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Lyman systems

c)abundance ratios in extremely
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- and nucleosynthesis of EMP stars!
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AGB and PIE

* The star has now a double shell
structure, with the two shells

advancing alternatively AGB star structure

* Thermal Pulse
* H shell entropy barrier too weak
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* Splitting of the convective zone
into two separate convective
regions

from Lattanzio (2003)
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5 —— * Progressive reduction of core masses at each

o 45 convective episode as Z decreases (more compact
5 4 structures)
g 35 | Two convective episodes (CNO cycle and He

: | | burning) in Z=10-* and Z=10-°
LA45 i » Three convective episodes (CNO cycle, CNO
= 4 cycle + 3a reactions and He burning) in Z=10-10
& 357 i o The star contracts until it reaches T = 10% K and

i R 3a reactions take place producing °C
s T | *  When CNO central abundance reaches = 2x10-10,
j 4| J I CNO cycle 1s activated and a second convective
2 35 {:\/ | episode appears@pCNO + 3«

St~ ™ 1+ This leaves a footprint in the HR diagram
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o 45 convective episode as Z decreases (more compact
5 4 structures)
g 35 | Two convective episodes (CNO cycle and He

: | | burning) in Z=10-* and Z=10-°
LA45 i » Three convective episodes (CNO cycle, CNO
= 4 cycle + 3a reactions and He burning) in Z=10-10
& 357 i o The star contracts until it reaches T = 10% K and

i R 3a reactions take place producing >C
4) | 27107 | *  When CNO central abundance reaches = 2x10-10,
j 4| J I CNO cycle 1s activated and a second convective
® 35 {:\/ | episode appears@pCNO + 3«

5t 1+ This leaves a footprint in the HR diagram
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S T * Progressive reduction of core masses at each
E 4.5 | \/‘ i convective episode as Z decreases (more compact
5 4 | structures)
g 30 | Two convective episodes (CNO cycle and He
: | | burning) in Z=10-* and Z=10-°
L 45| i » Three convective episodes (CNO cycle, CNO
= 4 cycle + 3a reactions and He burning) in Z=10-10
& 357 i » The star contracts until it reaches T = 108 K and
2| 3a reactions take place producing 2C
45 | *  When CNO central abundance reaches =~ 2x10-19,
j 4| CNO cycle 1s activated and a second convective
2 35 episode appearsm@pCNO + 3a
3| | * This leaves a footprint in the HR diagram

4.6 4.4 4-210 i{ 38 36 e  Metal-poor stars are hotter than metal-rich stars
g Loff ) He burning in the blue part of the HR diagram
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M =6 M, different Z: SDU

Cirillo, M.; Piersanti, L.;
Straniero, O. Extremely Metal-

Poor Asymptotic Giant Branch
Stars, Universe 2022, 8, 44

Z=10"1 Z=10""° Z=10"1
Before After Before After Before After
H 750x 1071 651 x107! 750x10"! 650x1071 750x10"!  6.14 x 107!
He 250x107!1 349x107! 250x1071 350x10! 250x10"! 3.86x10!
120 174%x107° 821x107°® 174x107 535%x107 174x10"11 878 %108
BCe  197%x1077 366x107 197x1072 258x%x1077 1.97x10"13 1.29x10 12
BN 490x107® 269x10° 490x108 387 x107 490x10"12 1.45x%x10°°
160 425%10™° 319x10° 425%x107 219x107 425x10°11 181 x10W
CNO 446x10°°% 460x10% 446x10% 859x108 446x10"12 743x10"°
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M =6 M, different Z: SDU

Cirillo, M.; Piersanti, L.;
Straniero, O. Extremely Metal-

Poor Asymptotic Giant Branch
Stars, Universe 2022, 8, 44

Z=10"* Z=10""° Z=10"1
Before After Before After Before After
H 750x 1071 651 x107! 750x10"! 650x1071 750x10"!  6.14 x 107!
He 250x107!1 349x107! 250x1071 350x10! 250x10"! 3.86x10!
20 1174%x10° 821 x10°°| 1.74x107 535%x107 174x10"11 878 %108
BCe 1197%x1077 366x1077| 197x1072 258x%x1077 1.97x10"13 1.29x 1012
BN 1490x107® 269x10°| 490x108 387 x107 490x10"12 1.45x%x10°
160 1 425%x10° 319x10°| 425%x107 219x107 425x10°11 1.81x10"W
CNO |446x10°° 460x10°| 446x10% 859x108 446x10"12 743x10"°

