
Exploring the Structure of Evolved Stars’ Extended Atmospheres:  
SKA Capabilities and Observation Opportunities

Behzad  
Bojnordi Arbab

Theo  
Khouri

Wouter  
Vlemmings

Sussanne  
Höfner



Asymptotic Giant Branch (AGB) stars

Hydrogen burning shell
Helium burning shell

Inert C/O Core

≈ 200R⊙ − 500R⊙1



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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Model and 
Radiative transfer

• Radiation-hydrodynamical 
DARWIN model An315u3  
(Höfner 2022)


• LTE, free-free emission of free 
electrons and atomic Hydrogen


• Free electron sources:  
, , , and 


• Fit the brightness temperature 
profile 

K+ Na+ Ca+ Al+
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Frequency- and phase-dependent photosphere radius

• The photosphere radius mostly follows 
density profiles


• We see deeper with higher frequencies  
→ we see generally hotter regions 


• On the shock, the measured radius for a 
wide range of frequencies merge


• The radius increases with shock then falls 
to the next shock
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Brightness temperature and gas temperature
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Some features in resolved observations:



Brightness temperature and gas temperature
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Brightness temperature and gas temperature
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Some features in resolved observations:



Resolved Spectral Index
An315u3 An315u4
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Some features in resolved observations:



Photosphere radial velocity
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Some features in resolved observations:



Photosphere radial velocity
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Photosphere radial velocity
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ALMA Observation of Convection on AGB stars

• Vlemmings et al 2024 (Nature)


• R Doradus at  pc


• Pulsation periods of  and  days


• Largest configuration of ALMA and bands 6 
(  GHz) and band 7 (  GHz)


• Shows a stellar disc with a radius of 
 au at  Ghz

55 ± 3

362 175

≈ 225 ≈ 338

1.64 ± 0.09 338

R Dor 338 GHz 
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ALMA Observation of Convection on AGB stars
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ALMA Observation of Convection on AGB stars
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Vlemmings et al 2024 (Nature)
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ALMA Observation of Convection on AGB stars
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• Variations are significant


• Granule size (Red bar) estimated from 
spatial PSD → structure on the disc 


• Structure sizes on the limb are 
comparable to the disc granule size


• Compared to the local sound speed of 
 km/s, the variations are consistent 

with supersonic shocks resulting from 
convection 


• The time scale of surface granule 
variations  days

≈ 6

≈ 33 ± 3
Vlemmings et al 2024 (Nature)11



What does SKA see?
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What does SKA see?

Dust 

Formation 

Region
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• Flux density profile for stars within 3kpc


• Higher signal-to-noise compared to VLA


• Detect AGB stars within 1kpc with only a 
few minutes of observing time


• Recurring unresolved visits of AGBs as 
far as 1kpc as dedicated projects and 
piggy-back on survey projects

Capabilities of SKA in unresolved observations
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• The highest bands (5a and 5b) are 
suitable for resolved observations of 
nearby AGB stars


• Resolving in the dust-forming region


• Brightness temperature measurements of 
the disc in a wide range of frequencies  
→ constrain temperature and density 
profile in the extended atmosphere


• The wide field of view of SKA provides 
opportunities to revisit nearby AGBs 
several times during one period

Capabilities of SKA in resolved observations

R Dor 338 GHz WHya 43 GHz W Hya 330 GHz
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Thank you for your attention
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ν = 87 GHz



ν = 87 GHz



ν = 87 GHz


