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® Tracing AGB Nucleosynthesis using observations of post-AGBs
® The revelation of chemical diversities in AGB nucleosynthesis

® Our attempts to understand the observed diversities



® Tracing AGB Nucle tions ot post-AGBs



AGB NUCLEOSYNTHESIS
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OBSERVATIONAL CONSTRAINTS FROM AGB STARS
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POST-AGB EVOLUTION
(SINGLE STARS)
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POST-AGB EVOLUTION
(SINGLE STARS)
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POST-AGB STARS AS EXQUISITE TRACERS FOR CNO, FE-PEAK,
AND S-PROCESS ELEMENTS
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POST-AGB STARS AS EXQUISITE TRACERS FOR CNO, FE-PEAK,
AND S-PROCESS ELEMENTS
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THE HUNT FOR POST-AGB STARS:
MILKYWAY

LMC B
SMC

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:

¢ )004441.04

C  IRA506530
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Z
De Smedt et al., 2012, 2015
Minitias ~ 1 to 1.5 Msun
[Fe/H] =-1.0to -1.5
Z ~ 0.001
Teff “6000 K
Log g ~1 to 1.5 dex




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

Carbon and s-process rich stars:
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All C-rich and s-process rich post-
AGB stars show the 21-micron
feature
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® The revelation of ¢ B nucleosynthesis



COMPLEXITIES IN SINGLE STAR 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



CHEMICAL DIVERSITY WITHIN THE GALACTIC SINGLE
STAR SAMPLE

s-process rich versus non-enriched:




CHEMICAL DIVERSITY WITHIN THE GALACTIC SINGLE
STAR SAMPLE

s-process rich versus non-enriched:

AGB Nucleosynthesis is NOT homogenous!



* 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
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POSITION OF THE GALACTIC POST-AGBS IN THE HR-DIAGRAM
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POSITION OF THE GALACTIC POST-AGBS IN THE HR-DIAGRAM
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Chemical diversity NOT entirely a mass or initial metallicity effect!
Kamath et al., 2022




® QOur attempts to und chemical diversities

and AGB nucleosynth



NEW POST-AGB STAR MODELS AS TOOLS TO UNDERSTAND THE

OBSERVED COMPLEXITIES
Kamath et al., 2022b to-be-submitted

M/Mg L/Le Meore/Mg [C/Fe] [N/Fe] [O/Fe]

ATON stellar evolutionary

7=8 x 103
code (Ventura et al., 2018)

4000 0.55
4200 0.557 )
5100 0.564 . Metallicities 10M-3 < Z < 0.014
5550 0.574
5500 0.571 .
6200 0.584 AGB computations extended
6500 0.59 until the very end of the post-
7450 0.602 AGB h
8300 0.632 phdse
8200 0.617
8600 0.606 For M < 2 Msun, M /Msun is
9300 0.66
21500 0.79 the mass Of the stars at the start

23000 0.87 of the AGB phase
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CHEMISTRY OF STARS EVOLVING FROM AGB 10 PosT-AGB

SCENARIOS




CHEMISTRY OF STARS EVOLVING FROM AGB 10 POosT-AGB
» Case 1: Progenitor mass below ~1 Msun (FDU)

» Few thermal pulses before envelope is lost STANDARD AGB

» Evolve as M-stars EVOLUTION AND
x Little to no C and s-process NUCLEOSYNTHESIS
*» Some N (~0.5 dex) from FDU SCENARIOS
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» 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
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» Experience both TDU and HBB
» Enhanced in C and s-process.
» N is ~a factor of 10 higher than initial
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CHEMISTRY OF STARS EVOLVING FROM AGB 10 POosT-AGB
» Case 1: Progenitor mass below ~1 Msun (FDU)

» Few thermal pulses before envelope is lost STANDARD AGB

» Evolve as M-stars EVOLUTION AND
x Little to no C and s-process NUCLEOSYNTHESIS
*» Some N (~0.5 dex) from FDU SCENARIOS

» Case 2: Progenitor mass of ~1 - 3 Msun (TDU)

= Series of thermal pulses

x  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)
*x  Dominated by HBB
» N enhancement, neither C nor s-process



Non s-process enriched x Case 1: FiI'St Dredge-Up
(FDU)

» Progenitor mass below ~1
Msun

» Few thermal pulses before envelope
is lost

» Evolve as M-stars

4 Little to no C and s-process

— Mot . » Some N (~0.5 dex) from FDU

— = M;=1.00Mg,
M;=0.41Mq,
-+ M;=0.33Mg
M;=0.30M¢

—— M;=3.00M@,M;=0.71Mg,
M;=2.50M g ,M;=0.62M¢

Index  Object Teog [C/Fe] [N/Fe] (O /Fe] Flag Minit chemistry
19 IRAS 0125946823 5510 £ 250 0.18 £0.15 0.31 4+ 0.06 Q1 0.5—0.6 Mg FDU
22 HD 107369 7533 £ 250 < —=0.2 0.49 £ 0.3 040.2 Q1 0.5 —0.6 Mg FDU

24 HD 133656 8238 £ 250 0.3+0.2 0.5+0.2 0.6 0.2 Q1 0.8 —1 Mg FDU

0.30+0.02 Q1  08—1Mg FDU

.01 +£0.16/ 0.46 = 0.05 Q1 0.5 —0.6 Mg FDU

30 IRAS 1947543119 8216 + 250 —0.09 = 0.30
31 HR 7671 6985 + 250 —0.57 = 0. )



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

Object Teg [C/Fe] IN/Fe] O /Fe| Flag Minit chemistry
IRAS 0125946823 5510 £ 250 0.18 £0.15 0.31 £+ 0.06 Q1 0.5 —0.6 Mg FDU

HD 107369 7533 £+ 250 < —0.2 0.49+ 0.3 0+0.2 Q1 0.5 —0.6 Mg FDU
HD 133656 8238 £ 250 0.3+0.2 0.5+0.2 0.6 =0.2 Q1 0.8 —1 Mg FDU

IRAS 1947543119 8216 £ 250 —0.09 £ 0.30 0.30 £ 0.02 Q1 0.8—-1 Mg FDU
HR 7671 6985 £ 250 —0.57 £ 0. 0.51 £0.16/ 0.46 = 0.05 Q1 0.5 — 0.6 Mg FDU
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3.0

Tefr L/LQ
IRAS 08143-4406 7013 £+ 250 4509
IRAS 08281-4850 7462 + 250 9584
IRAS 12360-5740 7273 + 250 6258
IRAS 13245-5036 9037 &+ 250 11221
IRAS 14325-6428 7256 £+ 250 4935
IRAS 14429-4539 9579 + 250 5049
IRAS 19500-1709 8239 + 250 7053

