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•Tracing AGB Nucleosynthesis using observations of post-AGBs



AGB NUCLEOSYNTHESIS

First-DU

Second-DU

Core He Flash
Third-DU

First-DU 
increase in 4He, 13C, 14N, 17O
decrease in 12C, 16O and 18O

Third-DU 
increase in 12C, some 16O and 
heavy elements (s-process 
elements)

Second-DU (in M > ~3 Msun)
increase in 4He and 14N

Hot Bottom Burning
(in M > ~3 Msun) 
decrease in 12C 
increase in 13C and 14N
7Li, Na, Al



García-Hernández, D. A et al., 2011; 2017

Rb I ZrO

Uttenthaler et al., 2011

OBSERVATIONAL CONSTRAINTS FROM AGB STARS

Schematic Structure of an AGB Star 



POST-AGB EVOLUTION
(SINGLE STARS)



POST-AGB EVOLUTION
(SINGLE STARS)

ISM

White 
Dwarf

Pulsations => Mass Loss
AGB Star

PN

Post-AGB

• A-K Spectral Types 
• Low Log g (0 to ~1.5 dex) 
• Low Metallicity

Post-AGB Star + 
Detached Circumstellar Envelope
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POST-AGB STARS AS EXQUISITE TRACERS FOR CNO, FE-PEAK, 
AND S-PROCESS ELEMENTS

+ LUMINOSITY  (PROGENITOR MASS)



MILKYWAY
LMC
SMC

THE HUNT FOR POST-AGB STARS: 

Galaxy: Van Winckel 2003; Szczerba et al., 2007; Oomen et al., 
2018; Kamath et al., 2022; Kluska et al., 2022

LMC/SMC: Van Aarle et al., 2011; Kamath et al., 2014, 2015



POST-AGB STARS AS EXQUISITE TRACERS FOR CNO, FE-PEAK, 
AND S-PROCESS ELEMENTS

Carbon and s-process rich stars: 

Minitial ~ 1 to 1.5 Msun 
[Fe/H] = -1.0 to -1.5 
Z ~ 0.001 
Teff ~6000 K 
Log g ~1 to 1.5 dex

De Smedt et al., 2012, 2015



POST-AGB STARS AS EXQUISITE TRACERS FOR CNO, FE-PEAK, 
AND S-PROCESS ELEMENTS

Carbon and s-process rich stars: 

All C-rich and s-process rich post-
AGB stars show the 21-micron 

feature

Van Winckel 2003

Minitial ~ 1 to 1.5 Msun 
[Fe/H] = -1.0 to -1.5 
Z ~ 0.001 
Teff ~6000 K 
Log g ~1 to 1.5 dex

De Smedt et al., 2012, 2015



•The revelation of chemical diversities in AGB nucleosynthesis  



Failed third dredge-up
Lack of carbon production during the AGB phase for stars that are predicted to have 
efficient TDU
Kamath et al., 2017

Diverse AGB nucleosynthesis
Non-uniform s-process production
Van Winckel 2003; Kamath et al.,2022a; Kamath et al., 2022b to-be-submitted

COMPLEXITIES IN SINGLE STAR AGB NUCLEOSYNTHESIS



s-process rich versus non-enriched:

CHEMICAL DIVERSITY WITHIN THE GALACTIC SINGLE 
STAR SAMPLE 
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AGB Nucleosynthesis is NOT homogenous! 

s-process rich versus non-enriched:

CHEMICAL DIVERSITY WITHIN THE GALACTIC SINGLE 
STAR SAMPLE 
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A chemical 
dichotomy in the 
C and s-process 
abundances: 
enriched and 
non-enriched (in 
disagreement 
with models!)

