatures even at
[Fe/H] ∼ −3.

Figure 4.10b shows the [Zn/Fe] ratios computed in model K. The HN fraction of
model K ( fHN = 0.05) is taken to be consistent with the observed rate of long GRBs
(Podsiadlowski et al., 2004b; Guetta and Della Valle, 2007). The [Zn/Fe] ratios of all
stars at [Fe/H] ≲ −3 in this model are lower than those of the observation. This result
suggests that if the rate of HNe is consistent with the observed rate of long GRBs, it is
not possible to explain even the mean value of [Zn/Fe] in EMP stars without another
source of Zn such as ECSNe.

We also consider another possibility that HNe do not contribute to the enrichment
of Zn. This is because nucleosynthesis of Zn in HNe highly depends on the model
parameters such as a position of mass cut. Moreover, HNe alone cannot explain the
solar isotopic abundances of Zn because they cannot synthesize enough Zn isotopes
except for 64Zn at low metallicity (e.g., Kobayashi et al., 2006; Kobayashi, Karakas,
and Umeda, 2011) as discussed in Section 4.2.2.

Figure 4.11 represents the [Zn/Fe] ratios computed by the models without HNe
but with ECSNe. The values of [Zn/Fe] for [Fe/H] < −2.5 in model L are lower
than the observations. On the other hand, the values of [Zn/Fe] for [Fe/H] < −2.5
in model M are high enough to be consistent with those in the observations. This
difference is caused by the different rates of ECSNe in these models. The mass range
of the progenitors of ECSNe in model L is 8.2 – 8.4 M⊙ at Z = 0.0001. The fraction
of ECSNe from this mass range corresponds to 6.9 % of all CCSNe. Although the
result is sensitive to the mass range of ECSNe in low metallicity, these results suggest
that it is possible to explain the observed abundances of metal-poor stars without the
contribution of HNe.

Astrophysical sites of Zn may be more tightly constrained by examining the
enrichment of Sr and other trans-iron elements with Zn. Wanajo et al. (2018) show
that not only Zn but also other light trans-iron elements from Zn to Zr are enhanced
in the ejecta of ECSNe. We find that the model G predicts the stars with [Fe/H] < −3
having [Sr/Fe] > −0.3. On the other hand, the observations of LG galaxies show that
65 % of stars with [Zn/Fe] > 0.5 have [Sr/Fe] > −0.3 (SAGA database, Suda et al.,
2008; Suda et al., 2011; Suda et al., 2017; Yamada et al., 2013). Aoki et al. (2017)
report that there is a diversity of the abundances of light neutron-capture elements
from Sr to Pd. They show that the nucleosynthesis models with different electron
fractions (Wanajo, Janka, and Müller, 2011) or proto-neutron star masses (Wanajo,
2013) may explain such diversity. The s-process in fast-rotating massive stars may
also cause a variation of [Sr/Fe] ratios (e.g., Chiappini et al., 2011; Cescutti et al.,
2013; Cescutti and Chiappini, 2014). We do not consider these possibilities in our
simulations.
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Figure 4.10: Same as Figure 4.6 but for the models without ECSNe.
Panels (a) and (b) represent the models with fHN = 0.5 and 0.05 (models

J and K, respectively).
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Figure 4.11: Same as Figure 4.6 but for the models without HNe.
Panels (a) and (b) represent models L and M, respectively.
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4.5 Summary
We studied the enrichment histories of Zn in dwarf galaxies using a series of high-
resolution chemodynamical simulations. We newly considered ECSNe as sources
of Zn. The final stellar mass of our model was 5 × 106 M⊙. This model is
comparable to the observed natures (stellar masses, metallicity distributions, and
α-element evolutions) of LG dSphs such as the Sculptor and Leo I dSphs.

We found that stars with [Zn/Fe]≳ 0.5 in our models reflected the nucleosynthetic
abundances of ECSNe (Figure 4.6). In the early phase of galaxy evolution, gases with
high [Zn/Fe] ratios owing to ECSNe remained due to the inhomogeneity of spatial
distribution of metallicity.

Our results suggest that scatters of [Zn/Fe] in higher metallicities come from the
contribution of SNe Ia. These stars were formed at ≲ 4 Gyr from the beginning of
the simulation (Figure 4.7). We found that the scatters of [Zn/Fe] are consistent with
the scatters of [Mg/Fe] at [Fe/H] ≳ −2.5.

In this chapter, we examined the contribution from several astrophysical sources of
Zn. If we do not take into account the contribution of ECSNe, we cannot reproduce
stars with [Zn/Fe] > 0.5 (Figure 4.10). On the other hand, the observed trend of
[Zn/Fe] could be reproduced without assuming the production of Zn from HNe
(Figure 4.11). These results suggest that ECSNe or low mass Fe CCSNe can be one
of the contributors to the enrichment of Zn in galaxies.
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Chapter 5

Efficiency of metal mixing in dwarf
galaxies

This chapter uses heavy elements as an indicator of metal mixing in galaxies. Metal
mixing plays critical roles in the enrichment of metals in galaxies. The abundance of
elements such as Mg, Fe, Zn, and Ba in metal-poor stars help us understand the metal
mixing in galaxies. However, the efficiency of metal mixing in galaxies is not yet
understood. Here we report a series of N-body/SPH simulations of dwarf galaxies
with different efficiencies of metal mixing using a turbulence-induced mixing model.
We show that metal mixing apparently occurs in dwarf galaxies from Mg, Ba, and
Zn abundance. We find that the scaling factor for metal diffusion larger than 0.01
is necessary to reproduce the observation of Ba abundance in dwarf galaxies. This
value is consistent with the value expected from turbulence theory and experiments.
We also find that timescale of metal mixing is less than 40 Myr. This timescale is
shorter than that of typical dynamical times of dwarf galaxies. We demonstrate that
the determination of a degree of scatters of Ba abundance by the observation will
help us constrain the efficiency of metal mixing more precisely1.

5.1 Review: Heavy elements as an indicator of metal
mixing

Understanding metal mixing in galaxies could help us clarify various fields in astro-
physics, such as galactic chemical evolution, turbulent diffusion in the ISM, and the
mechanism for transition from Population III stars to Population II stars (e.g., Karls-
son, Bromm, and Bland-Hawthorn, 2013). Metal mixing occurs on a wide range of
scales, from SF regions (∼ 10 pc) to large galactic scales (∼ 10 kpc).

Interstellar turbulence is the main cause of metal mixing. Power sources of
interstellar turbulence include SNe, Hii regions, fluid instabilities, galactic rotation,
and galactic interactions (e.g., Elmegreen and Scalo, 2004). Observations of power
spectra of CO emission, Hi emission, and absorption can be used to determine power-
law slopes of the spectra that characterize the interstellar turbulence.

Elemental abundance ratios in metal-poor stars give us signatures to constrain
metal mixing processes. Astronomical spectroscopic observations of EMP stars in

1Contents in this chapter have been in part published in Hirai and Saitoh (2017) and Hirai, Saitoh,
Ishimaru, and Wanajo (2018).
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the LG galaxies have shown that star-to-star scatters of α-elements are less than 0.2
dex, which is comparable to the observational errors (e.g., Frebel and Norris, 2015).

On the other hand, r-process elements show scatters of over 3 dex in EMP stars
in the MW halo (Figure 1.10). The scatters of r-process elements decrease as the
metallicity increases. The LG dSphs show lower abundances of r-process elements
than those of the MW halo. There are no very metal-poor stars with [Ba/Fe] ≳ 1 in
dSphs (Frebel and Norris, 2015). Only the Reticulum II UFD has enhanced r-process
abundance (Ji et al., 2016b; Roederer et al., 2016). These observational facts could
provide evidence to constrain metal mixing in galaxies.