In the Z = 10 model, the surface abundances of 1?C and °O decrease, while
those of 13C and !N increase, but the total number of C+N+O nuclei is almost
conserved
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M =6 M, different Z: SDU

Cirillo, M.; Piersanti, L.;
Straniero, O. Extremely Metal-

Poor Asymptotic Giant Branch
Stars, Universe 2022, 8, 44

Z=10"1 Z=10""° Z=10"1
Before After Before After Before After
H 750x 1071 651 x107! 750x10"! 650x1071 750x10"!  6.14 x 107!
He 250x107!1 349x107! 250x1071 350x10! 250x10"! 3.86x10!
120 174%x107° 821x10°° [174x107 535%x107| 1.74x10"11 878 x 108
BCe  197%x1077 366x107 197x1072 258x%x1077 1.97x10"13 1.29x10 12
BN 490x107® 269x10° 490x108 387 x107 490x10"12 1.45x%x10°°
160 425%10™° 319x10° 425%x107 219x107 425x10°11 181 x10W
CNO 446x10°°% 460x10% 446x10% 859x108 446x10"12 743x10"°

In the Z = 10° model, the surface abundance of !2C increases after the SDU
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M =6 M, different Z: SDU

Cirillo, M.; Piersanti, L.;
Straniero, O. Extremely Metal-

Poor Asymptotic Giant Branch
Stars, Universe 2022, 8, 44

Z=10"1 Z=10""° Z=10"1
Before After Before After Before After
H 750x 1071 651 x107! 750x10"! 650x1071 750x10"!  6.14 x 107!
He 250x107!1 349x107! 250x1071 350x10! 250x10"! 3.86x10!
120 174%x107° 821x10°° [174x107 535%x107| 1.74x10"11 878 x 108
BCe  197%x1077 366x107 197x1072 258x%x1077 1.97x10"13 1.29x10 12
BN 490x107® 269x10° 490x108 387 x107 490x10"12 1.45x%x10°°
160 425%10™° 319x10° 425%x107 219x107 425x10°11 181 x10W
CNO 446x10°°% 460x10% 446x10% 859x108 446x10"12 743x10"°

In the Z = 10° model, the surface abundance of !2C increases after the SDU
=) new phenomenon!
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M =6 M, different Z: SDU

Cirillo, M.; Piersanti, L.;
Straniero, O. Extremely Metal-

Poor Asymptotic Giant Branch
Stars, Universe 2022, 8, 44

Z=10"1 Z=10""° Z=10"1
Before After Before After Before After
H 750x 1071 651 x107! 750x10"! 650x1071 750x10"!  6.14 x 107!
He 250x107!1 349x107! 250x1071 350x10! 250x10"! 3.86x10!
120 174%x107° 821x107°® 174x107 535%x107 [1.74x10"11 878 %108
BCe  197%x1077 366x107 197x102 258x%x1077 [1.97x10"13 1.29x 1012
BN 490x107® 269x107° 490x108 387 x107 490x10"12 1.45x%x10°°
160 425%10™° 319x10° 425%x107 219x107 WK425x10"11 1.81x10"W
CNO 446x10°°% 460x10% 446x10% 859x108 446x10"12 743x10"°

In the Z = 10-19 model, all the surface abundances of the CNO isotopes increase
after the SDU (12C mass fraction becomes = 5000 times higher after the SDU)
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M =6 M, different Z: SDU

Cirillo, M.; Piersanti, L.;
Straniero, O. Extremely Metal-

Poor Asymptotic Giant Branch
Stars, Universe 2022, 8, 44

Z=10"1 Z=10""° Z=10"1
Before After Before After Before After
H 750x 1071 651 x107! 750x10"! 650x1071 750x10"!  6.14 x 107!
He 250x107!1 349x107! 250x1071 350x10! 250x10"! 3.86x10!
120 174%x107° 821x107°® 174x107 535%x107 [1.74x10"11 878 %108
BCe  197%x1077 366x107 197x102 258x%x1077 [1.97x10"13 1.29x 1012
BN 490x107® 269x107° 490x108 387 x107 490x10"12 1.45x%x10°°
160 425%10™° 319x10° 425%x107 219x107 WK425x10"11 1.81x10"W
CNO 446x10°°% 460x10% 446x10% 859x108 446x10"12 743x10"°

In the Z = 10-19 model, all the surface abundances of the CNO isotopes increase
after the SDU (12C mass fraction becomes =~ 5000 times higher after the SDU)
This 1s a consequence of the coexistence of core-H and He burning
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M =6 M, different Z: SDU

