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For the umpteenth time...

The Origin of the Solar System Elements

cosmic ray fission

Very radioactive isotopes; 1ing left from stars

Graphic created by Jennifer Johnson Astronomical Image Credits:
http://www.astronomy.ohio-state.edu/~jaj/nucleo/ ESA/NASA/AASNova



The r-process B2FH

w>»1, < N,>10%n/cm?

Unstable nucleus captures another neutron before decaying

The s-process

T, & N, ~ 107 n/cm3
Unstable nucleus decays before capturing another neutron

In principle one might expect to encounter astrophysical neutron fluxes in the large
region between these two densities and have thereby intermediate processes between s
and r. Such events are apparently not common, and it is one of the fortunate
simplifications in the application theory of synthesis by neutron capture that the most
common fluxes are either quite small or quite large... If we ignore the i-process.
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Solar System Abundances

solar system abundances (Asplund 2005)
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® < anly. measured o S_process

@ corrected for r process, measyred
+ % anly, estmated o

Easy to be reproduced with a series of
neutron exposures (with an exponential
distribution)

I-pProcess
Do you see any distribution?

b X abundance LE}. = .I['l"j

2
»
=
-
-
2




How can we determine the
r-process contribution to the solar
distribution?

r=1-s



Typical r-process distributions

Yo = 0.10 . ).2F Ye = 0.40
Y. = 0.20 ’ ).3( Y. = 0.50
o % Lanthanides
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Various contributions to isotopic abundances
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Arlandini+1999; Goriely+1999; Simmerer+2004; Bisterzo+2018; Prantzos+2020
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How s-process neutron captures work?
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They can be used to test stellar model & nucleosynthesis robustness.




Seeds for the s-process

Main seeds are °°Fe nuclei. ..
Why not the most abundant =, or (7?7



Seeds for the s-process

Main seeds are °°Fe nuclei. ..
Why not the most abundant =, or (7?7

The reason lies In the
nuclear structure of
nuclei...and in the
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Seeds for the s-process

Main seeds are °°Fe nucle

,a—nuclei
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MAGIC NUCLEI

very small o(n,y) - abundance curve for
at neutron magic numbers - elements beyond iron
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The three s-process peaks

15t peak = Is elements (Sr,Y,Zr) [N=50]
2"d peak = hs elements (Ba,La,Ce,Nd,Sm) [N=82]

3 peak = lead (2°8Pb) [N=126 & P=82]

The "boosting power" depends on the neutron/seed ratio Neutrons

A sluice system with opening bulkheads



SURFACE DISTRIBUTION
AGB M=1.5M_sun

| [Fﬂf[—l]l =26 L

[FﬂfH] =- 1 A
[Fe/H]=-0.52 e

Atomic Number, 7.

R. Gallino’s models




SURFACE DISTRIBUTION
AGB M=1.5M_sun

[Fe/H]=-2.6 ——

[FﬂfH] =- 1 A
[Fe/H]=-0.52 e

| ] | | ] ] _1
40 50 60 70 g0 20

Atomic Number, 7.
R. Gallino’s models




Asymptotic Giant Branch (AGB) stars

L

PRE—MAIN
SEQUENCE

Core
H burning

Illlllllll

1 I |
3.8
log T




Can we see an AGB star in the sky?

CW Leonis

09 48 10.790 +13 19 31.45 . A

)
@ . @ .

FoV: 6.97' FaV- & Q7'

OPTICAL BAND INFRARED BAND



AGB structure

CO Core

Earth-Sun
("200 RSUN)

A e——————————————————————————————
Earth radius

(~102 Rgy)

It’s like you put a nut
In a 300 mts hot air balloon!!!




Where do s-process neutrons come from?

Free neutrons are NOT abundant in the major phases of nuclear
burnings.

Neutrons are liberated to some extent by secondary reactions during helium
burning in Asymptotic Giant Branch (AGB) stars, as well as during core-He
and shell-C burnings of massive stars.