The different behaviors of the abundances of α- and r-process elements reflect
the astrophysical sites of these elements. In the case of CCSNe, they synthesize
both α-elements and iron (e.g., Nomoto, Kobayashi, and Tominaga, 2013). This
means that inhomogeneity in the abundance of Fe and Mg is related in many cases,
i.e., if Fe is high in a region, Mg is also high. The scatters of [α/Fe] in EMP stars
are thus mainly determined by the yields of CCSNe. The scatters in the ratios of
α-elements and iron are therefore only ∼ 0.2 dex. On the other hand, although the
astrophysical site of r-process elements is not yet well understood, NSMs are one of
the most likely sites of r-process elements (e.g., Wanajo et al., 2014). In this case,
r-process elements and iron are produced in a different site. This means that the ratio
of r-process elements and iron easily reflects the inhomogeneity of these elements
(Chapter 3). Lower abundances of r-process elements in dSphs suggest that the metal
mixing was efficient in these galaxies.

Previous hydrodynamic simulations have shown that metal mixing significantly
affects the metal content in galaxies. Shen, Wadsley, and Stinson (2010) introduced a
metal diffusion model in their SPH simulations, following Smagorinsky (1963). Their
results suggest that metal diffusion increases the metal content of gas in galaxies
and decreases it in the intergalactic medium. Revaz et al. (2016) systematically
studied the scatters of α-elements with different parameters. They showed that metal
mixing is required to reduce the scatters of α-elements in particle-based simulations.
Williamson, Martel, and Kawata (2016) studied the effects of different metal diffusion
strengths. They found that a stronger diffusion produces a tighter [O/Fe] versus [Fe/H].
They also found that the efficiency of metal mixing does not strongly affect stellar
metallicity distribution.

However, the efficiency of metal mixing is not yet understood. Revaz et al. (2016)
pointed out that the scaling factor for their metal diffusion of 10−3 reproduces the low
scatters of α-elements in dSphs, but more efficient mixing is required to reproduce
that of a MW-like galaxy. Low scatters of α-elements (∼ 0.2 dex) make it difficult to
constrain the efficiency of metal mixing. This value is comparable to the observational
errors. We need additional signatures to constrain the efficiency of metal mixing.

The aim of this chapter is to constrain the metal mixing through a series of
hydrodynamic simulations of galaxies and abundances of r- and α-elements. We
study metal mixing in dSphs. They are the ideal site to study metal mixing because
of their simple structures (e.g., Lee et al., 2013; Bland-Hawthorn, Sutherland, and
Webster, 2015). In this chapter, we examine how the metal mixing affects the chemical
abundance in dSphs.
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5.2 Metal diffusion models
Here we adopt metal diffusion models for gas particles instead of adopting simple
metal mixing models described in Section 2.2.3. For metal diffusion, we have
implemented a turbulent metal mixing model in DISPH (Saitoh, 2017), based on
Smagorinsky (1963) and Shen, Wadsley, and Stinson (2010). The kth element in ith
gas particle Zk,i, diffuses to surrounding gas particles with

dZk,i

dt
= −

∑
j

mi

(ρi + ρ j)/2
4DiD j

(Di + D j)
(Zk,i − Zk, j)

|ri j |2
ri j · ∇Wi j, (5.1)

Ŝab,i =
1
qi

∑
j

U j(vb,i − va, j)∇aWi j, (5.2)

Sab,i =
1
2
(Ŝab,i + Ŝba,i) − δab

1
3

Trace Ŝab,i, (5.3)

Di = Cd |Sab,i |h2
i , (5.4)

where a and b are the direction of x, y, and z axises, δab is the Kronecker’s delta, Ui
is the internal energy, and qi is the energy density defined by

qi =
∑

j

U jWi j . (5.5)

Here we changed Cd to compute models with different efficiency of metal mixing.

5.3 Results
We adopt an isolated dwarf galaxy model such as those in Chapters 2–4. We take the
same structural parameters in Chapter 4. The initial total number of particles and the
gravitational softening length are 218 and 7.8 pc, respectively. The total mass of halo
is 7 × 108 M⊙. The final stellar mass of our model is 5 × 106 M⊙, which is similar to
those of the Sculptor and Leo I dSphs (McConnachie, 2012). We have confirmed that
changing the resolution of the simulation does not strongly affect the results. Table
5.1 lists adopted values of Cd.

Table 5.1: Adopted value of the scaling factor for metal diffusion.

Model Cd

d1000 0.1
d0100 0.01
d0010 0.001
d0001 0.0001
d0000

The first column shows the name of models. The second column shows the
value of the scaling factor for metal diffusion.
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Figure 5.1 shows [Mg/Fe] as a function of [Fe/H]. Computed scatters of [Mg/Fe]
lie within the observed scatters at [Fe/H] < −2 when we implement the metal mixing
(Figure 5.1a–d). On the other hand, model d0000 has several stars with [Mg/Fe] > 1
or [Mg/Fe] < −1 at [Fe/H] ≲ −2.5 (red hatched area in Figure 5.1f). These stars
have not been reported in the observation. In the SPH scheme, the abundance of
metals in each SPH particle cannot diffuse to the surrounding gas particles if we do
not implement metal mixing. Model d0000 forms these stars with an artificial effect.
These results indicate that we need to implement the metal mixing model in SPH
simulations when we discuss the scatters of elemental abundance ratios.

However, it is difficult to constrain the efficiency of metal mixing when only
using the [Mg/Fe] ratio. All models with metal mixing show a smaller dispersion of
[Mg/Fe] than that of the observation at [Fe/H] < −2. Models d0010 and d0001 seem
to reproduce the sub-solar [Mg/Fe] ratio seen in [Fe/H] > −2, but the statistical and
observational errors of these stars typically have over 0.5 dex. We cannot conclude
that models d0010 and d0001 are superior to models d1000 and d0100.

In the case of [Ba/Fe], the metal mixing is expected to be more important than
[Mg/Fe] because [Ba/Fe] shows large scatters in [Fe/H] ≲ −3. Figure 5.2 shows
[Ba/Fe] as a function of [Fe/H]. As shown in Figure 5.2, the difference of the efficiency
of metal mixing alters the scatters of [Ba/Fe] significantly. Models with Cd ≤ 0.001
produce stars with [Ba/Fe] > 1 (Figure 5.2 c–e). These stars are located in the red
hatched area in Figure 5.2f, i.e., they are not reported in the observation. On the other
hand, models d1000 and d0100 do not have stars with [Ba/Fe] >1 due to efficient
metal mixing. This result is consistent with the observation that shows no stars with
[Ba/Fe] > 1 at [Fe/H] < −2.5.

The value of Cd controls the fraction of stars that highly deviate from the average
value of metallicity. Models with the higher value of Cd form a larger fraction of
stars around average values of metallicity in each epoch. This effect can be seen in
Figure 5.2. Ba abundance first appears at [Fe/H] ∼ −3 in models with high values
of Cd (Figure 5.2a, b, and c). This metallicity reflects the average value of [Fe/H]
at the time the first NSM occurs. Note that the different ranges of [Fe/H] between
Figures 5.1 and 5.2 reflect the delayed production of Ba due to the long merger times
of NSMs.