Cirillo, M.; Piersanti, L.;
Straniero, O. Extremely Metal-

Poor Asymptotic Giant Branch
Stars, Universe 2022, 8, 44

Z=10"1 Z=10""° Z=10"1
Before After Before After Before After
H 750x 1071 651 x107! 750x10"! 650x1071 750x10"!  6.14 x 107!
He 250x107!1 349x107! 250x1071 350x10! 250x10"! 3.86x10!
120 174%x107° 821x107°® 174x107 535%x107 174x10"11 878 %108
BCe  197%x1077 366x107 197x1072 258x%x1077 1.97x10"13 1.29x10 12
BN 490x107® 269x10° 490x108 387 x107 490x10"12 1.45x%x10°°
160 425%10™° 319x10° 425%x107 219x107 425x10°11 181 x10W
CNO 446x10°°% 460x10°% 446x10% 859x108 |446x10"12 743x10"°

In the Z = 10-19 model, all the surface abundances of t

ne CNO 1sotopes 1ncrease

after the SDU (12C mass fraction becomes =~ 5000 times higher after the SDU)
This 1s a consequence of the coexistence of core-H and He burning

Enhancement of C+N+O in the envelope
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M =6 M, different Z: SDU

Cirillo, M.; Piersanti, L.;
Straniero, O. Extremely Metal-
Poor Asymptotic Giant Branch

Stars, Universe 2022, 8, 44

Z=10"1 Z=10""° Z=10"1
Before After Before After Before A fter
H 750x 1071 651 x107! 750x10"! 650x1071 750x10"!  6.14 x 107!
He 250x107!1 349x107! 250x1071 350x10! 250x10"! 3.86x10!
120 174%x107° 821x107°® 174x107 535%x107 174x10"11 878 %108
BCe  197%x1077 366x107 197x1072 258x%x1077 1.97x10"13 1.29x10 12
BN 490x107® 269x10° 490x108 387 x107 490x10"12 1.45x%x10°°
160 425%10™° 319x10° 425%x107 219x107 425x10°11 181 x10W
CNO 446x10°°% 460x10°% 446x10% 859x108 |446x10"12 743x10"°

In the Z = 10-19 model, all the surface abundances of t

This 1s a consequence of the coexistence of core-H and He burning

ne CNO 1sotopes 1ncrease
after the SDU (12C mass fraction becomes =~ 5000 times higher after the SDU)

Enhancement of C+N+O in the envelope mmp efficiency of the shell-H burning
Increases

68



M =6 M, different Z: TP-AGB
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Poor Asymptotic Giant Branch Stars, Universe 2022, 8, 44

69



M =6 M, different Z: TP-AGB

Z=10+
8 - =7
a U
e H-flash or PIE o 9 (TN (
a |
Hydrogen luminosity |5 2|
e0 0
3
— _2 |
8
7t
S 6
5 5
Helium luminosity 5 4+
0 3|
3
r— 2 |
-2
31
Surface abundances >§D _;l _
12C -6 |
13C _7 . . ‘ . .
14N 0 0.05 0.1 0.15 0.2 0.25 0.3
160 t (Myr)

Cirillo, M.; Piersanti, L.; Straniero, O. Extremely Metal-
Poor Asymptotic Giant Branch Stars, Universe 2022, 8, 44

70



M =6 M, different Z: TP-AGB

. 7=10
» H-flash or PIE o o
* The occurrence of the first PIE leads to  nydrogen luminosity = 2 |
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stronger TPs (helium luminosity) g Ll
8
7 L
5 61
3 51
Helium luminosity 5 4+
o0 3|
o
— 2 |
2
31
Surface abundances >§D _g _
12C -6 |
13C _7 , ) ) ) .
14N 0O 0.05 0.1 0.15 0.2 0.25 0.3
160 t (Myr)

Cirillo, M.; Piersanti, L.; Straniero, O. Extremely Metal-
Poor Asymptotic Giant Branch Stars, Universe 2022, 8, 44
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M =6 M, different Z: TP-AGB

8 7=10
+ H-flash or PIE o o
* The occurrence of the first PIE leads to  nydrogen luminosity = 2 |
. o . O L
stronger TPs (helium luminosity) g Ll
 The subsequent TPs are followed by )
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TDUs S
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Poor Asymptotic Giant Branch Stars, Universe 2022, 8, 44
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M =6 M, different Z: TP-AGB