0.71 £0.10
0.75 £ 0.21
0.27 £ 0.18
0.57 = 0.21
1.18 + 0.23 0.18 = 0.20
0.68 = 0.23

AN

).99 4 0.06

» 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

(O /Fe] Flag M it chemistry

0.194+0.13 Q1 1-1.5 Mg TDU
).12+0.11 Q2  1.5-—2 Mg TDU
$.31+0.05 Q1 1-1.5Mg TDU
)26 +0.13 Q2  1.5—2 Mg TDU
0.57+0.09 Q2 1.5-—2Mg TDU
0314+0.12 Q2 15-2 Mg TDU
0.72+0.04 Q1 TDU

0.01 £ 0.22

0.22 £ 0.32




3x10* [~
' Case 2: Third Dredge-Up
_ (TDU)
AT Progenitor mass of ~1 - 3
< Msun
' Series of thermal pulses
o L Evolve as C-stars
i Significant C and s-process
i ' Some N (from FDU), mild O-
: . enrichment
0 =
[C/Fel
Object Teosr L/Lg |(Z/Fe] 7 (O /Fe] Flag chemistry
8 IRAS 08143-4406 7013 4= 250 4509 0.71 £0.10 0.01 £0.22 \0.19 £0.13 Q1 TDU
9 IRAS 08281-4850 7462 =250 9584 0.75 £0.21 . : Q2 TDU
10 IRAS 12360-5740 7273 £ 250 6258 0.27 £ 0.18 0.22 £ 0.32 : . Q1 TDU

11 IRAS 13245-5036 9037 £ 250 11221 0.57 = 0.21
12 IRAS 14325-6428 7256 £ 250 4935
13 IRAS 14429-4539 9579 £ 250 5049
IRAS 19500-1709 8239 + 250 7053

. Q2 TDU
1.18 4023 V 0.1840.20 f0.574+0.09 Q2 TDU

0.68 = 0.23 0.31 £0.12 Q2 TDU
.99 + 0.06 41 +0.30/ 0.72 +0.04 Q1 TDU




x 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

- M;=1.50Mp,
_— 1\‘[1:1.251\{@, o< O
== M;=1.00M@,M¢=0.53M¢g

M;=0.41M¢

-~ M;=0.33Mg

M¢=0.30M¢

Index Object Teq L/Lc m m [O/Fe] Flag M; it chemistry

TDU+HBB

1 IRAS Z02229+6208 5952 4+ 250 12959

15 IRAS 2000043239 5478 £ 250 14342 A 3 — 3.5 M TDU+HBB




x 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

IRAS 20000+3239

3M, 2z=107"°




x Case 4: HBB

» Progenitor mass of >4 Msun

»  Dominated by HBB
» N enhancement, neither C nor s-process

—— M;=3.00Mg, Mf 0.71Mg

M;=0.41M¢
- M;=0.33Mg
M;=0.30M¢

Index  Object Teg L/Lg IN/Fe] [O/Fe] Flag Minit chemistry
25 HR 6144 6728 + 250 25491 0 3 i O 2 0.94+0.2 0.3 £0.2 Q1 4 —5 Mg




x Case 4: HBB

» Progenitor mass of >4 Msun

»  Dominated by HBB
» N enhancement, neither C nor s-process
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x Case 4: HBB

» Progenitor mass of >4 Msun

»  Dominated by HBB
» N enhancement, neither C nor s-process

ot
o

I T T T T I T T T T ] T T T T l T T T |l I T Ll T T I T
[Fe/H]=-0.4
4M,

e
ot

e~
o

«
ot

=]

7
=

= 3.0
o0

Qo

=

o
ot

—— M;=3.00M@,M;=0.71Mg
M;=2.50Mg,M;=0.62M¢,
- M;=2.00Mg,M;=0.58M¢
- M;=1.50M@,M;=0.58M¢
M;=1.25Mg,M;=0.57M¢,
M;=1.00Mg,M¢=0.53M¢,
M;=0.41M¢
- M;=0.33Mg
M;=0.30M¢

b
o

—_
ot

—_
@)

4.00 3.95 3.90 3.85 3.80 3.75 3.70 3.65 S ST S S S T S S S Y S
Log Teg 0 5x10* 10° 1.5x10° 2x10° 2.5x10°

time [yr]

Index  Object Tog L/Lo [ [c/F] [ IN/Fe] | [O/F]  Flag Mt chemistry
25 HR 6144 6728 =250 25491 0.3 +£0.2 Q1 4 -5 Mg HBB




CHEMISTRY OF ST FROM AGB TO POST-



FROM AGB TO POST-




A SIGNATURE OF DEEP MIXING DURING THE RGB?

» No s-process enhancements

* luminosity: 5000—6300 Lsun

» Extremely large surface
nitrogen, [N /Fe] =1.1

» Possibility explored: extremely
deep mixing during the RGB
ascending

x e.g., D"Antona & Ventura 2007

— M;=3.00M
M;=2.50M

M;=0.33M¢
M;=0.30M,

6139 + 250 5742 0.3 +0.2



A SIGNATURE OF DEEP MIXING DURING THE RGB?

» No s-process enhancements

* luminosity: 5000—6300 Lsun

» Extremely large surface
nitrogen, [N /Fe] =1.1

» Possibility explored: extremely
deep mixing during the RGB
ascending

x e.g., D"Antona & Ventura 2007

— M;=3.00M
M;=2.50M

M;=0.33M¢
M;=0.30M,

Index  Object Teog L/Lg [C/Fe] ' [N/Fe] (O /Fe] Flag Minit chemistry
26  HD 161796 6139 £ 250 5742 03+02 /\1.1+0.2 04402 QI 1—1.2Mg FDU



A SIGNATURE OF DEEP MIXING DURING THE RGB?

| 1M, 2=0.008 | [ HD161796

T I T T T I

deep mixing

» 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)




STARS THAT FAILED THE THIRD DREDGE-UP

—— M;=3.00Mg,M;=0.71Mg,
1\"1122.501\/{@ ,l\ﬂ’If :0.621\{@
- M;=2.00M@,M¢=0.58M¢
M;=1.25Mo,M;=0.57Mg,
© M;=1.00M@,M¢=0.53Mg
M;=0.41M¢
- M;=0.33Mg

3.85 3.80 3.75 3.70
Log Teg

Index  Object Tesr L/Lg [C/Fe| [N /Fe] [O/Fe] Flag Minit chemistry
21 SAO 239853 7452 £ 250 23490 0.4 4+0.15 0.6 0.2 0.840.2 Q2 ~ 3 Mg TDU
23 HD 112374 6393 + 250 10777 0.1 4+0.2 0.5+ 0.2 Q1