Abundances of Zn in metal-poor stars will be another indicator to constrain the
efficiency of metal mixing. Here we discuss the effect of metal mixing on the
enrichment of Zn. Figure 5.3 shows [Zn/Fe] versus [Fe/H] computed for the models
with different efficiencies of metal mixing. Figure 5.3a represents the result of model
d0010. This model adopts a ten times lower value of diffusion coefficient of metal
mixing (Cd) than that of model d0100. Due to the lower efficiency of metal mixing,
model d0010 tends to have a larger fraction of stars with [Zn/Fe] > 0.5 in EMP stars
than other models do. Also, scatters of [Zn/Fe] for [Fe/H] > −2 are more clearly
seen in model d0010. Figure 5.3b denotes the result of model d1000. This model
has smaller scatters of [Zn/Fe] in [Fe/H] ≲ −3 than those of models d0100 and
d0010. According to these results, models with the value of Cd ∼ 0.001 to 0.1 do not
significantly deviate from the observed abundances of Zn.



5.3. Results 111

Figure 5.1: Stellar [Mg/Fe] as a function of [Fe/H]. Panels (a), (b),
(c), (d), and (e) represent the results of models d1000, d0100, d0010,
d0001, and d0000, respectively. Panel (f) represents observational
data. The red hatched area shows the region that there are no stars
with Mg. Color contours show computed stellar abundances in the
logarithm of a mass fraction in each grid. The black dots represent
the observed abundances of the MW. The colored dots represent the
observed abundances of the LG dwarf galaxies (green: Carina, blue:
Draco, purple: LeoI, magenta: Sculptor, ocher: Ursa Minor, orange:
Boötes I, dark green: Leo IV, grass green: Ursa Major II, sky-blue:
Coma Berenices, red-purple: Sextans, and red: Reticulum II). We
compile all observed data using the SAGA database (Suda et al., 2008;

Suda et al., 2011; Suda et al., 2014; Yamada et al., 2013).
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Figure 5.2: Stellar [Ba/Fe] as a function of [Fe/H]. Panels (a), (b),
(c), (d), and (e) represent the results of models d1000, d0100, d0010,
d0001, and d0000, respectively. Panel (f) represents observational
data. The red hatched area shows the region in which there are no
stars with Ba in dSphs except for the Reticulum II UFD. The symbols
are the same as in Figure 5.1. We correct the observational value of
[Ba/Eu] to be −0.89 for all stars with [Fe/H] > −2.75. We compile all
observed data using the SAGA database (Suda et al., 2008; Suda et al.,

2011; Suda et al., 2014; Yamada et al., 2013).
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Figure 5.3: Same as Figure 4.6 but for the different efficiencies of
metal mixing. Panels (a) and (b) show models d0010 (Cd = 0.001) and

d1000 (Cd = 0.1), respectively.
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5.4 Discussion
In the last section, we show that the value of Cd ≳ 0.01 is necessary to prevent the
formation of stars with [Ba/Fe]≳ 1 in dSphs. This result suggests that the formation of
these stars, which does not occur in the LG dSphs, is strongly related to the efficiency
of metal mixing. When NSMs occur in a galaxy, some surrounding gas will have
the value of [Ba/Fe] ≳ 1. This gas mixes into gas with a lower r-process abundance.
Stars with high r-process abundance are only formed when gas with a high r-process
abundance remains in a galaxy. This means that the timescale of metal mixing plays
a critical role in forming these stars.

Here we compute the average time that the gas with [Ba/Fe] > 1 becomes less than
[Ba/Fe] < 0 (hereafter we define this time as tmix). We find that models d1000 and
d0100 have tmix ≲ 10 and ≃ 40 Myr, respectively2. These values are smaller than the
dynamical time of the system (∼ 100 Myr), which determines the early star formation
rate in a galaxy (Chapter 3). On the other hand, models d0010 and d0001 have tmix ≃
360 Myr and 1.6 Gyr, respectively. These results suggest that the r-process elements
are mixed with a shorter timescale than the timescale of SF in galaxies.

Stars with high r-process abundance are only formed in UFDs with an initial gas
mass with ∼ 106 M⊙ (Ji et al., 2016b). In these galaxies, even if all metals are mixed
in a whole galaxy, the gas mass is not enough to prevent the formation of r-process
enhanced stars. These results imply that r-process enhanced stars in the MW halo
originate from UFDs accreted to the MW halo.

In this chapter, we adopt the isolated dwarf galaxy model. According to the
cosmological hydrodynamic simulations of Jeon, Besla, and Bromm (2017), the
lowest metallicity stars are formed in external enriched halos that are accreted later
in the main halo. If we consider a fully cosmological structure formation, lower-
metallicity stars formed by external enrichment would be seen such as in Figure 5.2a,
b, and c. We expect that these external enriched stars have a low [Ba/Fe] value, as well
as a low [Fe/H] value, because both Fe and Ba will be well diluted in the ISM when
they reach the subhalo around the main halo. These stars may account for observed
stars with [Fe/H] < −3.5 and [Ba/Fe] < 0.0 plotted in Figure 5.2.

The diffusion coefficient inferred from the Ba abundance is consistent with the
theoretical and experimental values. If we assume a Kolmogorov constant as 1.41,
the value of Cd is 0.0324 (e.g., Meneveau and Katz, 2000). In the case of a turbulent
mixing layer and a turbulent channel flow, optimal values of Cd are 0.0225 and 0.01,
respectively (Horiuti, 1987). Although the Smagorinsky model has the problem that
the coefficient may depend on the flow field, our results can be an independent check
on the Smagorinsky model regarding metal mixing in galaxies.

The metal mixing efficiency of models with Cd ≳ 0.01 are also consistent with the
models of Ji, Frebel, and Bromm (2015). They find that signatures from Population
III stars are efficiently wiped out by Population II supernovae. Their adopted diffusion
coefficients are 2.4 × 10−5 kpc2 Myr−1 and 8.1 × 10−4 kpc2 Myr−1 for their mini-halo
and atomic cooling halo models, respectively. The average diffusion coefficients
calculated following Equation (5.4) at 1 Gyr from the beginning of our simulation
are 2 × 10−4 kpc2 Myr−1 and 2 × 10−5 kpc2 Myr−1 for models d1000 and d0100,

2We cannot compute times less than 10 Myr because the time interval of the snapshots in this
simulation is 10 Myr.
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respectively. This result means that we can draw conclusions similar to those of Ji,
Frebel, and Bromm (2015) if we adopt the metal mixing parameter of Cd ≳ 0.01.

In this study, we adopt the metal diffusion model of Shen, Wadsley, and Stinson
(2010). Greif et al. (2009) also constructed a metal diffusion model. They used
velocity dispersion to determine the diffusion coefficient. Williamson, Martel, and
Kawata (2016) compared the difference between the diffusion model of Greif et
al. (2009) and Shen, Wadsley, and Stinson (2010). They found that the diffusion
coefficient computed in Greif et al. (2009) is about twice as large as that of Shen,
Wadsley, and Stinson (2010). They also found that the gas properties do not depend
on the method for calculating the diffusion coefficient. We confirm that adopting the
diffusion model of Greif et al. (2009) yields almost the same results as the results
presented in this chapter.

In this chapter, we treat ejecta of SNe and NSMs the same way. On the other hand,
the ejecta from NSMs would expand to a larger region than those of SNe because
compared to SNe, NSMs eject materials at higher speeds (∼ 0.1c) (Tsujimoto and
Shigeyama, 2014). Tsujimoto, Yokoyama, and Bekki (2017) estimated that the mass
of interstellar materials mixed by ejecta from NSMs is ∼ 3.5× 106 M⊙, which is
100 times larger than that of SNe. In this case, fewer stars with an extremely high
abundance of r-process elements would be formed.