Major neutron sources of the s-process

13C(a,n)*O 22Ne(a,n)*>Mg



The nuclear paths

13C: main source for the Main component

(0 PN(BH)C

22 N €. main source for the Weak component
(1) PF(B)*O(,v)**Ne



The s-process in AGB stars

22Ne(a,n)*Mg reaction

CONVECTIVE ENVELOPE H, He, Fe etc.
SALTED WITH DREDGED UP MATERIAL

INTERSHELL
He,'?C,s V

ECTIVE
THERMAL PULSE

C-O CORE

13C(a,n)t°0 reaction
Busso et al. 1999
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The s-process in AGB stars
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The formation of the 13C pocket

14N strong neutron
poIson via
14N(n,p)**C reaction
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The 13C pocket in stellar evolutionary models

Opacity induced overshoot (SC+...)
Convective Boundary Mixing + Gravity Waves (Battino+ 2017)

The 13C pockets in post-process calculations:

n-zones profile (Gallino+...)
Exponential hydrogen profile (Lugaro+...)
Magnetic-induced mixing (Trippella+ 2014)

How does the 13C pocket change?

Rotation-induced mixing (Herwig+ 2003; Siess+ 2004,
Piersanti+ 2013)



Opacity induced overshoot: a ballistic approach

Let’s assume that the deceleration is proportional to the

square of the velocity, as it happens to a body moving In a
sufficiently dense fluid:

r X —kv —2 e V,.is the convective velocity at

the inner border of the convective
envelope (CE)

e d is the distance from the CE

e Hpis the scale pressure height
e Pp=0.1

v=voexp[-k(r-ry)]




FR.U.LLTY.

F.R.U.LT.Y.
(FUIlI-Network Repository of Updated Isotopic Tables & Yields)
— Select Data:
MODEL SELECTION OUTPUT SELECTION OUTPUT FORMAT
Mass (Mo)

Nuclides Properties

Multiple Table format '?

Single Table format k)

Metallicity (2) "

O Elements ¥

R Al |

® isotopes® A: Z;

Initial Rotational Velocity (IRV) ©

® sprocess'®:[hslls], [Pb/hs], ...

3¢ Pocket®

® Net®

Yields ” A: Z:

® Total

O All Dredge Up Episodes‘*?

® Final Composition

® rinal

@ Final Composition

® Final

Back to Physics

NOTES ON THE MODELS (pdf file)

On line at www.0a-abruzzo.inaf.it/fruity




Convective Boundary Mixing + Gravity Waves

Battino+ 2016 Kelvin-Helmholtz (shear)
instability

Casanova+ 2016 =

Depending on the velocity
difference across the interface,
K-H instability may induce
mixing if:

—

s

fl

-
oD
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N2/(dv/dr)?<0.25

Gravity waves

06636 ﬂ.t'iﬁ!?;jr-ﬁb;':ﬁt'i:iﬂ 0.6642 Denissenkov & Touf 2003



Rotation induced instabilities during the AGB phase
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NET EFFECT

It mixes 1N in $3C-rich layers (and viceversa), thus implying a decrease of the local neutron density
and an increase of the iron seeds. As a consequence, the surface s-process distributions change.

—6 N B R R R R B
0.567 0.568 0.569 0.57

M,/ M,




...and outside AGBs?

~ dust condensatio "

18\ Ay and growth -
radial pulsation s %

Mira - SR - irregular '\ :
Courtesy of M. Marengo dust dﬁv\en win

s
Q7



Meteorites

Murchison (Australia, 1969

N
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AGB stars and presolar SIC grains
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Important question is: which stars are progenitor of pre-solar SiC grains?

(Grain data -
Model

i = TODAY - 4.57 Gyr | [ L
— 3 1 ! 00 02 04 06 08 L0

M/ M.

P (micron)

CRISTALLO+2020

Our models predict that the SIC production at the epoch of the Solar System
formation is dominated by contributions from AGB stars with M~2Mg,, and
Z~=7Z . Which are thus likely the parent stars of presolar SiC grains identified in

extraterrestrial materials.




SIC Grains |

. Isotopic data including Ni, Sr, Zr, Mo, and Ba isotope ratios in presolar SiC grains

. Stellar models with same initial mass (2 M ;) and solar metallicity
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The 13C-pocket: formation

« Protons can penetrate into the He-rich region at
each TDU (Third Dredge-Up) phenomenon

Which is the physical mechanism?
TOP-DOWN MECHANISMS

« Opacity-induced overshoot (cristallo+2009,2011,2015)
« Convective Boundary Mixing (Battino+2016)
BOTTOM-UP MECHANISMS

o Magnetic fields (Trippella+2016; Palmerini+2018)

. MagnetoHydroDynamics (MHD) solutions
e (Nucci & Busso 2014):

> No numerical approximations (exact analytic solution)

> Simple geometry: toroidal magnetic field

0
p(r) = —r*

"p

Convective
envelope

Turbolent
regime He-shell
Differential

rotation C-O degenerate core
Rigid body rotation

N,




Magnetic-buoyancy-induced mixing

> Magnetic contribution (Vescovi+2020) to the
dowflow velocity v,, acting when the density ==
distribution is p o« r ¥:

« Parameters:

11 7

. Layer “p” at the deepest coordinate from
which buoyancy starts

 (can be identified from the corresponding
critical toroidal B, value)

« Starting velocity u, of the buoyant material

s>Calibration Is needed!