8 Z=104
+ H-flash or PIE o o
* The occurrence of the first PIE leads to  nydrogen luminosity = 2 |
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M =6 M, different Z: TP-AGB
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M =6 M, different Z: TP-AGB

8 Z=104
+ H-flash or PIE o o
* The occurrence of the first PIE leads to  nydrogen luminosity = 2 |
. o . O L
stronger TPs (helium luminosity) g Ll
 The subsequent TPs are followed by )
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TDUs map surface enrichment in 3« S
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M =6 M, different Z: TP-AGB
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M =6 M, different Z: TP-AGB

* PIEs hampered by low metallicity

Cirillo, M.; Piersanti, L.; Straniero, O. Extremely Metal-
Poor Asymptotic Giant Branch Stars, Universe 2022, 8, 44
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M =6 M, different Z: TP-AGB

* PIEs hampered by low metallicity
* TDUs only during the PIEs

Cirillo, M.; Piersanti, L.; Straniero, O. Extremely Metal-
Poor Asymptotic Giant Branch Stars, Universe 2022, 8, 44
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M =6 M, different Z: TP-AGB

* PIEs hampered by low metallicity
* TDUs only during the PIEs
* Weaker TPs

Cirillo, M.; Piersanti, L.; Straniero, O. Extremely Metal-
Poor Asymptotic Giant Branch Stars, Universe 2022, 8, 44
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M =6 M, different Z: TP-AGB

* PIEs hampered by low metallicity .
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M =6 M, different Z: TP-AGB
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M =6 M, different Z: TP-AGB

* PIEs hampered by low metallicity
TDUs only during the PIEs
Weaker TPs PIEs and TDUs
cease new phenomenon!
Shell-H burning tends to become
stationary

Cirillo, M.; Piersanti, L.; Straniero, O. Extremely Metal-
Poor Asymptotic Giant Branch Stars, Universe 2022, 8, 44
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M =6 M, different Z: TP-AGB

* PIEs hampered by low metallicity
TDUs only during the PIEs
Weaker TPs PIEs and TDUs
cease new phenomenon!
Shell-H burning tends to become
stat10nary#new phenomenon!
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M =6 M, different Z: TP-AGB
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M =6 M, different Z: TP-AGB
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M =6 M, different Z: TP-AGB
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M =6 M, different Z: TP-AGB
 Weaker TP - no PIEs!
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M =6 M, different Z: TP-AGB

 Weaker TP - no PIEs!
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M =6 M, different Z: TP-AGB

 Weaker TP - no PIEs!
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M =6 M, different Z: TP-AGB
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* One model with M =2 Mg and Z =10
e Three models with M =6 Mg and Z = 104, 10-° and 10-1°

* Main property: full coupled code with an advective mixing scheme

M:2M@ andZ: 10-5 M:6M® andZ: 10'4’ 10-6 and 10-10
PIE |
- = A 1 -H H Z
Huge production of neutrons (n, = 104 . nomalous core-H and He burning as
cm) ecreases
= (Core-He burning at higher T as Z
Surface enrichment in CNO isotopes q OTC-TC DUIINE at Agher L a5
ecreases

Large surface ’Li growth (= 5 orders of

. Anomalous SDU as Z decreases
magnitude)

* Anomalous behaviour during the TP-
AGB phase

* Ongoing activity: full grid of models of EMP stars with 1 My <M <20 Mg and
3.1x10* < Z <109 in order to investigate their main properties and peculiar
phenomena like Proton Ingestion Episode
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Equation of state

Important because 1t influences the extension of the convective zones in AGB
(SDU, TDU and HBB)

In metal-poor stars convection is able to mix regions with different chemical
compositions, leading to thermal runaways and thus reducing the characteristic
timescales with respect to more metal-rich stars

The reduction of the burning timescales influences the main physical quantities

of the star s coupling physics, burning and mixing affects the evolution of the
whole structure
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Equation of state

* Two different equations of state adopted log T=16.5

range

1)Completely ionized matter
Straniero 2)Deviations from perfect gas (electron degeneracy, pair
and  production, relativistic effects and Coulomb interactions) taken into
Prada account
Moroni 3)Ideal for advanced burning phases and high temperatures and
densities

6<logT<10

1 )Partially 1onized matter
2)More accurate than Saha equation of state because of the
Opal treatment of all excited states, taking into account many-body 33<logT<8.3
effects and Coulomb interactions
3)Ideal for atmospheric layers and low temperatures and densities

Both equations of state are needed! 103