STARS THAT FAILED THE THIRD DREDGE-UP

—
— - — o ——

—— M;=3.00Mg,M;=0.71Mg,
1\"1122.501\/{@ ,l\ﬂ’If :0.621\{@
- M;=2.00M@,M¢=0.58M¢
M;=1.25Mo,M;=0.57Mg,
© M;=1.00M@,M¢=0.53Mg
1\”If:0.411\"l(9
- M;=0.33Mg

3.85 3.80 3.75 3.70
Log Teg

Index  Object Tesr L/Lg Y [C/Fe| [O/Fe] Flag Minit chemistry
21 SAO 239853 7452 £250F 23490 J0.4+£0.15 0.8+ 0.2 Q2 ~ 3 Mg TDU

23 HD 112374 6393250\ 10777 /\0.1=:0.2/ Q1



STARS THAT FAILED THE THIRD DREDGE-UP

—

» A fast loss of the external
S envelope halted further
growth of the core mass and
increase in the surface
— i Mg carbon and prevented s-

1\"1122.501\{@,l\r"If:0.621\ﬂ1@ N
1 Mm200M0 M0 process enrichment
""" 1\"[1:1 501\[0 ,1\~’If :0581\10
—— M;=1.25Mg,M;=0.57M,
— = M;=1.00Mg,M;=0.53Mg,
1\”If:0.411\"l(9
----- M;=0.33Mg,

3.85 3.80 3.75 3.70 3.65
Log Teg

Index  Object Tesr L/Lg Y [C/Fe| [N /Fe] [O/Fe] Flag Minit chemistry
21 SAO 239853 7452 £ 250 23490 0.4 4+0.15 0.6 0.2 0.840.2 Q2 ~ 3 Mg TDU

23 HD 112374 6393 + 250\, 10777 /\0.1+02/ 0.5+0.2 08402 QI



STARS THAT FAILED THE THIRD DREDGE-UP

SA0239853 ' SA0239853

» SA0239853: 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



THE LOW LUMINOSITY SAMPLE: POST-HB STARS

_— 1\"1123.001\‘1(9,l\r'IfIO.'?ll\r‘I@
16,Mf=0.62M¢

—— M;=1.25Mg,M;=0.57Mg

- k'liZI.OOI\r‘I@,1\"If=0.531\"1®
M¢=0.41M¢,
M;=0.30Mg

*» Descend from low-mass progenitors, that concluded the horizontal branch (hereafter HB)
evolution, and are currently evolving through a post-HB phase

» Likely to have formed 6 — 10 Gyr ago

» We estimate of the mass at the beginning of the HB



THE LOW LUMINOSITY SAMPLE: POST-HB STARS

—— M;=3.00Mg,M;=0.71Mg
M;=2.50M@,M;=0.62Mp
" 1\‘1122.001\"1‘3,1\"If:O.581\"I@
“== M;=1.50Mp,M;=0.58Mg,
M;=1.25Mg,M;=0.57Mg
1\'11 :1.001\‘1@ ,l\‘lf 20.531\"1@,
M¢=0.41Mg,
cer My=0.33Mg
M¢=0.30M,

3.90 3.89 3.80
Log Teff

*» Descend from low-mass progenitors, that concluded the horizontal branch (hereafter HB)
evolution, and are currently evolving through a post-HB phase

» Likely to have formed 6 — 10 Gyr ago

» We estimate of the mass at the beginning of the HB
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THE LOW LUMINOSITY SAMPLE: POST-HB STARS

3.5

20

*» Descend from low-mass progenitors, that concluded the horizontal branch (hereafter HB)

evolution, and are currently evolving through a post-HB phase

» Likely to have formed 6 — 10 Gyr ago

» We estimate of the mass at the beginning of the HB



THE LOW LUMINOSITY SAMPLE: POsT-HB STARS

I

a5 | 0.59M,

I

4/' ( (

» AGB Manque stars

* s-process and carbon
enrichment in faint stars

*» An extremely Short AGB phase

» A core helium burning star

log(T,,,)
Index  Object Tes L/Lg [C/Fe] [N /Fe] [O/Fe] Flag Minit chemistry
4 IRAS 0534140852 6274 £ 250 324 1.03 £0.10 0.75+£0.11 Q2 0.5-0.6 Mg FLASH
7 IRAS 07430+1115 5519 + 250 20 0.79£0.13 0.30+£0.22 Q2 0.5—-0.6 Mg FLASH
16 IRAS 22223+4327 6008 =250 2163 0.59+0.06 0.154+0.30 0.31+£0.06 Q2 0.5—-0.6Mn FLASH
19 IRAS 0125946823 5510 £ 250 340 0.18 £ 0.15 0.31+£0.06 Q1 0.5—-0.6 Mg FDU
20 IRAS 08187-1905 5772+ 250 2619 0.62 +0.15 0.49 + 0.3 0.26 £ 0.1 Q2 0.5—-0.6 Mn FLASH
22 HD 107369 7533 £ 250 910 < —0.2 0.49 £0.3 0+0.2 Q1 0.5—-0.6 Mp FDU
31 HR 7671 6985 +250 3579 —0.574+0.13 0.51+0.16 046+005 Q1 05—0.6M FDU




THE LOW LUMINOSITY SAMPLE: POST-HB STARS

I 1
s | 0.59M, 31 g Bl * AGB Manque stars
I é}zo ]
. 16 ) A
: —— Il » An extremely Short AGB phase
3 [ - ]
: 17 |
- ' / il * A core helium burning star
:.15 2.9 O | -
! I _
= ]
| FR 5 Process and carbon
2 |- i enrichment in faint stars
I ; ]
1.5 —
I 0.54M,
i 0.495M, 0.52M, . :
I 0.5M, |
1 | | | | | | | | | | | | | | | | |
5 4.5 4 3.5
log(T,,,)
Index  Object Tes L/Lo [C/Fe] [N /Fe] (O /Fe] Flag Minit chemistry
4 IRAS 0534140852 6274 + 250 324 1.03 +0.10 0.75 £ 0.11 Q2 0.5 —0.6 Mg FLASH
7 IRAS 0743041115 5519 4+ 250 20 0.79 +£0.13 0.30 £ 0.22 Q2 0.5 —0.6 Mg FLASH
16 IRAS 2222344327 6008 + 250 2163 0.59 £+ 0.06 0.15+0.30 0.31 4+0.06 02 0.5—0.6 Mn FLASH
19 IRAS 0125946823 5510 4+ 250 340 0.18 +£0.15 0.31 £+ 0.06 Q1 0.5 —0.6 Mg FDU
20 IRAS 08187-1905 5772 £+ 250 2619 0.62 +0.15 0.49 +£0.3 0.26 = 0.1 Q2 0.5 —0.6 M, FLASH
22 HD 107369 7533 + 250 910 < —0.2 0.49 +£0.3 0+0.2 Q1 0.5 —0.6 Mqp FDU
31 HR 7671 6985 4+ 250 3579 —0.57+0.13 0.51+£0.16 0.46 =0.05 Q1 0.5—-—0.6 M FDU