To more precisely constrain the efficiency of metal mixing, we need to observe a
greater number of metal-poor stars in dSphs. It is important to determine the degree
of scatter in the abundance of r-process elements to constrain the efficiency of metal
mixing. Additionally, we find that the fraction of EMP stars is smaller in models with
more efficient metal mixing. Although several EMP stars were recently reported in
UFDs, Helmi et al. (2006) reported that a lack of EMP stars in dSphs. This result
could be related to the efficiency of metal mixing. We expect that the fraction of EMP
stars in each dSph could also be an indicator of the efficiency of metal mixing.
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5.5 Summary
In this chapter, we performed a series of N-body/SPH simulations of dwarf galaxies
with a turbulence motivated metal diffusion model. We find that the scaling factor
for metal diffusion larger than 0.01 is necessary to reproduce the observation of
abundances of r-process elements and Zn in dwarf galaxies. This value is consistent
with the value expected from turbulence theory and experiment. We also find that
the timescale of metal mixing is less than 40 Myr. This timescale is shorter than
that of typical dynamical times of dwarf galaxies. These results mean that the value
of Cd ∼ 0.01 appears to be suitable for SPH simulations of galaxies if we adopt the
shear-based metal-diffusion model (Shen, Wadsley, and Stinson, 2010; Saitoh, 2017).
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Chapter 6

Enrichment of r-process elements in a
cosmological context

This chapter connects the enrichment of r-process elements to the formation of LG
galaxies. Enrichment of r-process elements is associated with galaxy formation. In
the hierarchical structure formation scenario, galaxies are thought to be formed by
clustering of smaller systems. Star-to-star scatters of the ratios of r-process elements
in the MW halo should be reflected such process. However, the enrichment of r-
process elements in a cosmological context is not yet understood. Here we performed
a series of high-resolution cosmological zoom-in simulations of galaxies with halo
mass of 1010 M⊙ at redshift 2. We find that most of the EMP stars are formed
before 1 Gyr from the beginning of the simulation. In the simulations, there are three
r-process rich EMP stars. All of these stars are formed in the halo with a gas mass of
106 M⊙ at the early stages of galaxy formation. This result suggests that r-process
rich stars seen in the MW halo come from small size halos with the mass comparable
to the LG UFDs.

6.1 Review: Enrichment of r-process elements and
galaxy formation

Abundances of r-process elements in metal-poor stars help us understand the early
stages of the MW halo formation. Astronomical high-dispersion spectroscopic obser-
vations have shown that there are star-to-star scatters of over 3 dex in the MW halo at
[Fe/H] ≤ −2.5 (e.g., Frebel and Norris, 2015). Beers and Christlieb (2005) classified
r-process rich stars. According to their classification, stars with 0.3 ≤ [Eu/Fe] ≤ 1.0
and [Ba/Eu] < 0 are called r-I stars. On the other hand, stars with [Eu/Fe] > 1.0 and
[Ba/Eu] < 0 are r-II stars. As shown in Figure 1.10, r-II stars have not found in the
LG dSphs. Ji et al. (2016b) discovered seven r-II stars in Reticulum II UFD. Roederer
et al. (2016) also found two r-II stars in their sample of Reticulum II. Another UFDs
have depleted abundances of r-process elements (e.g., Frebel and Norris, 2015).

The most promising astrophysical sites of r-process elements are NSMs. Nucle-
osynthetic studies have shown that NSMs can synthesize r-process elements heav-
ier than A = 110 (e.g., Freiburghaus, Rosswog, and Thielemann, 1999; Goriely,
Bauswein, and Janka, 2011; Korobkin et al., 2012; Bauswein, Goriely, and Janka,
2013; Rosswog et al., 2014; Wanajo et al., 2014). The existence of NSMs is con-
firmed by the detection of gravitational waves and multi-messenger observations of
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an NSM, GW170817 (e.g., Abbott et al., 2017b; Abbott et al., 2017c). The optical
and infrared afterglow of GW170817 suggested that they produced ≈ 0.03 M⊙ of
r-process elements (e.g., Utsumi et al., 2017; Tanaka et al., 2017).

Chemical evolution studies taking into account the hierarchical structure formation
scenario successfully explained the observed r-process abundances in the MW by
NSMs. Ishimaru, Wanajo, and Prantzos (2015) found that the [Eu/Fe] ratio increases
at lower metallicity in halos with smaller SFEs in their one-zone chemical evolution
model. In Chapter 2 and 3, we have shown that r-process abundances in these halos
are consistent with observation because their SFRs are suppressed by SN feedback,
resulting in slow chemical evolution. Komiya and Shigeyama (2016) showed that the
ejecta from NSMs can enrich intergalactic medium by their semi-analytic models.

Previous cosmological hydrodynamic simulations also showed that there are good
agreements between simulated results and observations of r-process abundances in
the MW halo. Shen et al. (2015) reported that their results are insensitive to the merger
rate and delay time distributions. van de Voort et al. (2015) showed that metal-poor
stars with r-process elements are formed in high redshift and large galactocentric
radius. However, their resolution is not enough to resolve the scale of satellite dwarf
galaxies. Ojima et al. (2017) showed that r-II stars would come from accreted halos
with the mass similar to observed UFDs based on the model of Ishimaru, Wanajo,
and Prantzos (2015). It thus needs to perform simulations that can resolve the scale
of satellite dwarf galaxies.

In this chapter, we aim to discuss the enrichment of r-process elements in a
cosmological context with high-resolution cosmological zoom-in simulations. In
Section 6.2, we describe our code and cosmological zoom-in simulations. In Section
6.3, we show the results of our simulations. In Section 6.4, we discuss the formation
site of r-II stars.

6.2 Cosmological zoom-in simulations
We have performed a series of cosmological “zoom-in" simulations. A preflight low-
resolution cosmological N-body simulation is performed with Gadget-2 (Springel,
2005). We adopt the ΛCDM cosmology with a total matter density Ωm = 0.308, a
dark energy densityΩΛ = 0.692, a baryon densityΩb = 0.0484, a Hubble constant H0
= 67.8 km s−1, an amplitude of the matter power spectrum σ8 = 0.815 km s−1, and a
tilted scalar spectral index ns = 0.968 (Planck Collaboration et al., 2016). The initial
condition is generated by music using second-order Lagrangian perturbation theory
(Hahn and Abel, 2011). The box size is (4.0 h−1 Mpc)3 with 2563 particles. Mass of
one dark matter particle is 3.3 × 105 M⊙. The gravitational softening length is 625
h−1 pc. The initial redshift of this simulation is zi = 100.

We then select the halo-of-interest from the snapshot at z = 0 of the preflight
simulation. For halo find, we use the AMIGA Halo Finder (ahf; Gill, Knebe, and
Gibson, 2004; Knollmann and Knebe, 2009). We have selected a halo with total
mass of 2.72 × 1010 M⊙ at z = 0. This halo mass is smaller than that of the MW
and larger than those of dSphs. Ideally, we should compute the MW-mass halos.
However, it is difficult to compute such halos with sufficient resolution to resolve
satellite dwarf galaxies. We thus chose the halo with 1010 M⊙ with small box
size. The zoomed-in initial condition is generated by music. The cuboid Lagrangian



6.3. Results 119

volume for re-simulation is carefully selected to avoid contamination of low-resolution
particles.

After selecting the halos, we performed a series of cosmological zoom-in simu-
lations using asura (Saitoh et al., 2008; Saitoh et al., 2009) described in Section 1.4.
A symmetrized form of the softened gravitational potential is adopted to deal with
systems which have particles with different gravitational softening lengths (Saitoh
and Makino, 2012). The effective resolutions of zoomed regions are 5123 particles.
The total number of particles in the zoomed-in region is 2.51 × 106. We set gravita-
tional softening lengths for gas and dark matter particles 20 and 50 pc, respectively.
Masses of one gas and dark matter particles are 6.4 × 103 M⊙ and 3.4 × 104 M⊙,
respectively.

