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Abstract. Abundances of heavy elements in dwarf galaxies reflect their early evolutionary his-
tories. Recent astronomical observations have shown that there are star-to-star scatters in the
abundances of r-process elements and the decreasing trend of Zn toward higher metallicity in
extremely metal-poor stars. However, the enrichment of heavy elements is not well understood.
Here we performed a series of high-resolution N -body/smoothed particle hydrodynamics sim-
ulations of dwarf galaxies. We find that neutron star mergers can explain ratios of r-process
elements to iron in dwarf galaxies due to their suppressed star formation rates. We also find
that stars with [Zn/Fe] >∼ 0.5 reflect the ejecta from electron-capture supernovae. Inhomogeneity
of the metals in the interstellar medium causes the scatters of heavy elements. We estimate that
the timescale of metal mixing is <∼ 40 Myr using heavy element abundances in metal-poor stars.
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1. Introduction

Understanding the enrichment of heavy elements in galaxies can lead to clarifying the
evolutionary histories of galaxies. Stellar abundances of heavy elements reflect the astro-
physical sites of elements and evolutionary histories of galaxies. Dwarf galaxies are ideal
sites to study the enrichment of heavy elements. They contain many metal-poor stars
which have different heavy element abundances, which point to the early evolutionary
histories of galaxies.
It is possible to determine the abundances of heavy elements of each star in the Local

Group dwarf galaxies. Elements which are synthesized by the rapid neutron-capture
process (hereafter we call r-process elements) show characteristic abundances in the
Local Group. Ji et al. (2016) and Roederer et al. (2016) reported that there are enhanced
abundances of r-process elements in the Reticulum II ultra-faint dwarf galaxy (Ret II). On
the other hand, in the classical dwarf spheroidal galaxies (dSphs), there are no r-process
enhanced stars (e.g., Frebel & Norris 2015).
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Abundances of Zn also show characteristic features in the Local Group galaxies. At
[Fe/H] <∼ −2, there is a decreasing trend toward higher metallicity in the ratios of [Zn/Fe]
(e.g., Saito et al. 2009). Skúladóttir et al. (2017) showed that there are scatters in [Zn/Fe]
ratios at [Fe/H] >∼ −1.8 in the Sculptor dSphs.

Although there are many observations of stellar abundances in dwarf galaxies, the
enrichment of heavy elements in dwarf galaxies is not well clarified. The most promising
sites of r-process elements are neutron star mergers (NSMs, e.g., Wanajo et al. 2014).
Ishimaru et al. (2015) show that r-process elements increase at lower metallicity when
they assume that smaller galaxies have lower star formation efficiencies. For Zn in dSphs,
there are no studies so far in the context of chemical evolution in dwarf galaxies except for
Hirai et al. (2018). It is necessary to perform a series of self-consistent chemo-dynamical
simulations of dwarf galaxies to fully understand the enrichment of heavy elements.
In this proceedings, we aim to report recent progress of our simulations regarding the
enrichment of heavy elements.

2. Method

Here we briefly describe the adopted method in this study. We performed a series of
N -body/smoothed particle hydrodynamics simulations with asura (Saitoh et al. 2008;
2009). The code adopts metallicity-dependent cooling/heating functions, star formation,
and supernova feedback models (see Hirai et al. 2015 for datails). We treat star particles
as a simple stellar population with the Kroupa et al. (2001) initial mass function from 0.1
to 100 M�. We adopt the nucleosynthetic yields of core-collapse supernovae, hypernovae
(HNe, Nomoto et al. 2013), electron-capture supernovae (ECSNe, Wanajo et al. 2018),
NSMs (Wanajo et al. 2014), and type Ia supernovae (SNe Ia, Seitenzahl et al. 2013). These
yields are compiled by chemical evolution library (CELib, Saitoh 2017). We assume that
5 % of stars with >∼ 20 M� explode as HNe. Mass ranges of ECSNe are taken from
stellar evolution calculations of Doherty et al. (2015). For NSMs and SNe Ia, we assume
that power-law delay time distributions with the index of −1 and the minimum delay
time of 10 and 100 Myr, respectively. The rate of NSMs is assumed to be consistent
with the estimated rate by the gravitational wave observations (Abbott et al. 2017). For
metal mixing, we adopt a shear-based metal mixing model (Shen et al. 2010; Saitoh 2017;
Hirai & Saitoh 2017).
Here we compute an isolated dwarf galaxy model. We assume the pseudo-isothermal

profile as the initial dark matter and gas density profiles (e.g., Revaz & Jablonka 2012).
The total mass of the halo is 7×108 M�. We set the total number of particles as 218 with
a gravitational softening length of 7 pc.