THE LOW LUMINOSITY SAMPLE: POsT-HB STARS

I

a5 | 0.59M,

I
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» AGB Manque stars

* s-process and carbon
enrichment in faint stars

*» An extremely Short AGB phase

» A core helium burning star

log(T,,,)
Index  Object Tes L/Lg [C/Fe] [N /Fe] [O/Fe] Flag Minit chemistry
4 IRAS 0534140852 6274 £ 250 324 1.03 £0.10 0.75+£0.11 Q2 0.5-0.6 Mg FLASH
7 IRAS 07430+1115 5519 + 250 20 0.79£0.13 0.30+£0.22 Q2 0.5—-0.6 Mg FLASH
16 IRAS 22223+4327 6008 =250 2163 0.59+0.06 0.154+0.30 0.31+£0.06 Q2 0.5—-0.6Mn FLASH
19 IRAS 0125946823 5510 £ 250 340 0.18 £ 0.15 0.31+£0.06 Q1 0.5—-0.6 Mg FDU
20 IRAS 08187-1905 5772+ 250 2619 0.62 +0.15 0.49 + 0.3 0.26 £ 0.1 Q2 0.5—-0.6 Mn FLASH
22 HD 107369 7533 £ 250 910 < —0.2 0.49 £0.3 0+0.2 Q1 0.5—-0.6 Mp FDU
31 HR 7671 6985 +250 3579 —0.574+0.13 0.51+0.16 046+005 Q1 05—0.6M FDU




THE LOW LUMINOSITY SAMPLE: POST-HB STARS

» AGB Manque stars

* s-process and carbon
enrichment in faint stars

*» An extremely Short AGB phase

» A core helium burning star

log(T,,,)
Index  Object Tes L/Lg [C/Fe] [N /Fe] [O/Fe] Flag Minit chemistry
4 IRAS 0534140852 6274 £ 250 324 1.03 £0.10 0.75+£0.11 Q2 0.5-0.6 Mg FLASH
7 IRAS 07430+1115 5519 + 250 20 0.79£0.13 0.30+£0.22 Q2 0.5—-0.6 Mg FLASH
16 IRAS 22223+4327 6008 =250 2163 0.59+0.06 0.154+0.30 0.31+£0.06 Q2 0.5—-0.6Mn FLASH
19 IRAS 0125946823 5510 £ 250 340 0.18 £ 0.15 0.31+£0.06 Q1 0.5—-0.6 Mg FDU
20 IRAS 08187-1905 5772 £ 250 2619 0.62 4+ 0.15 0.49 0.3 0.26 £0.1 Q2 0.5 —-0.6 Mn FLASH
22 HD 107369 7533 £ 250 910 < —0.2 0.49 £0.3 0+0.2 Q1  0.5—0.6 Mg FDU
31 HR 7671 6985 +250 3579 —0.57+0.13 0.51+0.16 0464+0.05 Q1 0.5—0.6 Mc FDU




THE LOW LUMINOSITY SAMPLE: POsT-HB STARS

I

a5 | 0.59M,

I

4/' ( (

» AGB Manque stars

* s-process and carbon
enrichment in faint stars

*» An extremely Short AGB phase

» A core helium burning star

log(T,,,)
Index  Object Tes L/Lg [C/Fe] [N /Fe] [O/Fe] Flag Minit chemistry
4 IRAS 0534140852 6274 £ 250 324 1.03 £0.10 0.75+£0.11 Q2 0.5-0.6 Mg FLASH
7 IRAS 07430+1115 5519 + 250 20 0.79£0.13 0.30+£0.22 Q2 0.5—-0.6 Mg FLASH
16 IRAS 22223+4327 6008 =250 2163 0.59+0.06 0.154+0.30 0.31+£0.06 Q2 0.5—-0.6Mn FLASH
19 IRAS 0125946823 5510 £ 250 340 0.18 £ 0.15 0.31+£0.06 Q1 0.5—-0.6 Mg FDU
20 IRAS 08187-1905 5772+ 250 2619 0.62 +0.15 0.49 + 0.3 0.26 £ 0.1 Q2 0.5—-0.6 Mn FLASH
22 HD 107369 7533 £ 250 910 < —0.2 0.49 £0.3 0+0.2 Q1 0.5—-0.6 Mp FDU
31 HR 7671 6985 +250 3579 —0.574+0.13 0.51+0.16 046+005 Q1 05—0.6M FDU




THE LOW LUMINOSITY SAMPLE: POST-HB STARS

3.5

0.59M,

» AGB Manque stars

* s-process and carbon
enrichment in faint stars

*» An extremely Short AGB phase

» A core helium burning star

log(T,,,)
Index  Object Tes L/Lg [C/Fe] [N /Fe] [O/Fe] Flag Minit chemistry
4 IRAS 0534140852 6274 £+ 250 324 1.03 £0.10 0.75+0.11 Q2 0.5—0.6 Mg FLASH
7 IRAS 07430+1115 5519 + 250 20 0.79+0.13 0.30+0.22 Q2 0.5—0.6 Mg FLASH
16 IRAS 22223+4327 6008 =250 2163 0.59+0.06 0.15+030 0.31£0.06 Q2 0.5—-0.6Mn FLASH
19 IRAS 0125946823 5510 £ 250 340 0.18 £ 0.15 0.31+£0.06 Q1 0.5—-0.6 Mg FDU
20 IRAS 08187-1905 5772+ 250 2619 0.62 +0.15 0.49 + 0.3 0.26 £ 0.1 Q2 0.5—-0.6 Mn FLASH
22 HD 107369 7533 £ 250 910 < —0.2 0.49 £0.3 0+0.2 Q1 0.5—-0.6 Mp FDU
31 HR 7671 6985 +250 3579 —0.57+0.13 0.51+0.16 046+£005 Q1 05—0.6M FDU