6.3 Results
In this section, we show the result at z = 2.0 because this halo experience a major
merger at z = 1.0, which is not thought to occur in the MW halo. We confirm that
most of the EMP stars are formed at z > 2.0 in this simulation. The central halo mass
at z = 2.0 is Mtot = 1.4 × 1010 M⊙. Throughout this chapter, we define Mtot as the
virial mass of halos.

Figure 6.1 shows stellar and gas surface density at z = 2.0. As shown in this
figure, a spiral galaxy is formed in this simulation. The stellar mass and gas mass
are 1.4 × 109 M⊙ and 3.3 × 108 M⊙, respectively. The stellar mass to halo mass
ratio is M∗/Mtot = 0.1. This value is larger than that estimated from the abundance
matching (M∗/Mtot = 0.002; Behroozi, Wechsler, and Conroy, 2013). This is because
we only assume a thermal form of SN feedback. This result suggests that another form
of feedbacks such as radiation pressure from massive stars (Hopkins, Quataert, and
Murray, 2011) and kinetic form of SN feedback (Okamoto et al., 2005) to reproduce
the stellar to halo mass ratio.

Figure 6.2 shows SFRs of the central galaxy within 30 kpc from the galactic
center. The SFR at t < 0.6 Gyr is dominated by metal-poor stars with [Fe/H] ≤ −1.
According to this figure, most EMP stars ([Fe/H] ≤ −3, orange curve) are formed
at t < 1.0 Gyr from the beginning of the simulation. A peak of the SFR at 1.67
Gyr is due to a merger of a galaxy. Figure 6.3 shows metallicity distribution of the
halo of the simulated galaxy. The median [Fe/H] is [Fe/H] = −1.70. This value is
close to the peak value ([Fe/H] ≈ −1.7) of metallicity distribution of the MW halo.
Figure 6.4 shows [Mg/Fe] as a function of [Fe/H]. The decrease of [Mg/Fe] is due to
the contribution of SNe Ia. Scatters of [Mg/Fe] are ∼ 1 dex at [Fe/H] = −3.0. Low
[Mg/Fe] stars around [Fe/H] = −2 are due to accreted dwarf galaxies.

Figure 6.5 shows [Eu/Fe] as a function of [Fe/H] within 30 kpc from the center
of the galaxy. At [Fe/H] > −1.5, most stars located around [Eu/Fe] ∼ 0.0. These
stars are in the bulge and disk of the galaxy. The small scatter (∼ 1 dex) at [Fe/H]
> −1.5 suggests that spatial distribution of metallicity is homogeneous at the site of
the formation of the bulge and disk. On the other hand, at [Fe/H] < −1.5, there are
star-to-star scatters of over 3 dex in [Eu/Fe] ratios. Most of these stars are in the halo.
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Figure 6.1: Stellar and gas surface density at z = 2.0. Top left panel
shows face-on view of stellar surface density. Top right panel shows
face-on view of gas surface density. Bottom left panel shows edge-on
view of stellar surface density. Bottom right panel shows edge-on view
of gas surface density. From black to while, the color scale denotes

surface density from 101.0 to 103.8 M⊙pc−2.
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Figure 6.3: Metallicity distribution of the halo. We plot the metallicity
distribution within 30 kpc from the galactic center and 1 kpc above the

galactic disk.
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Figure 6.4: [Mg/Fe] as a function of [Fe/H] within 30 kpc from the
center of the galaxy. The color scale is the same as in Figure 4.6.
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Figure 6.5: [Eu/Fe] as a function of [Fe/H] within 30 kpc from the
center of the galaxy. The color scale is the same as in Figure 4.6.
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6.4 Discussion
Here we discuss the formation sites of r-II stars. In Chapter 5, we show that metals
should be mixed within∼ 40 Myr to explain the observed low abundances of r-process
elements in the LG dSphs. On the other hand, Ji et al. (2016b) and Roederer et al.
(2016) reported that there are enhanced r-process abundances in Reticulum II UFD.
The MW halo also has several r-II stars (e.g., Honda et al., 2004; Frebel and Norris,
2015).

Figure 6.5 shows there are r-II stars in [Fe/H] < −2 even if we adopt the same
scaling factor for metal diffusion with Chapter 5. We find three r-process enhanced
stars at [Fe/H] < −3 in our simulations. Two stars are formed at 0.37 Gyr from the
beginning of the simulation. These stars are formed in a halo with Mtot = 1.32 × 108

M⊙ and Mgas = 8.59 × 106 M⊙. The other star is formed at 0.45 Gyr in a halo with
Mtot = 1.32 × 108 M⊙ and Mgas = 7.08 × 106 M⊙. Although these stars are formed
in different halos, the gas mass of halos that formed r-II stars is similar.

The enhancement of r-process abundances can be understood regarding mass of
halos that formed stars with r-process elements. Here we assume that one NSM
distributes 10−2 M⊙ of r-process elements and these elements are mixed into a whole
halo at [Fe/H] = −3. If an NSM occurs in a halo with a gas mass of ∼ 106 M⊙, the
[Eu/Fe] ratios are expected to be [Eu/Fe] = 1.56. In the case of a halo with a gas mass
of ∼ 108 M⊙, the [Eu/Fe] ratio should be −0.34. Results of our simulation support
this argument. Our results suggest that r-II stars in the MW halo are formed in halos
with a gas mass of ∼ 106 M⊙. These halos can be found at the early stages of MW
halo formation or later accreted sub-halos.

6.5 Summary
In this chapter, we performed a series of cosmological zoom-in simulations of a
galaxy to obtain the self-consistent picture for the formation of the Milky Way halo
and satellite dwarf galaxies through the enrichment of heavy elements. We computed
the galaxy with a halo mass of 1010 M⊙ at redshift 2 to resolve the scale of satellite
dwarf galaxies. Most extremely metal-poor stars are formed before 1 Gyr from the
beginning of the simulation. In the galaxy, there are star-to-star scatters of r-process
elements in low metallicity. We find that r-process rich metal-poor stars are formed
in halos with a total mass of ∼ 108 M⊙ and gas mass of 7–9 × 106 M⊙ .
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Chapter 7

Conclusions and future prospects

7.1 Conclusions
In this thesis, we performed a series of N-body/smoothed particle hydrodynamics
simulations of dwarf galaxies to clarify the enrichment of heavy elements. This
thesis aimed to understand (1) the contribution of NSMs and SNe (CCSNe, HNe,
ECSNe, and SNe Ia) to the enrichment of heavy elements and (2) the relation between
the chemodynamical evolution of galaxies and the abundances of heavy elements.
Here we show the new findings in this thesis.

In Chapter 2, we performed a series of chemodynamical simulations of an isolated
dwarf galaxy model assuming that NSMs are the major astrophysical site of the r-
process. We found that models with metal mixing in a star-forming region can produce
stars with [Eu/Fe] in EMP stars. NSMs with a merger timescale of 100 Myr contribute
to the enrichment of r-process elements in dSphs. Due to the suppressed SFR (∼
10−3 M⊙ yr−1) in the early phases, [Fe/H] does not increase at ≲ 300 Myr in our
model. This result suggests that NSMs with timescales of ≲ 300 Myr can contribute
to the enrichment of r-process elements in dwarf galaxies. We also found that NSMs
with a rate of ∼ 1000 Gpc−3yr−1 are enough to explain the observed [Eu/Fe] ratio if
they produce ∼ 10−2 M⊙ of r-process elements in one event. These rate and yield are
consistent with the estimation from the observation of the gravitational waves from
an NSM (Abbott et al., 2017b; Tanaka et al., 2017).