No obvious 
trends in O and 
N 



LUMINOSITIES FOR SINGLE GALACTIC POST-AGBS FROM GAIA DR3

Parallaxes from Gaia 
EDR3

Geometric distances from 
Bailer Jones et al., 2021

SED Fitting: 
E(B-V)

Luminosity



Filled: Quality 1 - Filled, Open: Quality 2  (based on GAIA astrometric data) 
Red circles: s-process enriched Blue squares: non s-process rich

Kamath et al., 2022

• POSITION OF THE GALACTIC POST-AGBS IN THE HR-DIAGRAM



Filled: Quality 1 - Filled, Open: Quality 2  (based on GAIA astrometric data) 
Red circles: s-process enriched Blue squares: non s-process rich

Chemical diversity NOT entirely a mass or initial metallicity effect!
Kamath et al., 2022

• POSITION OF THE GALACTIC POST-AGBS IN THE HR-DIAGRAM



• Our attempts to understand the observed chemical diversities 

and AGB nucleosynthesis



NEW POST-AGB STAR MODELS AS TOOLS TO UNDERSTAND THE 
OBSERVED COMPLEXITIES
Kamath et al., 2022b to-be-submitted

ATON stellar evolutionary 
code (Ventura et al., 2018)

Metallicities 10^-3 < Z < 0.014

AGB computations extended 
until the very end of the post-
AGB phase 

For M ⩽ 2 Msun, M/Msun is 
the mass of the stars at the start 
of the AGB phase
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SINGLE 
GALACTIC 
POST-AGBS
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Case 1: Progenitor mass below ~1 Msun (FDU)

Few thermal pulses before envelope is lost
Evolve as M-stars
Little to no C and s-process 
Some N (~0.5 dex) from FDU
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CHEMISTRY OF STARS EVOLVING FROM AGB TO POST-AGB 
Case 1: Progenitor mass below ~1 Msun (FDU)

Few thermal pulses before envelope is lost
Evolve as M-stars
Little to no C and s-process 
Some N (~0.5 dex) from FDU

Case 2: Progenitor mass of ~1 - 3 Msun (TDU)
Series of thermal pulses
Evolve as C-stars
Significant C and s-process
Some N (from FDU), mild O-enrichment

Case 3: Progenitor mass of ~3 - 4 Msun (TDU + HBB)
Experience both TDU and HBB
Enhanced in C and s-process.
N  is ~a factor of 10 higher than initial

Case 4: Progenitor mass of > 4 Msun (HBB)
Dominated by HBB
N enhancement, neither C nor s-process

STANDARD AGB 
EVOLUTION AND 

NUCLEOSYNTHESIS 
SCENARIOS 



Case 1: First Dredge-Up 
(FDU)
Progenitor mass below ~1 
Msun

Few thermal pulses before envelope 
is lost
Evolve as M-stars
Little to no C and s-process 
Some N (~0.5 dex) from FDU
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Case 1: First Dredge-Up 
(FDU)
Progenitor mass below ~1 
Msun

Few thermal pulses before envelope 
is lost
Evolve as M-stars
Little to no C and s-process 
Some N (~0.5 dex) from FDU

1922

31

30

24



Case 2: Third Dredge-Up 
(TDU)
Progenitor mass of ~1 - 3 
Msun

Series of thermal pulses
Evolve as C-stars
Significant C and s-process
Some N (from FDU), mild O-
enrichment
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Case 2: Third Dredge-Up 
(TDU)
Progenitor mass of ~1 - 3 
Msun

Series of thermal pulses
Evolve as C-stars
Significant C and s-process
Some N (from FDU), mild O-
enrichment6

8

10 14
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Z=0.01 Case 3: TDU + HBB
Progenitor mass of ~3 - 4 
Msun

Experience both TDU and HBB
Enhanced in C and s-process.
N  is ~a factor of 10 higher than 
initial

1 15



Case 3: TDU + HBB
Progenitor mass of ~3 - 4 Msun

Experience both TDU and HBB
Enhanced in C and s-process.
N  is ~a factor of 10 higher than initial
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Progenitor mass of > 4 Msun

Dominated by HBB
N enhancement, neither C nor s-process
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CHEMISTRY OF STARS EVOLVING FROM AGB TO POST-
AGB 

NON - STANDARD AGB EVOLUTION AND 
NUCLEOSYNTHESIS SCENARIOS 



A SIGNATURE OF DEEP MIXING DURING THE RGB? 
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Possibility explored: extremely 
deep mixing during the RGB 
ascending
e.g., D’Antona & Ventura 2007



A SIGNATURE OF DEEP MIXING DURING THE RGB? 
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AGB phase with a mass in the 1 − 1.1 M⊙ range
Assuming a ∼ 0.1 M⊙ mass loss during the RGB, this corresponds to age 4 − 5 Gyr
Star must have experienced one or 2 TDU events before entering the post-AGB 
phase (observed value [N/Fe] = 1.1, [C/Fe] = 0.3 + lack of s-process enhancement)

A SIGNATURE OF DEEP MIXING DURING THE RGB? 