THE LOW LUMINOSITY SAMPLE: POsT-HB STARS

I

a5 | 0.59M,

I

4/' ( (

» AGB Manque stars

* s-process and carbon
enrichment in faint stars

*» An extremely Short AGB phase

» A core helium burning star

log(T,,,)
Index  Object Tes L/Lg [C/Fe] [N /Fe] [O/Fe] Flag Minit chemistry
4 IRAS 0534140852 6274 £ 250 324 1.03 £0.10 0.75+£0.11 Q2 0.5-0.6 Mg FLASH
7 IRAS 07430+1115 5519 + 250 20 0.79£0.13 0.30+£0.22 Q2 0.5—-0.6 Mg FLASH
16 IRAS 22223+4327 6008 =250 2163 0.59+0.06 0.154+0.30 0.31+£0.06 Q2 0.5—-0.6Mn FLASH
19 IRAS 0125946823 5510 £ 250 340 0.18 £ 0.15 0.31+£0.06 Q1 0.5—-0.6 Mg FDU
20 IRAS 08187-1905 5772+ 250 2619 0.62 +0.15 0.49 + 0.3 0.26 £ 0.1 Q2 0.5—-0.6 Mn FLASH
22 HD 107369 7533 £ 250 910 < —0.2 0.49 £0.3 0+0.2 Q1 0.5—-0.6 Mp FDU
31 HR 7671 6985 +250 3579 —0.574+0.13 0.51+0.16 046+005 Q1 05—0.6M FDU




THE

I

I

a5 | 0.59M,

0.495M,

LOW LUMINOSITY SAMPLE: POST-HB STARS

» AGB Manque stars

*» An extremely Short AGB phase
» A core helium burning star

* s-process and carbon
enrichment in faint stars

0.52M, Y
i 0.5M,
1 | ! ! ! | ! ! ! ! | ! ! ! !
3] 4.5 4 3.5
log(T,,,)
Index  Object Tes L/Lg [C/Fe] [N /Fe] [O/Fe] Flag Minit chemistry
4 IRAS 0534140852 6274 £+ 250 324 1.03 £0.10 0.75+0.11 Q2 0.5—-0.6 Mg FLASH
7 IRAS 07430+1115 5519 + 250 20 0.79£0.13 0.30£+£0.22 Q2 0.5—-0.6 Mg FLASH
16 IRAS 22223+4327 6008 =250 2163 0.59+0.06 0.154+030 0.31+£0.06 Q2 0.5—-0.6Mn FLASH
19 IRAS 0125946823 5510 £ 250 340 0.18 £ 0.15 0.31+£0.06 Q1 0.5—-0.6 Mg FDU
20 IRAS 08187-1905 5772+ 250 2619 0.62 +0.15 0.49 + 0.3 0.26 £ 0.1 Q2 0.5—-0.6 Mn FLASH
22 HD 107369 7533 £ 250 910 < —0.2 0.49 £0.3 0+0.2 Q1 0.5—-0.6 Mp FDU
31 HR 7671 6985 +250 3579 —0.574+0.13 0.51+0.16 046+005 Q1 05—0.6M FDU




THE LOW LUMINOSITY SAMPLE: POsT-HB STARS

I

a5 | 0.59M,

I

4/' ( (

» AGB Manque stars

* s-process and carbon
enrichment in faint stars

*» An extremely Short AGB phase

» A core helium burning star

log(T,,,)
Index  Object Tes L/Lg [C/Fe] [N /Fe] [O/Fe] Flag Minit chemistry
4 IRAS 0534140852 6274 £ 250 324 1.03 £0.10 0.75+£0.11 Q2 0.5-0.6 Mg FLASH
7 IRAS 07430+1115 5519 + 250 20 0.79£0.13 0.30+£0.22 Q2 0.5—-0.6 Mg FLASH
16 IRAS 22223+4327 6008 =250 2163 0.59+0.06 0.154+0.30 0.31+£0.06 Q2 0.5—-0.6Mn FLASH
19 IRAS 0125946823 5510 £ 250 340 0.18 £ 0.15 0.31+£0.06 Q1 0.5—-0.6 Mg FDU
20 IRAS 08187-1905 5772+ 250 2619 0.62 +0.15 0.49 + 0.3 0.26 £ 0.1 Q2 0.5—-0.6 Mn FLASH
22 HD 107369 7533 £ 250 910 < —0.2 0.49 £0.3 0+0.2 Q1 0.5—-0.6 Mp FDU
31 HR 7671 6985 +250 3579 —0.574+0.13 0.51+0.16 046+005 Q1 05—0.6M FDU




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 Mo
progenitors

5 sources are the progeny of low-mass stars, that started the AGB phase with mass

below ~ 1 Mo

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 a ces as tracers of mixing,

12C+alpha reaction rate, o

* s-process nucleosynthesi n Pb

» Isotopic abundance stu of Maksym Mohorian)

» s-process in Post-AGBs 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)
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ORIGINS: CNO, IRON-PEAK, S-PROCESS ELEMENTS

Present-day solar photospheric logarithmic abundances

Present-day solar abundances
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Present-day solar photospheric logarithmic abundances
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ORIGINS: CNO, IRON-PEAK, S-PROCESS ELEMENTS

Present-day solar photospheric logarithmic abundances

Present-day solar abundances

Main component
from Sr to PPb
T = 0.3 mbarn—1
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ORIGINS: CNO, IRON-PEAK, S-PROCESS ELEMENTS

Present-day solar photospheric logarithmic abundances

Present-day solar abundances

Main component
from Sr to PPb

T = (0.3 mbarn—1
Low-mass AGBs
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Atomic number Low-mass, Low-
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Asplund et al., 2021



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

® Third Dredge-Up:
1He; 12C; 14N;; 160; 19F; 22Ne; 2526Mg

1213C; 14,15N; 16,17,18Q

¢ Hot Bottom Burning;:
7Li; 13C; 14N]; 2526Mg; 26.27A]

12,13C - 14,15\~ 16,17,18() 24,25,26 28,29,30G - 32,33,34
’ ’ ’ g 1’ [ I I}

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



Fable 1
Fundamental Properties of the s-process-nich and Non-ennched Single Galactic Post
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IRAS 14325 22 5220.46 13 1261.63 5811.07 12 2 ] i 17 698K
IRAS 14429 3 2 37215 iR47.7 2160.1 65482 ! . 26375, 14624
IRAS 19500 i 2504 9 211024 2164.96 24K81.49

IRAS 200004 3213 2 IRR0.07 158129 05 51 6075.01
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IRAS 22221 177 11 | 1 ! 7 ] 678013 25469 JR7R.56