Chapter 3 discussed the relation among structure of halos, SFHs, and enrichment
of r-process elements. To produce galaxies with different SFHs and stellar mass,
we changed the central density and total mass of halos of our isolated dwarf galaxy
model. We found that the distribution of r-process elements in EMP stars depends
on the SFRs in the early phases of galaxy evolution. Models with SFRs less than
10−3 M⊙yr−1 produce stars with r-process elements in [Fe/H] ≲ −3. The SFRs in the
early phase depends on the central density not on the total mass of halos. We found
the early SFR is suppressed to be less than 10−3 M⊙yr−1 in galaxies with dynamical
times of ∼ 100 Myr. NSMs with merger timescales from 10 to 500 Myr do not affect
the result significantly. We do not need NSMs with unlikely short merger timescale
to explain the observation of r-process elements if the SFR is suppressed to be less
than 10−3 M⊙yr−1.

In Chapter 4, we newly put the effect of ECSNe into a series of chemodynamical
simulations. We found that stars with [Zn/Fe] ≳ 0.5 reflect the nucleosynthetic
abundances of ECSNe. In the early phases of galaxy evolution, gases with high
[Zn/Fe] ratios from the ejecta of ECSNe remain due to the inhomogeneity of spatial
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distribution of metallicity. Scatters of [Zn/Fe] at [Fe/H] > −2.5 come from the
contribution of SNe Ia. These stars are formed at ≲ 4 Gyr from the beginning of the
simulation. The scatters of [Zn/Fe] are consistent with [Mg/Fe]. We also found that
it is difficult to explain the observed relation of [Zn/Fe] in low metallicity without the
contribution from ECSNe. On the other hand, the observed [Zn/Fe] can be explained
without the contribution of HNe.

Chapter 5 showed that abundances of heavy elements can be used as a tracer of
efficiency of metal mixing in galaxies. We use Mg, Ba, and Zn as a tracer of metal
mixing. We found that the scaling factor for metal diffusion should be less than 0.01
to explain the observed Ba abundances in dwarf galaxies. This value is consistent
with the estimation of the turbulence theory and experiment. The timescale of metal
mixing is estimated to be∼ 40 Myr from the gas phase Ba abundances. This timescale
is shorter than the dynamical timescales (∼ 100 Myr) of dwarf galaxies. The scaling
factor for metal diffusion from ∼ 0.01 can also explain the [Zn/Fe] ratio in metal-poor
stars. This value is consistent with the estimation from Ba abundances.

In Chapter 6, we performed a series of high-resolution cosmological zoom-in
simulations to connect enrichment of r-process elements to the galaxy formation.
We found that most EMP stars are formed before 1 Gyr from the beginning of the
simulation. This result implies that EMP stars observed in the LG galaxies contain
enrichment history of elements within 1 Gyr from the formation of first stars. In
[Fe/H] < −2, there are star-to-star scatters of [Eu/Fe] ratios. This feature is seen
in stars in the MW halo. Scatters of [Eu/Fe] ratios caused by the contribution of
accreted dwarf galaxies in the early phases of galaxy formation. We found that the
r-process rich metal-poor stars are formed in halos with a gas mass of 7–9 × 106 M⊙.
This result suggests that r-process rich stars seen in the MW halo may come from the
accreted galaxies similar to Reticulum II UFD.

Figure 7.1 illustrates the scenario proposed in this thesis. We found that NSMs
can be the major contributor to the enrichment of r-process elements in galaxies. We
also found that ECSNe contribute to the enrichment of Zn in low metallicity. By using
the heavy element abundances, we showed that the timescale of metal mixing is ∼ 40
Myr in galaxies. We can extend these results to the enrichment of heavy elements in a
cosmological context. From the cosmological zoom-in simulations with enrichment
of r-process elements, we propose the scenario that r-process rich stars in the MW
halo are formed in small halos with the size comparable to those of the present UFDs.
This result demonstrates that abundances of heavy elements in LG galaxies can be a
nice tracer of the early phases of evolutionary histories of LG galaxies.

7.2 Future prospects
In this thesis, we performed high-resolution chemodynamical simulations of dwarf
galaxies newly including the effects of NSMs and ECSNe. For NSMs, we assume the
rates within the range of estimation from observed binary pulsars (Chapters 2, 3, 5,
and 6). This rate is still very uncertain even if there is an observation of gravitational
waves from an NSM (Abbott et al., 2017b). In Chapter 4, we studied the enrichment of
Zn, but we cannot reproduce fully the increasing trend of [Zn/Fe] ratios toward lower
metallicity. Also, even if we performed one of the highest resolution simulations, we
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Figure 7.1: The scenario proposed in this thesis.
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are still unable to resolve each star in the simulation. These problems will be resolved
in the near future.

7.2.1 Multi-messenger astronomy
Enrichment of r-process elements from NSMs will be able to study using the multi-
wavelength observations and detailed simulations. The third observation run (O3)
will be operated around 2019 in the gravitational wave detector, LIGO, and Virgo.
The other detector, KAGRA will start operation at 2020. Full operation of three
detectors will be started around 2022. In the full operation, we expect to detect NSMs
∼ 10 events per year. These observations will improve the estimation of the rate
of NSMs. These observations will also be able to constrain the yields, delay time
distributions, and NS kick distributions.

Estimation of rates and kick distributions is critical to understand fully the en-
richment of r-process elements. NSs receive kick when the SN explosion. Binary
NSs with kick velocities larger than the escape velocity of the host galaxy will merge
outside of the galaxy. Safarzadeh and Côté (2017) showed that ∼ 40% of all formed
binary NSs do not contribute to the enrichment of r-process elements. These escaped
binary NSs do not contribute to the enrichment of r-process elements inside the
galaxy but distribute elements to the intergalactic medium.

In the MW halo, stars with [Fe/H] ≲ −3.5 have low-level Ba abundances ([Ba/Fe]
∼ −1.5). UFDs except for Reticulum II also have depleted abundances of r-process
elements (Frebel and Norris, 2015). Origin of these stars is not yet understood.
Materials ejected to the intergalactic medium would account for forming such stars.
We expect that future chemodynamical simulations including the effects of NS kick
resolve these issues.

7.2.2 Star-by-star simulations
It is our quest to understand the evolutionary histories of galaxies from the formation
of first stars to the present. Understanding small systems such as UFDs and globular
clusters is the key to clarify the evolutionary histories of the MW halo. These ob-
jects contain information about the early Universe. To understand the formation and
evolution of these systems, we need to perform a series of very high-resolution sim-
ulations that can resolve each star (star-by-star simulations). These simulations will
be able to perform using the future upgraded supercomputing systems and improved
computational codes.

Recent surveys discovered many UFDs in the LG (e.g., Simon and Geha, 2007).
Weisz et al. (2014) showed that star formation stops earlier in lower mass galaxies.
SN feedback is effective in these galaxies (Okamoto et al., 2010). By analyzing SFHs
of UFDs, it is possible to constrain the efficiency of SN feedback, which is not well
understood.

Formation of globular clusters is one of the open questions in astronomy. Globular
clusters are one of the main components in the LG. They consist of old stars with
ages over 10 Gyr. There are star-to-star scatters of r-process elements, but no scatters
of Fe in the globular cluster, M15 (Sneden et al., 1997; Otsuki et al., 2006). This
observation points to the astrophysical sites of r-process elements and evolutionary
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histories of globular clusters. We expect that future simulations that can resolve each
star will be able to clarify the formation and evolution of globular clusters.

