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solar neighborhood at [ ] -Fe H 2. If the chemical enrich-
ment timescale is also shorter than in the solar neighborhood,
as in our second halo model with stronger outflow (light-blue
dotted lines), [(s, r)/Fe] ratios become even higher toward
higher metallicities. The number of these relatively metal-rich
halo stars should be very small, but by finding those stars
with a large survey and measuring their various elemental
abundances, it may be possible to reconstruct the star formation
history of the Galactic halo.

4. Conclusions and Discussion

We quantify the origin of elements in the periodic table
(Figure 39) by constructing GCE models for all stable elements
from C (A = 12) to U (A = 238) from the first principles, i.e.,
with using theoretical nucleosynthesis yields and event rates of
all chemical enrichment sources. Compared with the model in
Kobayashi et al. (2011b), we update our GCE models including
(i) new solar abundances, (ii) failed supernovae, (iii) super-
AGB stars, (iv) the s-process from AGB stars, and (v) various
r-process sites, i.e., ECSNe, ν-driven winds, NSMs, and
MRSNe. We then compare the evolutionary trends of elemental
abundance ratios to the most reliable observational abundances
such as the NLTE analysis of Zhao et al. (2016) and the LTE
differential analysis of Reggiani et al. (2017). This has enabled
us to understand the origin of the elements as a function of time
and environment and to draw the following conclusions.

1. As required from recent observational and theoretical
studies of core-collapse supernovae, we find that stars
with initial masses of >M M30 can become failed
supernovae if there is a significant contribution from HNe
at ~ -M M20 50 , with a fraction of 1% at the solar
metallicity and ∼50% below one-tenth of the solar
metallicity. Observationally, this rate is comparable to the
observed rate of broad-line SNe Ibc at the present. The

cosmic supernova rates will place more constraints on the
contribution of HNe. Theoretically, it is a matter of
urgency to understand the explosion mechanism of HNe,
which requires GR-MHD simulations with detailed
microphysics.

2. Although the fate of super-AGB stars (with ~ -M 8
M10 at solar metallicity) is crucial for supernova rates,

their contribution to GCE is negligible, unless hybrid
WDs from the low-mass end of super-AGB stars explode
as so-called SNe Iax, or the high-mass end of super-AGB
stars explode as ECSNe. Because the mass ranges are
shifted toward lower masses for lower metallicities, the
rates of these supernovae will be higher in low-metallicity
environments such as in dwarf spheroidal galaxies.

3. The observed abundances of the second (e.g., Ba) and
third (Pb) s-process peaks are well reproduced with a
smaller mass extent of 13C pockets in this paper. The
standard 13C pockets assumed in the models of Karakas
& Lugaro (2016) can explain the observed s-process
abundances up to Pb, but the elements belonging to the
second and third s-process peaks are overproduced
relative to the solar abundances. This depends on the
choice of the mass extent of the 13C pocket in the models
and needs to be tested further together with the
contribution of ECSNe and ν-driven winds to the first
(e.g., Sr) s-process peak.

4. Although the enhancement due to ECSNe is small, ∼0.1
dex for [(Cu, Zn)/Fe] ratios, ECSNe can provide enough
light neutron-capture elements such as Sr, Y, and Zr,
together with AGB stars to reproduce their observed
trends and solar abundances. No extra LEPP is needed.
Adding the yields from ν-driven winds results in a strong
overproduction of these light s-process elements. The
yields we use are calculated separately from core-collapse
SNe yields, whereas they should be consistently
calculated together. For this reason it is better to exclude

Figure 39. The time evolution (in Gyr) of the origin of elements in the periodic table: Big Bang nucleosynthesis (black), AGB stars (green), core-collapse supernovae
including SNe II, HNe, ECSNe, and MRSNe (blue), SNe Ia (red), and NSMs (magenta). The amounts returned via stellar mass loss are also included for AGB stars
and core-collapse supernovae depending on the progenitor mass. The dotted lines indicate the observed solar values.
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Structure of AGB stars
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State of the art models

DARWIN

• Dimensions = 1 

• Radial variations 

• Higher number of models 

• Goes to much larger radii

CO5BOLD

• Star-in-a-box models 

• Solve the equations of hydrodynamics 

• Radiative and convective energy 
transfer, with energy balance 

• With assumptions of dust properties, it can 
produce mass loss and the steady outflow 

• Show variations for short-term (pulsations) and 
long-term changes in profiles

• Dimensions = 3 

• Asymmetries and shape changes
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Recent observations
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Why SKA: Lower Frequencies (Compared to ALMA)
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Why SKA:  
Higher resolutions 
(Compared to VLA)

• Resolving structure for 
further sources 

• Constraining the radial 
density and temperature 
profile 

• Finding asymmetries 

• Resolving for different 
models up to <~200 pc
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• Flux density profile for stars 
at d<~2000pc 

• Higher S/N 

Why SKA:  
Better sensitivity
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Testing models in low-frequency

• Shocks  

• Dust-forming region 

• Observing extended atmospheres 
in various sizes 

• Differences in central 
temperatures
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Why SKA: Targeted observation
• As a result of SKA's high sensitivity, high S/N can be obtained much faster 

than VLA 

• As a result of the comparable sensitivity of SKA mid and ALMA, we can 
use simultaneous observations in frequencies from 400MHz to 800GHz! 

• To constrain theoretical models and test atmospheric dynamics (e.g. 
Shocks), we require high-sensitivity observations on the nearest AGB stars 

• SKA targeted-observations will be invaluable for understanding the mass-
loss mechanism and atmospheric structure of AGB stars
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Why SKA: Surveys!
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• AGB phase is comparably short in the evolutionary path of stars  
→ Low number density of AGB stars 
→ Large areas in the sky required for an AGB population large enough for 
statistical analysis 

• Studying the variability of the AGB stars is pivotal in understanding their 
dynamics 
→ Measuring the variability periods requires multiple observations for 
periods of ~ 1 year 

• Wide field recurring surveys with enough S/N are required for studying 
large populations of AGB stars 

• Good news: SKA is capable of such surveys!



Why SKA?

Why AGB stars?

Conclusion
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One of the main sources of heavy elements The mass-loss mechanism is mainly 
happening in the extended atmosphers

SKA mid has sufficient resolving power and 
sensitivity to observe the dynamics and 

structures of this region

SKA is in the right frequencies for studying 
dust-forming regions

SKA + ALMA = observing extended atmospheres layer-by-layer