IRAS 22272 i i . 1.7 1400 84 1355.87 1464.67
IRAS 2334 2 1 ) W67 620.08 1

2

AGB stars without s-process

IRAS 01259 3 1 1781 .38
IRAS OK1 87— 1905 1 7 1471 1258 96

SAO 219851 ’ L 4 %691 08 6485.52

HD 107369 7 ! 2568 .38 2429.15

HD 112374 ] 1637 1684 48 16194

HD 133656 1 77 1017 £ 164684

HR 6144 1 ) 110116 1804 K7

HD 16179% 2 192096 201 5.66
IRAS 1802513 W46 67 71 7194.98

HD 335675 1.7 JIKKK 51 654055
IRAS 1938640155 1 ? %11 1 ; $58K K1
IRAS 147543119

HR 7671

yee Section 2 for more detanls




Fable 3
Chemical Abundances . - d Nons-process Ennched Single

|C/0O |0/ Fe . ! : |21/ Fe

s with » e

IRAS Z02229.4 6208 119 4 0.3 3 39 i 0.1%
IRAS 042964+ 3429 ) ) 0.39 4 0,01 ) 3 \

IRASOSIHI A4 1M el 2 U 00

IRASOSM ] 40852 { i ( 212 4008

IRAS O6S W02 13 4 1 A { 006

IRASO71344 1005 2 2 2 . 140,14

IRAS 0743041115 = = = ' 006

IRAS OK1 4344006 i i i i 0058

IRAS OK2K] 4550 ) P 2 . 2 p. 009

IRAS 123605740 2 2 2 d d

IRAS 13245-501%% { 2 2 2 » 7)1 0 1%
IRAS 14325-642 22 21 2 ( = 2 13 0.08 + 0.24
IRAS 14429 2 . i 2 2 (.15 (0.0K
IRAS 19500 2 ! ! ! b, ! b ! | 001 4 041
IRAS 200004 3213 . . . . 2 2 . 0.4 0.l
IRAS 221 i) { { { 1 1 046 010
IRAS 222724 543 2 \ 038 4+ 011
IRAS 2 2 2 2 2 2 23 2 23 L4 0.2 0.24

IRAS 01259 213 060 4+ 0.1
IRAS OK1 871908 060 4 0.1

SAQ 219881 0%l 01

HD 1073169 1.1 £0.1

HD 112374 1.2 0.l

HD 1313656 0 0.1

HR 6144 04 1+ 0.1

HD 16179 031401
IRAS 180253906 0.5 40158 | b 0.46

HD 1158478 09 02 3 0.19 0401
IRAS 1938640155 | £0.14 0.1 402
IRAS I'M754 3119 2 0.15 0.3 4+ 002 009 4 0,30

HR 76 16401 0.46 4+ 0058 0.5 011 044 + 0158

Note, The index |8/ Fel 1s the mean of the relative abundances of the elements for the “Is™ and “he™ indices, Typically, “Is" refers 1o the hight s-process clements, which in this case is represented by the relative abund
d Y and Zx, and "hs’ relers 1o the heavy sprocess elements, which i this case 1s represented by the relative abundances of La, Ce, Nd, and Sm. [hs/1s |hs/Fe [1s/Fe ). More detals on the denved abundances

hundance ratios can be found 1in the mdivdual studies mentioned 1o column “Rel™, The column “Rel.” indicates the individual chemucal abundmnce study: (1 Reddy et al, (1999, (2 Van Windkel & Reymens
1 De Smedtetal HO), (4) Pereira o 1L S Klochkova & Kipper ( 2006), (6) Reyneirs { 20000) d F 20, 08 Van Winckel (199709 Molina et al O 10y Sahun et al L Perarae

4, (12 Arellano Ferro et al , ners & Cuyperns




Index

Object

T(?f'f

L/Le

(C/Fe]

(N/Fe]

[O/Fe]

Flag

I\Iinit

chemistry

s-process enriched stars

_ W N =

o~ O Ot

ettt e e
00~ Ut WN = O Y«

IRAS Z02229+6208
IRAS 04296+3429
IRAS 0511341347
IRAS 0534140852
IRAS 06530-0213
IRAS 0713441005
IRAS 0743041115
IRAS 08143-4406
IRAS 08281-4850
IRAS 12360-5740
IRAS 13245-5036
IRAS 14325-6428
IRAS 14429-4539
IRAS 19500-1709
IRAS 2000043239
IRAS 2222344327
IRAS 2227245435
IRAS 2330446147

5952 + 250
7252 £ 250
5025 + 250
6274 £ 250
7809 £ 250
7485 £ 250
5519 £+ 250
7013 £ 250
7462 £ 250
7273 £+ 250
9037 £ 250
7256 £ 250
9579 £ 250
8239 + 250
5478 + 250
6008 £ 250
5325 £ 250
6276 £ 250

12959
10009
2037
324
4687
5505
20
4509
9584
6258
11221
4935
5049
7053
14342
2163
5659

7712

0.78 = 0.15
0.81+0.2
0.65+=0.16
1.03 = 0.10
0.83 +=0.13
1.16 = 0.22
0.79 £0.13
0.71 = 0.10
0.75+0.21
0.27 £0.18
0.57+=0.21
1.18 £ 0.23
0.68 £ 0.23
0.99 = 0.06
1.7+ 0.2
0.59 £ 0.06
1.05 += 0.07
0.91 £ 0.47

1.19 = 0.15
0.39 £ 0.2

0.57 :i: 0.19
0.01 :t 0.22
0.22 j: 0.32
0.18 :i: 0.20
0.41 :i: 0.30
2.1+0.2

0.15 £ 0.30

0.15 £ 0.12

0.01 £ 0.27
0.75 £ 0.11
0.35 £ 0.11
0.81 +£0.19
0.30 = 0.22
0.19 £0.13
0.12 £ 0.11
0.31 = 0.05
0.26 £ 0.13
0.57 = 0.09
0.31 =0.12
0.72 £+ 0.04

0.31 = 0.06
0.63 £ 0.02
0.17 = 0.03

Q2
Q2
Q2
Q2
Q2
Q1
Q2
Q1
Q2
Q1
Q2
Q2
Q2
Q1
Q2
Q2
Q1
Q2

3 —3.5 Mg
1 — 1.3 Mg

0.5—-0.6 Mg

1.5 — 2 Mg

0.9 — 1.2 Mg
0.5 — 0.6 Mg

1 — 1.5 Mg
1.5—2 Mg
1 - 1.5 Me
1.5 -2 Mg
1.5—2 Mg
1.5 — 2 M
1.5 -2 Mg
3-3.5 Mg

0.5— 0.6 Mg

1 —1.3 Mg
2 — 2.5 Mg

TDU+HBB
TDU
TDU

FLASH
TDU
TDU

FLASH
TDU
TDU
TDU
TDU
TDU
TDU
TDU

TDU+HBB

FLASH
TDU
TDU

non s-process enriched stars

IRAS 0125946823
IRAS 08187-1905
SAO 239853

HD 107369

HD 112374

HD 133656

HR 6144

HD 161796

IRAS 18025-3906
HD 335675

5510 £ 250
5772 £ 250
7452 4+ 250
7533 = 250
6393 £ 250
8238 £ 250
6728 + 250
6139 £ 250
6154 £ 250
6082 + 250

340
2619
23490
910
10777
D227
25491
D742
2324
15843

0.18 =0.15
0.62 £ 0.15
0.4+0.15
< —0.2
0.1£0.2
0.31+0.2
0.3+0.2
0.3£0.2
0.46 = 0.2
0.4 £0.35