HD161796



STARS THAT FAILED THE THIRD DREDGE-UP 
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STARS THAT FAILED THE THIRD DREDGE-UP 
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STARS THAT FAILED THE THIRD DREDGE-UP 
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A fast loss of the external 
envelope halted further 
growth of the core mass and 
increase in the surface 
carbon and prevented s-
process enrichment



SAO239853: uncertain luminosity, given in the 13000 − 48500 L⊙ range. 

The 3 Msun  model star evolves to surface C and N abundances consistent 
with those observed during the first part of the AGB phase, after the star 
experienced a couple of TDU events

We artificially removed the envelope of the stars from this point on

STARS THAT FAILED THE THIRD DREDGE-UP 
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An extremely Short AGB phase

A core helium burning star

s-process and carbon 
enrichment in faint stars
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THE POST-AGB PHASE FOR UNDERSTANDING AGB NUCLEOSYNTHESIS
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CONCLUSIONS
Post-AGB stars are exquisite tools to reconstruct the evolution of the stars through 
the post-MS phases

∼ 40% of the single post-AGB stars in the sample descend from 1 − 3 M⊙ 
progenitors

5 sources are the progeny of low-mass stars, that started the AGB phase with mass 
below ∼ 1 M⊙ 

The three brightest stars, whose surface chemical composition shows up the 
signature of proton-capture processing, are identified as the youngest stars in the 
sample, descending from 3 − 4 M⊙ progenitors that experienced both third 
dredge-up and hot bottom burning 

A few low luminosity sources are tentatively identified as the progeny of low-
mass (∼ 0.5−0.7 M⊙), post core helium burning stars, which after a short expansion 
phase lost the entire envelope and failed to reach the AGB

Surface carbon + luminosity -> best indicator of the past history and nature of their 
progenitors



CURRENT AND FUTURE WORK
Systematic surveys to identify low- and intermediate-mass stars in 
the Galaxy, LMC, SMC

Exploring individual oxygen abundances as tracers of mixing, 
12C+alpha reaction rate, overshooting…

s-process nucleosynthesis, with a focus on Pb

Isotopic abundance studies (PhD thesis of Maksym Mohorian)

s-process in Post-AGBs and links to Ba stars and CEMPs (PhD thesis 
of Meghna Menon)

Post-AGB stars as tracers of dust production and mass loss (PhD 
thesis of Silvia Tosi)

AGB and post-AGB stars in star clusters (PhD thesis of Abhinna 
Sundar)



Figure 39. from The Origin of Elements from Carbon to Uranium
null 2020 APJ 900 179 doi:10.3847/1538-4357/abae65
http://dx.doi.org/10.3847/1538-4357/abae65
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from Sr to Pb
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• Third Dredge-Up:
4He; 12C; 14N; 16O; 19F; 22Ne; 25,26Mg
12,13C; 14,15N; 16,17,18O

• Hot Bottom Burning: 
7Li; 13C; 14N; 25,26Mg; 26,27Al
12,13C; 14,15N; 16,17,18O, 24,25,26Mgl 28,29,30Si; 32,33,34S…

• Neutron Capture Nucleosynthesis:
s-process elements (light-s elements, heavy-s elements, Pb)

AGB NUCLEOSYNTHESIS - OBSERVATIONAL CONSTRAINTS 
Over a wide range of initial masses and metallicities!









