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Outline

* Solar neutrinos and luminosity constraint in the era of precision solar physics

* Presolar grains and magnetic-buoyancy-induced mixing in Asymptotic Giant
Branch (AGB) stars

» Kilonovae and production of very light elements in Neutron Star Mergers
(NSMs)
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Solar neutrinos and luminosity constraint
in the era of precision solar physics
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The Sun: nuclear processes and neutrinos

 The Sun is powered by

nuclear reactions that = e 4p + 2~ — *He + 2, + 26.731 MeV
transform H into “He

p+p—2H+tet +u pte +p—H+trv,
* Two main sequences of
] . 99.76Y 0.249
reactions: s ! s
H4+p—>3He+ 7~
. 84.6% 15.4% 2.5x107°%
1) pp chain : T : Xf :
3He + 3He — *He + 2p He + ‘He — "Be + v He + p = ‘He + et + 1,
2) CNO cycle 99.89% 0.11%
B34 40 Be+p— B4y
"Li+ p — *He + ‘He BB — *Be et 4w,
ppl ppll pplll

Products: neutrinos

> pp, pep, hep, "Be, °B, N, ©°C, ’F




Standard Solar Model (SSM)

“A SSM is one which reproduces, within uncertainties, the observed properties of the
Sun, by adopting a set of physical and chemical inputs chosen within the range of
their uncertainties” (Bahcall, 1995)

« Evolve a model with 1 M_ starting from a chemically homogeneous model to
present solar age with the best available micro- and macro-physics

> Match R, L , and (Z/X), to better than one part in 10~

20

« Predictions: | o 13y

pp
—— TBe 150
. of e 15} 4 |
1) Physical quantities — B TR
hep
10} — pep |

2) Chemical profiles

3) Helioseismic quantities  °| & I

4) Neutrino fluxes 0.0 0.1 0.2 0.3 0.0 0.1 0.2 0.3

R, d®/dR
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SSM: the solar abundance problem

« SSM can be then validated by observational constraints — solar neutrino
fluxes and helioseismic measurements

 New generation of spectroscopic studies yield a solar metallicity lower than
older results

e Theoretical predictions of SSMs adopting low metallicity surface compositions
fail in reproducing all helioseismic determinations of solar properties
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SSMs: solutions?

e Solutions:
1) Increase of the heavy-element admixture
2) Increase of the radiative opacitiy at the base of the convective envelope

 The degeneracy between radiative opacity and solar composition can be
removed by measuring the neutrino fluxes produced in the CNO cycle, i.e.
the CNO burning rate

Cl SNO - NC
- l Gallo Rosso+ 2018
T T LI I T T T
. 1 — pp (£0.6%)
« CNO neutrinos have low ! - T 1o
. 100 . 15
energies (~ MeV) and are ooy
. 10 o
produced in the same . RN LI e
energy region of neutrinos = P — B (212%)
from the pp chain g it
: 28 -
10° | <
. 104 - =
> Experimental challenge ' :
102
101 1 M(E/ E 1 1 1
1 3 10

Neutrino Energy (MeV)
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Constraints from neutrinos

« Experimental measured fluxes (®; = ¢; x 107 cm?/s) agree with SSM results

Vescovi+, JPhG 2021

Vi Pi

Flux GSO8 PLI14 Experimental results ~ Source
d,, 10 [ 59901 +0.01)  6.01(1 4 0.01) 6.1(1 +0.1) BX
Ppep 8 1.42(1+£0.02) 1.43(1 +0.02) 1.27(1 £ 0.17) BX
dg. 9 [ 4730 +£0.12) 4.52(1 +0.12) 4.99(1 +0.03) BX
dp 6 | 5.52(1£0.24) 5.01(14+0.24) | |5.41(140.016) SK
Ppe, 3 8.15(14+0.30) 8.28(1 4 0.30) 8(1+2) SNO
Py 8  2.87(1 £0.30) 2.58(1 & 0.29) — —_—
do 8 2.13(1+£0.36) 1.86(1 +0.35) — —
P 6 551(14+0.37) 4.04(1 +0.36) — —
Peno 8 | 5.06(1 £0.32)  4.48(1 +0.31) 7.055% BX

* 'Be and ®B neutrino fluxes are probed with high precision = solar core

temperature

 What about pp and CNO fluxes?