0.49 £ 0.3
0.6 0.2
0.49 = 0.3
0.5 0.2
0.5 +0.2
0.9+0.2
1.1 £0.2
0.74 = 0.2
< 0.27

0.31 £ 0.06
0.26 £ 0.1
0.8+0.2

0+0.2
0.8 4+0.2
0.6 £0.2
0.3 0.2
0.4 4+0.2
0.56 = 0.2
0.77 £ 0.19

Q1
Q2
Q2
Q1
Q1
Q1
Q1
Q1
Q2
Q2

(
(

).5 — 0.6 Mg
).5 — 0.6 Mg

~ 3 I\I.Qj

0.5 — 0.6 Mg

2.5 — 3 Mg
0.8—1 Mg
4—5 Mg
1 —1.2 Mg
0.8 —1 Mg

FDU
FLASH
TDU
FDU
TDU
FDU
HBB
FDU
FDU, TDU

FDU
FDU
FDU

IRAS 1938640155
IRAS 1947543119
HR 7671

6303 £ 250
8216 + 250
6985 + 250

9611
6775
3579

0.1+0.2 .. . Q2
—0.09 + 0.30 0.30 £0.02 Q1
—0.57 +0.13 0.46 +0.05 Q1

0.7 — 0.8 Mg
0.8 —1 Mg

0.51 +0.16 0.5 — 0.6 Mg




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

Luminosities and masses of single Galactic Post-Asymptotic Giant Branch (Post-AGB) stars with
distances from Gaia EDR3: The revelation of an s-process diversity
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New Post-AGB star models as tools to understand AGB
evolution and nucleosynthesis.
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COMPLEXITIES IN SINGLE STAR AGB NUCLEOSYNTHESIS

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



LEAD (Pb): A TRACER OF S-PROCESS AND I-PROCESS IN AGB STARS
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LEAD (PB): A TRACER OF S-PROCESS AND I-PROCESS IN AGB STARS
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De Smedt et al., 2016

Kamath & Van Winckel 2021



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

STAREVOL 2.0 M
FRUITY 2.0 M
MSE 2.0 M

MSE 2.1 M

| \
JOS0632
0713
J004441 I

JOS1848
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4
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14325
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33313
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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



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

[Pb/hs]

[Pb/Is]
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FRUITY 20 M
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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 1-PROCESS:

J004441
\

—— Pocket case 1 (Lugaro 2015)
Pocket case 3 (Lugaro 2015)
Pocket case 4 (Lugaro 2015)

O
o

obs - mod
S o o
Ul Ul

50 Ba Eu 70
Atomic number

A neutron density of ~1011 n/cm3 could produce a pattern that matches...



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

2500 5000 7500 10000 12500 15000 17500
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THE STATE-OF-THE-ART: SINGLE STAR AGB NUCLEOSYNTHESIS

* 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



POSITION OF THE GALACTIC POST-AGBS IN THE HR-DIAGRAM
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Filled: Quality 1 - Filled (based on GAIA astrometric data)

Chemical diversity NOT entirely a mass or initial metallicity effect!




THEORETICAL PREDICTIONS FOR TDU AND HBB FOR A RANGE OF
METALLICITIES

o MOdQlS Wlth Minitial =1.5t0 2.5 Msun
show strong C-enhancement

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

Dell' Agli et al., 2019



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

-®- M=1.15M,,
-9 M=15M,,

—¥— M=25Mm, ® Models with Mipitiaj= 1. 15 to 4 Msun

Q- M=4Mm,,

—-— -7, show strong C-enhancement

® Models with Minitia1= 1. 15 to 3.75 Msun
show mild to strong s-process
enrichment

30 35 40 45 50 55 60 65 70

Proton number, Z

Karakas et al., 2018



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

De Smedt PhD Thesis



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

Nd II lines at 6031.270 and 6034.228 A
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POST-AGB STARS AS EXQUISITE TRACERS FOR CNO, FE-PEAK, AND
S-PROCESS ELEMENTS

IRAS06530 — Nd = 3.11
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POST-AGB STARS AS EXQUISITE TRACERS FOR CNO, FE-PEAK, AND
S-PROCESS ELEMENTS
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Index
19
22

24

Non s-process enriched

M;=2.50M,
— M;=2.00M

- M;=0.33Mg
M;=0.30M¢

Object

IRAS 0125946823
HD 107369

HD 133656

IRAS 1938640155
IRAS 1947543119
HR 7671

5510 + 250
7533 £+ 250
8238 £ 250
6303 £ 250
8216 £ 250
6985 £ 250

(FDU)

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

0.49 £ 0.3

—0.09 4 0.30
0.57 + 0.13 A 0.51

+ 0.16

[O/Fe]
0.31 +0.06
040.2

0.6 0.2

0.30 = 0.02
0.46 + 0.05

» Case 1: First Dredge-Up

» Progenitor mass below ~1

Flag Minit

Ql  0.5—0.6 Mg
Q1 0.5— 0.6 Mg
Ql  0.8—1Mg

chemistry
FDU
FDU

FDU



Non s-process enriched * Case 1: First Dredge-Up
(FDU)
» Progenitor mass below ~1

Msun
» Few thermal pulses before envelope

is lost
*» Evolve as M-stars
| Moo im0t » Little to no C and s-process

* Some N (~0.5 dex) from FDU

— = M;=1.00Mg,M;=0.53M¢
M;=0.41Mq,
- M;=0.33Mg
M;=0.30M¢

Index Object (O /Fe] Flag Minit chemistry
19 IRAS 01259+6823 5510 £+ 250 . . 0.31 £+ 0.06 Q1 0.5—0.6 Mg FDU
22 HD 107369 7533 + 250 . 0.49 + 0.3 0+0.2 Q1 0.5—0.6 Mg FDU

24 HD 133656 8238 £ 250 : : 0.6 0.2 Q1 0.8—-1 Mg FDU
IRAS 1938640155 6303 £ 250

IRAS 1947543119 8216 £ 250 —0.09 £+ 0.30 0.30 = 0.02
HR 7671 6985 £ 250 0.57x0.13 A 0.51 =0.16 / 0.46 = 0.05



Index
19
22

24

Non s-process enriched

M;=2.50M,
— M;=2.00M

- M;=0.33Mg
M;=0.30M¢

Object

IRAS 0125946823
HD 107369

HD 133656

IRAS 1938640155
IRAS 1947543119
HR 7671

5510 + 250
7533 £+ 250
8238 £ 250
6303 £ 250
8216 £ 250
6985 £ 250

(FDU)