7.2.3 Connection between near and far fields
Our simulations can apply to distant and larger objects. Understanding the enrichment
of Zn in galaxies will clarify the chemical evolution in the Universe. Zn has been
used for the indicator of metallicity in damped Lyα systems. The increasing trend of
[Zn/Fe] ratios toward lower metallicity would be resolved in star-by-star simulations
that can reflect the yields of each SN. Chemical evolution in the high redshift universe
will be clarified by the simulations of damped Lyα systems including enrichment of
Zn from SNe.

The cosmological zoom-in simulations discussed in Chapter 6 can apply for clus-
ters of galaxies. X-ray observations of Perseus clusters showed that the ratio of iron-
peak elements and Fe is consistent with those of solar system (Hitomi Collaboration
et al., 2017). The metallicity distributions in the intergalactic medium are uniform
in the outskirts of Perseus and Virgo clusters (Werner et al., 2013; Simionescu et al.,
2015). These observations give us insight into the metal mixing in the intergalactic
medium. Future simulations of a cluster of galaxies will probe the metal mixing in a
larger scale.

Future observations will give us the data that can directly compare with the high-
resolution simulations. The Gaia mission will provide astrometry and photometry
data over one billion stars down to the magnitude of ∼ 20 (Gaia Collaboration et al.,
2016b; Gaia Collaboration et al., 2016a). The Subaru prime focus spectrograph will
give us chemodynamical data of the LG galaxies (Takada et al., 2014). The next
generegion large telescopes such as the Thirty Meter Telescope (TMT), the Giant
Magellan Telescope (GMT), and the European Extremely Large Telescope (E-ELT)
will observe the Universe down to the era of the formation of first galaxies. The
comparison between future simulations and observations will lead us to understand
the formation and evolution of galaxies.
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Appendix A

Parameter dependence

In this thesis, we performed a series of N-body/SPH simulations of galaxies. Here
we show the effects of parameters adopted in the simulations. We adopt the models
shown in Chapter 2.

A.1 Radial profile
We compare models with different threshold densities for SF (nth), dimensionless
SFE parameters (c⋆), and SN feedback energies (ϵSN). Table A.1 lists all models
discussed here. Figure A.1 shows the radial profiles of our models. Horizontal axis
of Figure A.1 is the distance from the galactic center. Figure A.1 (a) shows the dark
matter density profile. We find that all models have similar dark matter profiles. The
dark matter profile is not affected by physical parameters such as threshold density
for SF, dimensionless SFE parameters, and SN feedback energy.

Gas density, stellar density, and stellar velocity dispersion profiles have variations
among these models. The gas density of sn10 and se01 is lower than that of s000
(Figure A.1 (b)). In these models, most of gas is consumed in the early phase of their
evolution. The gas density of se01 is truncated at 0.3 kpc while the gas profiles of
the other models continue over 10 kpc. This is because the feedback energy in se01
is too weak to blow the gas away to the outer region of the galaxy.

Stellar density profiles for all models (Figure A.1 (c)) are truncated within a few
kpc, which is consistent with the observed truncation radius (∼0.5 – 3 kpc) of dSphs
in the LG (Irwin and Hatzidimitriou, 1995). In sn10, stars distribute to a larger radius
than the other models. When a low value of nth is used, stars can form in the outer
region of the galaxy. If the SN feedback is weak (model se01), stellar distribution
concentrates on the central region of the galaxy.

Figure A.1 (d) shows the velocity dispersion profile. All models except for se01
are consistent with the observed radial velocity dispersion profiles inside 1 kpc from
the center in the LG dSphs (Walker et al., 2007; Walker et al., 2009). Model se01 has
higher velocity dispersion at the center of our model galaxy due to the high central
concentration of stars.

In contrast to nth and ϵSN, the dimensionless SFE parameter (c⋆) does not greatly
affect the radial profiles. Figure A.1 shows all profiles of s000 (red curve) and sc50
(blue curve) are similar although they have different value of the dimensionless SFE
parameter. These features suggest that radial properties of galaxies are insensitive to
the value of c⋆ when we adopt a reasonable value of nth (= 100 cm−3) (Saitoh et al.,
2008).
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Table A.1: List of models.

Model nth c⋆ ϵSN
cm−3 1051 erg

s000 100 0.033 1
sn10 10 0.033 1
sc50 100 0.5 1
se01 100 0.033 0.1

Parameters adopted in our models: (1) Model: Name of our models. (2)
nth: Threshold density for SF. (3) c⋆: Dimensionless SFE parameter. (4)
ϵSN: SN feedback energy.

Figure A.1: Radial profiles of models of different parameters at t =
5.0 Gyr. Red triangles, green diamonds, blue pentagons, and magenta
hexagons represent model s000, sn10 (nth = 10 cm−3), c050s (c⋆ =
0.5), and se01 (ϵSN = 1050 erg), respectively. (a): Radial dark matter
density profile. (b): Radial gas density profile. (c): Radial stellar

density profile. (d): Radial velocity dispersion profile.



A.2. Time variations of the SFR and metallicity distribution 135

A.2 Time variations of the SFR and metallicity distri-
bution

Figures A.2 and A.3 show SFRs as a function of time and metallicity distribution,
respectively. SFRs as a function of time and metallicity distribution are characterized
by the threshold density for SF and SN feedback energy. Model sn10 has lower nth (=
10 cm−3) than that of s000 (nth = 100 cm−3). The second peak of the SFR of sn10 is
earlier than s000. This reflects time required to reach nth is shorter than s000 because
of using low nth value in sn10. In addition, the first peak of SFR of sn10 is higher
than s000. Gas is consumed by SF and removed by outflow at < 0.1 Gyr in sn10. Its
SFR is therefore ∼2 dex lower than s000. The early bursty SF of sn10 produces more
metal-poor stars than s000 (see green dashed and red curves in Figure A.3). Higher
SFR of sn10 at ∼ 0.1 Gyr produces more CCSNe in this phase. CCSNe produce
outflow. Model sn10 thus loses larger amount of gas around ∼ 0.1 Gyr. Chemical
evolution of sn10, therefore, quenches at > 0.1 Gyr and produces few metal-rich stars.

SN feedback energy also significantly affects the time variation of SFR and
metallicity distribution. The SN feedback energy of se01 (ϵSN = 1050 erg) is ten
times smaller than that of s000 (ϵSN = 1051 erg). The peak of the SFR of se01 is
over 1 dex higher than that of s000. SN feedback energy gives thermal energy to gas
particles. It prevents collapse of gas particles. As a result, SF is suppressed due to SN
feedback energy. SN feedback energy of se01 is too weak to suppress SF. The peak
of SFR of se01 is thus ∼ 1 dex higher than s000. Gas is consumed for SF due to high
SFR around 2 Gyr of se01, and the SFR at > 4 Gyr is eventually suppressed. Due
to the low SN feedback energy in model se01, the peak of metallicity distribution of
se01 is ∼ 0.5 dex higher metallicity than s000.

On the other hand, the value of the dimensionless SFE parameter does not sig-
nificantly affect the results. Models s000 and sc50 have different value of c⋆ = 0.033
and 0.5, respectively. The time variation of the SFR and metallicity distribution of
sc50 is however similar to that of s000. This result suggests that the time variation
of the SFR and metallicity distribution are insensitive to the value of c⋆ if we use a
reasonable value of nth (= 100 cm−3). Slightly lower metallicity of sc50 than s000 is
due to slightly lower SFRs of sc50 than s000. This result suggests that the value of
c⋆ does not affect the metallicity distribution as well as radial profiles and the SFR.
When we adopt nth = 100 cm−3, it takes much longer local dynamical time to flow
from the reservoir (nH ∼ 1 cm−3) to the SF regions (nH ≳ 100 cm−3). This timescale
does not depend on c⋆ (Saitoh et al., 2008). Our results are, thus, independent of c⋆.