SIC Grains |l

« Magnetic contribution account for SiC data!!

« Bestfit for up =5x 107 cm/s and B =5 x 10" G

750

500

250

0

5 (%3Sr/363r)

—250

—500

0.0

—-0.5

[9Mo/% Mo

—L{)

—=1.5

T T T

a

.
N

111

) 600 —400 —200 0200

) (138Ba/136Ba)

10 —05 0.0
[92M0/96M0]

5 (138Ba/136Ba)

& (PZr/%Zr)

200

0

—200

—400

—600

200

—200p

—400

1000 —700 —400 —100

T T T T

100 100 300 500
& (®'Ni/%®Ni)

L b : -
T
TH Im : =
Bl |
900 —600 —300 0
5 (13SBa/136Ba)
e | | o
L -1 J A * _E_
»— = =l
; .7':—‘;#;&5 J it
— I
s :

6 (%9Zr /%Zr)

2M, Zo
FRUITY

NEW (8 = 0.100
NEW (3 = 0.050
NEW (8 = 0.025
NEW (3 = 0.025

— N N

Magnetic

Vescovi+2020



SIC Grains Il

. Stellar models with same initial mass (2 M ;) and close-to-solar metallicity

. Magnetic contribution What about ®Ni? (See posters 9 and 10)
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The weak s-process in massive stars

Betelgeuse
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The weak s-process and the evolution of massive stars

Abundant Elements

H He (0(0]

15 Mg v=0 km/s
“N(a,y)°F(B*)**O(a,y)**Ne
22Ne(a,n)?>Mg major neutron source
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© M. Limoni Log(t_tcollopse)




Core He-burning phase

3a—12C

12C(a,y)160
| “N(o,7)°F(B*)**O(a,y)**Ne

T~ 1 Myr

When T~3x108 K the Is efficiently activated

The resulting neutron density is low (~10° n/cm?3)
Similar to the s-process



Core C-burning phase
12C(12C,u)20Ne
12C(12C’p)23|\|a
12C(12C,n)23|\/|g*

T= 1 Kyr

Some %?Ne is left after He burning

All (a,n) channels are activated:

The resulting neutron density is
C(a,n)™0 - F0(a,n)*°Ne very high, BUT...
180(a,n)?Ne - 2INe(a,n)2*Mg ’
- 2Mg(a,n)?8Si

26Mg(a,n)?°Si



Shell C-burning phase

12C(12C,(1)20Ne
12C(12C ’ p)23Na
12C(12C’n)23|\/|g*
Why not the 13C(a,n)*0O?

Because at T~1x10° K
the B3N(y,p)?C* works!!

All (a,n) channels are activated:
13C(a,n)10 - 17O(a,n)?°Ne
180(a,n)?*Ne - 2!Ne(a,n)**Mg

- 2Mg(a,n)?8Si

The resulting neutron density Is
very high:

*Mg(0,n)*°Si 10%-10%?n/cm3



Uncertainties of the weak s-process: cross sections

L2C(1°C X)X - °Ne(a,x)X - 2C(a,y)**0O

2,0

& CIST

Bennett+ 2012 o CUIST
Pignatari+ 2013 A

_ _ _ _:..I._
Relative overproduction factors, log(y, .. /voo)

60 80 100 120 140
Atomic mass, &



Uncertainties of the weak s-process: cross sections

y.v)16Q
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Uncertainties of the weak s-process: cross sections
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Uncertainties of the weak s-process: stellar modelling

Convection - Rotation

Strong production of primary *N at low metallicities

BC/MMN~ 57.1073

In any case the dominant source is the

Courtesy of A. Chieffi



The effect of rotation: differences in the stellar ejecta

. 3 T

9 Courtesy of A. Chieffi
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