Post-AGB stars as tracers of the origin of elements and isotopes in the Universe



Under-abundance of lead (Pb)
De Smedt et al., 2014, 2015; Kamath et al., 2021 
s-process nucleosynthesis

COMPLEXITIES IN SINGLE STAR AGB NUCLEOSYNTHESIS



LEAD (Pb): A TRACER OF S-PROCESS AND I-PROCESS IN AGB STARS 

Strong component
Pb
τ ≈ 7.0 mbarn−1
Low-mass, Low-
metallicity AGBs
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Discrepancy between the observed and 
predicted Pb over-abundances in single, low-

metallicity ([Fe/H]<– 0.7 dex) post-AGBs

Kamath & Van Winckel 2021



LEAD (PB): A TRACER OF S-PROCESS AND I-PROCESS IN AGB STARS 

�1.0 �0.5 0.0 0.5 1.0 1.5 2.0
[Pbupper/hs]

0

2500

5000

7500

10000

12500

15000

17500

L
/L

su
n

1

2

3
4

5

6

7

8

9 10

11

12

13 14

15

16

17 18
19

�1.2

�1.0

�0.8

�0.6

�0.4

[F
e/

H
]

De Smedt et al., 2016

Discrepancy between the observed and 
predicted Pb over-abundances in single, low-

metallicity ([Fe/H]<– 0.7 dex) post-AGBs

Kamath & Van Winckel 2021



THE ADVENT OF THE i-PROCESS:

A neutron density of ~1011 n/cm3 could produce a pattern that matches…
Hampel et al., 2019



LEAD (Pb): A TRACER OF S-PROCESS AND I-PROCESS IN AGB STARS 
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A subset of post-AGB stars reflect a lack of carbon production during the AGB phase
Kamath et al.,2018
efficiency of the third dredge-up

Non-uniform s-process production
Van Winckel 2003; Kamath et al.,2022; Kamath et al., 2022b to-be-submitted
AGB nucleosynthesis

Under-abundance of lead (b)
De Smedt et al., 2014, 2015; Kamath et al., 2021 
s-process nucleosynthesis

Observed C/O and 12C/13C ratios significantly lower than predictions
De Smedt et al., 2012; Van Aarle et al., 2014; Kamath et al., 2014; 2015
convection, mixing, and mass-loss

THE STATE-OF-THE-ART: SINGLE STAR AGB NUCLEOSYNTHESIS



Red circles: s-process enriched Blue squares: non s-process rich
Filled: Quality 1 - Filled (based on GAIA astrometric data) 

• POSITION OF THE GALACTIC POST-AGBS IN THE HR-DIAGRAM

Chemical diversity NOT entirely a mass or initial metallicity effect!



Dell' Agli et al., 2019

THEORETICAL PREDICTIONS FOR TDU AND HBB FOR A RANGE OF 
METALLICITIES

• Models with Minitial = 1. 5 to 2.5 Msun 
show strong C-enhancement

• Onset of HBB roughly at 2.5 to 3Msun 
(depending on metallicity)



Karakas et al., 2018

HEAVY-ELEMENT YIELDS AND ABUNDANCES OF AGB STARS 
WITH Z = 0.0028, [FE/H] ≈ −0.7

• Models with Minitial = 1. 15 to 4 Msun 
show strong C-enhancement

• Models with Minitial = 1. 15 to 3.75 Msun 

show mild to strong s-process 
enrichment



POST-AGB STARS AS EXQUISITE TRACERS FOR CNO, FE-PEAK, AND 
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POST-AGB STARS AS EXQUISITE TRACERS FOR CNO, FE-PEAK, AND 
S-PROCESS ELEMENTS

Reyniers et al., 2002 
De Smedt PhD Thesis

Nd II lines at 6031.270 and 6034.228 Å 

 6437.640 Å

5733.852 Å



Case 1: First Dredge-Up 
(FDU)
Progenitor mass below ~1 
Msun

Few thermal pulses before envelope 
is lost
Evolve as M-stars
Little to no C and s-process 
Some N (~0.5 dex) from FDU
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Case 2: Third Dredge-Up 
(TDU)
Progenitor mass of ~1 - 3 
Msun

Series of thermal pulses
Evolve as C-stars
Significant C and s-process
Some N (from FDU), mild O-
enrichment
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