These results suggest that the time variation of the SFR and metallicity distribution
is significantly affected by the threshold density for SF and SN feedback energy. Low
nth model (sn10) produces too many EMP stars. In contrast, low ϵSN model (se01)
has too many metal-rich stars. These differences in metallicity distribution are due
to the difference of the time variation of the SFR among models. On the other hand,
model s000 reproduces observation of metallicity distribution as well as dynamical
properties. Parameters of s000 are taken from the observed values. Threshold density
of s000 (nth = 100 cm−3) is taken from mean density of GMCs. SN feedback energy
of s000 (ϵSN = 1051 erg) is taken from the canonical explosion energy of CCSNe (e.g.,
Nomoto et al., 2006). We thus treat s000 as a model that has fiducial parameter sets.
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Figure A.2: The SFR as a function of time for our models. Red curve,
green dashed curve, blue short-dashed curve, and magenta dotted curve
represent models s000, sn10 (nth = 10 cm−3), sc50 (c⋆ = 0.5), and se01
(ϵSN = 1050 erg), respectively. The black histogram and black-dotted
histogram represent the observed SFR of the Fornax dSph (de Boer et
al., 2012a) and the Sculptor dSph (de Boer et al., 2012b), respectively.
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Figure A.3: Metallicity distribution of our models. The black his-
togram and black-dotted histogram are observed metallicity distribu-
tion of the Fornax dSph (Kirby et al., 2010) and the Sculptor dSph
(Kirby et al., 2009; Kirby et al., 2010; Kirby and Cohen, 2012), re-
spectively. Red curve, green dashed curve, blue dashed-dotted curve,
and magenta dashed-dotted-dotted curve represent s000, sn10 (nth =
10 cm−3), sc50 (c⋆ = 0.5), and se01 (ϵSN = 1050 erg), respectively.
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Appendix B

Dynamical friction

Here we show the effects of dynamical friction. In this thesis, we assume the same
number of gas and dark matter particles. To be consistent with the baryon fraction,
fb = 0.15 (Planck Collaboration et al., 2014), we set mDM = 5.7 mgas. Massive (dark
matter) particles fall into the center by the dynamical friction. Provided that the
density distribution is a singular isothermal sphere,

ρ(r) = v2
c

4πGr2 , (B.1)

where v2
c is the constant circular speed, r is the radius, massive particles (dark matter

particles) lose angular momentum (L) at a rate,

dL
dt
= −0.428 lnΛ

Gm2
DM

r
, (B.2)

where

Λ =
bmax
b90

≈
bmaxv

2
t

GmDM
, (B.3)

and bmax, b90, vt are the maximum value of impact parameter, 90◦ deflection radius,
and typical relative velocity (Binney and Tremaine, 2008). The angular momentum
at the radius r in the singular isothermal sphere is L = mDMrvc. Substituting this to
the Equation (B.2),

r
dr
dt
= −0.302 lnΛ

Gm2
DM
σ
. (B.4)

Here we use vc =
√

2σ. From the Equation (B.4), we obtain the timescale that massive
particles reach the center of the halo,

tfric =
19 Gyr

lnΛ

(
r

5 kpc

)2
σ

200 kms−1
108M⊙

mDM
. (B.5)

In the isolated dwarf galaxy model adopted in this thesis, typical values are bmax
= 1 kpc, mDM = 104 M⊙, and vt ≈ σ = 10 kms−1. In this case, lnΛ = 7.75.
From Equation (B.5), the timescale of dynamical friction is tfric = 49.0 Gyr. This
timescale is sufficiently longer than the cosmic time. On the other hand, in the case
of simulations massive galaxies (bmax = 5 kpc, vt ≈ σ = 200 kms−1) with mDM =
108 M⊙ (e.g., Katz and Gunn, 1991; Kobayashi, 2004), tfric = 3.1 Gyr. In this case,
dynamical friction affects the evolution of simulated galaxies.
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To confirm that the dynamical friction does not affect the results of this work,
we performed a series of simulations adopting mDM = mgas. Table B.1 lists models
compared in this appendix. Other parameters are the same as those in model G in
Chapter 4. Figure B.1 shows radial density profiles of dark matter, gas, and stars.
According to this figure, radial profiles of both models G and Q are overlapped.
Figure B.2 denotes the time variations of SFRs in these models. Both models show
SFRs of ∼ 10−3 M⊙yr−1. We cannot see any significant difference between models
G and Q. These results indicate that dynamical friction due to adopting particles with
different mass does not affect the results of this work.

Table B.1: List of models discussed in Appendix B.

Model NDM Ngas mDM mgas
103 M⊙ 103 M⊙

G* 131072 131072 4.5 0.8
Q 873813 131072 0.8 0.8

*Models G is the same model as listed in Table 4.3.
From left to right, columns show names of models, initial total number of
dark matter and gas particles, the mass of one dark matter and gas particle.
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Figure B.1: Radial density profiles of dark matter (black), gas (red)
and stars (blue) at 13.8 Gyr from the beginning of the simulation. Solid
and dashed curves denote the model G and Q. Both curves are mostly

overlapped.
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Figure B.2: Time variations of SFRs in model G (blue) and Q (red).
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Appendix C

Effects of supernova yields of zinc and
dependence on the resolution

Here we show the effects of different SN yields of Zn and dependence on the spatial
resolution of simulation. Table C.1 lists models discussed in this Appendix.

Table C.1: List of models discussed in Appendix C.

Model N ϵg SN Yields
pc

G* 218 7.8 N13
N 218 7.8 CL04
O 217 9.9 N13
P 216 14.1 N13

*Model G is the same model as listed in Table 4.3.
From left to right, columns show names of models, initial total number of
particles, gravitational softening length, and adopted SN yields.

C.1 Effects of supernova yields of zinc
As we have shown in Figure 4.1, SN yields of Zn and Fe depend on stellar evolution
models (e.g., Sukhbold et al., 2016). This can affect the results of this study. Figure
C.1 compares the computed evolution of [Zn/Fe] versus [Fe/H] in models G and
N. Models G and N adopt SN yields of N13 and CL04, respectively. As shown in
Figure C.1, both models have the increasing trend toward lower metallicities. Model
N has a ∼ 0.3 dex lower median value of [Zn/Fe] than that of model G. In addition,
model N has larger scatters in [Zn/Fe] at [Fe/H] > −0.5 than those in model G. These
differences reflect the lower production of Zn in CL04 than that in N13. However,
both results are within the range of scatters in observed [Zn/Fe]. This result implies
that the effects of the difference of SN yields do not substantially affect the enrichment
history of Zn.
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Figure C.1: Comparison of the [Zn/Fe] evolution for the models
assuming different SN yields. Model G (red curves) adopts the nucle-
osynthesis yield of N13. Model N (blue curves) adopts the yield of
CL04. Solid curves show the median values. Dotted curves indicate

the 5 % and 95 % significance levels at each [Fe/H] bin.
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C.2 Dependence on the resolution
Figure C.2 compares the [Zn/Fe] evolutions for different resolution models. The
levels of scatters in [Zn/Fe] do not substantially differ among these models. The
number fraction of stars with [Fe/H] ≳ −0.6 seen in model O is less than 0.04,
i.e., the number of these stars is negligible. We therefore conclude that the spatial
resolution of simulations does not change our main results.

Figure C.2: Same as Figure C.1 but for models with different resolu-
tion. Red, green, and blue curves represent models G (N = 218), O (N

= 217), and P (N = 216), respectively.
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