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

0.49 £ 0.3

—0.09 4 0.30
0.57 + 0.13 A 0.51

+ 0.16

[O/Fe]
0.31 +0.06
040.2

0.6 0.2

0.30 = 0.02
0.46 + 0.05

» Case 1: First Dredge-Up

» Progenitor mass below ~1

Flag Minit

Ql  0.5—0.6 Mg
Q1 0.5— 0.6 Mg
Ql  0.8—1Mg

chemistry
FDU
FDU

FDU



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

Index  Object Teog L/Lg [C/Fe] [N/Fe] (O /Fe] Flag Minit chemistry
19 IRAS 0125946823 5510 £ 250 340 0.18 £0.15 0.31 £ 0.06 Q1 0.5—0.6 Mg FDU
22 HD 107369 7533 £ 250 910 < —0.2 0. 49 :t 0.3 040.2 Q1 0.5— 0.6 Mg FDU
24 HD 133656 8238 + 250 5227 0.3 £0.2 0.5+£0.2 0.6 £0.2 Q1 0.8—-1 Mg FDU
29 IRAS 1938640155 6303 = 250 9611 0.1 4+£0.2 . Q2 0.7—- 0.8 Mg FDU
30 IRAS 1947543119 8216 + 250 6775 —0.09 £ 0.30 0.30 :i: 0.02 Q1 0.8—-1 Mg FDU
31 HR 7671 6985 + 250 3579 0.57 £ 0.13 A 0.51 = 0.16 / 0.46 £ 0.05 Q1 0.5— 0.6 Mg FDU
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Log L/Lgun
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—— M;=3.00Mg,M;=0.71M¢
M;=2.50M ¢ ,M;=0.62M ¢
- MiZQ.OOMQ ,Mf:O.58M@
- Mi:1.5OM®,Mf:O.58M®
—— M;=1.25Mg,M;=0.57Mg
- MiZI.OOMQ,Mf=0.53M@
M¢=0.41M¢
- M;=0.33Mg
M;=0.30M¢

4.00 3.95 3.90 3.85 3.80 3.75

2.5
2.0
1.5
1.0
Object

8

9

10

11

12

13

14

3.0

Tefr L/LQ
IRAS 08143-4406 7013 £+ 250 4509
IRAS 08281-4850 7462 + 250 9584
IRAS 12360-5740 7273 + 250 6258
IRAS 13245-5036 9037 &+ 250 11221
IRAS 14325-6428 7256 £+ 250 4935
IRAS 14429-4539 9579 + 250 5049
IRAS 19500-1709 8239 + 250 7053

0.71 £0.10
0.75 £ 0.21
0.27 £ 0.18
0.57 = 0.21
1.18 + 0.23 0.18 = 0.20
0.68 = 0.23

AN

).99 4 0.06

» 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

(O /Fe] Flag M it chemistry

0.194+0.13 Q1 1-1.5 Mg TDU
).12+0.11 Q2  1.5-—2 Mg TDU
$.31+0.05 Q1 1-1.5Mg TDU
)26 +0.13 Q2  1.5—2 Mg TDU
0.57+0.09 Q2 1.5-—2Mg TDU
0314+0.12 Q2 15-2 Mg TDU
0.72+0.04 Q1 TDU

0.01 £ 0.22

0.22 £ 0.32
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» Case 2: Third Dredge-Up
(TDU)

» Progenitor mass of ~1 -3

—— M;=3.00Mo,M;=0.71M¢

Msun

Series of thermal pulses
Evolve as C-stars
Significant C and s-process

Some N (from FDU), mild O-

20 M;=2.50M@,M¢=0.62Mg
— - M;=2.00Mq,M;=0. .
N a0 M enrichment
—— M;=1.25Mg,M;=0.57Mg
1.54 == M;=1.00Mg,M;=0.53M
M;=0.41Mg
- M;=0.33Mg _+_
M;=0.30Mg
1.0 T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T
4.00 3.95 3.90 3.85 3.80 3.75 3.70
Object Teg L/Lg (O /Fe] Flag M it chemistry
8 IRAS 08143-4406 7013 £+ 250 4509 0.71 £0.10 0.01 £ 0.22 0.19 +0.13 Q1 1—-1.5 Mg TDU
9 IRAS 08281-4850 7462 + 250 9584 0.75 +0.21 ).12 +0.11 Q2 1.5 —2 Mg TDU
10 IRAS 12360-5740 7273 + 250 6258 0.27 +=0.18 0.22 +0.32 .31 £+ 0.05 Q1 1 —-1.5 Mg TDU
11 IRAS 13245-5036 9037 + 250 11221 0.57 +=0.21 ).26 £ 0.13 Q2 1.5 —2 Mg TDU
12 IRAS 14325-6428 7256 £+ 250 4935 1.18 +0.23 0.18 £ 0.20 0.57 £+ 0.09 Q2 1.5 —2 Mg TDU
13 IRAS 14429-4539 9579 + 250 5049 0.68 +0.23 0.31 £0.12 Q2 1.5 -2 Mg TDU
14 IRAS 19500-1709 8239 + 250 7053 ).99 4 0.06 41 + 0.30 0.72 +£0.04 Q1 TDU
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—— M;=3.00Mg,M;=0.71M¢
M;=2.50M ¢ ,M;=0.62M ¢
- MiZQ.OOMQ ,Mf:O.58M@
- Mi:1.5OM®,Mf:O.58M®
—— M;=1.25Mg,M;=0.57Mg
- MiZI.OOMQ,Mf=0.53M@
M¢=0.41M¢
- M;=0.33Mg
M;=0.30M¢

4.00 3.95 3.90 3.85 3.80 3.75

2.5
2.0
1.5
1.0
Object

8

9

10

11

12

13

14

3.0

Tefr L/LQ
IRAS 08143-4406 7013 £+ 250 4509
IRAS 08281-4850 7462 + 250 9584
IRAS 12360-5740 7273 + 250 6258
IRAS 13245-5036 9037 &+ 250 11221
IRAS 14325-6428 7256 £+ 250 4935
IRAS 14429-4539 9579 + 250 5049
IRAS 19500-1709 8239 + 250 7053

0.71 £0.10
0.75 £ 0.21
0.27 £ 0.18
0.57 = 0.21
1.18 + 0.23 0.18 = 0.20
0.68 = 0.23

AN

).99 4 0.06

» 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

(O /Fe] Flag M it chemistry

0.194+0.13 Q1 1-1.5 Mg TDU
).12+0.11 Q2  1.5-—2 Mg TDU
$.31+0.05 Q1 1-1.5Mg TDU
)26 +0.13 Q2  1.5—2 Mg TDU
0.57+0.09 Q2 1.5-—2Mg TDU
0314+0.12 Q2 15-2 Mg TDU
0.72+0.04 Q1 TDU

0.01 £ 0.22

0.22 £ 0.32