3. Results and Discussion

We confirm that our model has similar chemical evolution with the Sculptor dSph.
Figure 1 (a) shows metallicity distribution functions computed in this model. The final
median metallicity and stellar mass in this model are 〈[Fe/H]〉 = −1.3 and M∗ = 3.7
× 106 M�, respectively. These results are consistent with those of the Sculptor dSph
(〈[Fe/H]〉 = −1.7 and M∗ = 3.9 × 106 M�).

We compute the enrichment of Zn and r-process elements in this model. Figure 1 (b)
depicts [Zn/Fe] as a function of [Fe/H]. At [Fe/H] <∼ −3, there are stars with [Zn/Fe]
ratios of >∼ 0.5 in this model. These stars are also seen in the observations. We find that
these stars are formed from the ejecta from ECSNe. Stars which have [Zn/Fe] � 0.2 at
[Fe/H] <∼ −3 are formed from the ejecta from HNe. Hirai et al. (2018) suggest that mass
ranges of ECSNe affect the ratios of [Zn/Fe] at low metallicity. The decreasing trend
toward higher metallicity seen at [Fe/H] >∼ −2.5 is due to the contribution of SNe Ia. We
cannot see any significant scatters of [Zn/Fe] at [Fe/H] >∼ −1.8, which are implied in the
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Figure 1. (a): Metallicity distribution functions of our model at 13.8 Gyr from the start of the
simulation (red-solid histogram) and the Sculptor dSph (blue-dashed histogram; Kirby et al.
2009; 2010; Kirby & Cohen 2012). (b): [Zn/Fe] as a function of [Fe/H]. Grey scales show stellar
mass fraction in each grid predicted by our model. Blue plots with error bars at [Fe/H] < −2.5
show observed data binned by Saito et al. (2009). Blue circles represent observed data of the
Sculptor dSph (Shetrone et al. 2003; Geisler et al. 2005; Simon et al. 2015; Skúladóttir et al.
2017). Typical error bars are shown in the top right corner of the figure. (c): Same as (b) but for
[Ba/Fe] as a function of [Fe/H]. Blue plots show observed data of the Sculptor dSph ((Shetrone
et al. 2003; Geisler et al. 2005). All data are complied using SAGA database (Suda et al. 2008;
2017). Colour version is available online.

observations of Skúladóttir et al. (2017). This result suggests that the scatters seen in
the Sculptor dSph come from observational errors or unknown sites of Zn synthesis such
as zero-metallicity pair-instability supernovae (e.g., Heger & Woosley 2002).

Figure 1 (c) represents [Ba/Fe] as a function of [Fe/H]. We regard Ba as a representative
of r-process elements because the pure r-process element, Eu is difficult to detect in the
observation. Although most of Ba are synthesized by the s-process at high metallicity,
we can regard Ba as r-process elements at [Fe/H] <∼ −2.5 due to long lifetimes of low or
intermediate mass stars which contribute to the s-process. As shown in this figure, NSMs
can begin to occur at [Fe/H] ∼ −3. This result is due to the suppressed star formation
in dSphs (Hirai et al. 2015). When we fix the halo mass, NSMs begin to contribute at
higher metallicity in galaxies with higher star formation rates (Hirai et al. 2017).

Abundances of heavy elements in metal-poor stars can be used as a tracer of metal
mixing in galaxies. In classical dSphs, r-process enhanced stars ([Ba/Fe] > 1) has not
been found. This result reflects the efficiency of metal mixing in galaxies. The results
suggest that the scaling factor for metal mixing should be less than 0.01 to reproduce
the observed lower ratios of r-process elements to iron in dSphs. Hirai & Saitoh (2017)
show that the timescale of metal mixing corresponding to this efficiency is ≈ 40 Myr.
Enhanced r-process abundances seen in Ret II is due to a smaller initial gas mass of
ultra-faint dwarf galaxies than that of classical dSphs (Ojima et al. 2018). Our results
suggest that increasing the number of observations of r-process elements in dwarf galaxies
can constrain the efficiency of metal mixing more precisely.
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