* Helpful instrument: luminosity constraint

Diego Vescovi - GSSI, 2021



The “standard” luminosity constraint

* Nuclear fusion is responsible for the observed solar luminosity

> Gravothermal energy negligible m= Lo = Lyue — Ly
> Local nuclear equilibrium — [ =QiN(*He)

dp + 2e~ — *He + 2w + Qu

> Lepton number conservation = 4rau’ » &; = 2N("He)

L@ = Q4 477'3112222' Pi — 471'&112 Z<EZ>(I)Z —) L® = Z (% — <Ez>> D,

N(4He) LI/

Diego Vescovi - GSSI, 2021



Limits of the standard luminosity constraint

e The total number of both 2He and 4N nuclei in the whole Sun increases with
the time

* In the Sun, the gravothermal energy is absorbed to produce an expansion
against gravity on a timescale of few Myr

Vescovi+, JPhG 2021
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* The standard luminosity constraint is accurate to better than 1%

« Extremely precise determination of Lg = 3.8275 (1 = 0.4%0) x 10%%erg/s
requires corrections to the “standard” form
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A new version of the luminosity constraint

* Not only nuclear fusion is responsible for the observed solar luminosity

> Gravothermal energy w= [ =Ly — L, — L,
> Production of more nuclei e G T Z QjN(j)
J
> Lepton number conservation - 47rau’ Z ¢; = Z ch(j)
i J

1 Q4
—) Ao’ L@ + Lg + Z Lj = Z (7 — Ez) (I)z

j#%*He )

Cj Q4
2

Where L, := ( — Qj) N(j) accounts for the corrections due to the isotope j
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SSM computations

By making use of SSMs, corrective terms can be evaluated!

Two solar mixtures = high-metallicity (GS98) and low-metallicity (PLJ14)

State-of-the-art opacities (OPALO5)

Latest reaction rates (Solar fusion Il + updates)

2> Relevant corrections: must be of the order of 0.4%o0 Lo = 1.5 x 10*° erg s?

Models N(’He) NN Lsy,. Luay L,

PLJ14 3.42(1 +£0.07) 2.07(1 £0.13) S3(1 =0.07)  [0.55(1 £0.13) 1.52(1 £ 0.04)

GS98 3.29(1 £ 0.07) 2.15(1 £0.13) 3.39'1 £ 0.07) ‘0.57 1 +£0.13) 1.54(1 = 0.04)
3

N(j) (units of 10% s71) and L; (units of 10% erg s?)

2> Lue, L', and L, do matter and have small uncertainties
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A new version of the luminosity constraint |l

14 0.4 %0 = lz <% - <Ez->) ®;

F 2
L L L L
Standard F = F =29 + Lage + LN+ L

4mrau? 4mrau?

! !

F(GS98) = 8.5068 x 10
F(PLJ14) = 8.5070 x 10"

)

New

F = 8.4946 x 10!

 Fixed solar luminosity (by observations) and the three new terms are all
positive = number of expected neutrinos increased

e Fincreases of ~1.5 %o

* Negligible dependence on solar composition
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Luminosity constraint and the search for CNO neutrinos

It is possible to obtain a constraint on the flux of pp and CNO neutrinos by:

* neglecting ®., (very small)

» adopting ®,.,/®,, and ®o/Px from SSMs

e fixing 5. and &3 to the experimental results - known better than theory

m— | Dy, +1.654 Py =(k)(1 £ 2 %0) x 10%cm 257!

Corrective terms GS98  PLJ14 Average

None 59936 5.9936

L3g, 5.9994  5.9996 5.9995 +1.5 %,
L3y, + Liay 6.0004 6.0006 6.0005

Ls,, + Ly +Lg 60030 6.0031

Diego Vescovi - GSSI, 2021



pp flux and CNO flux

In terms of ®cno = Px + Po + Pr:

— O+ 0.946 Peno = 6.003 (1 £ 2 %0) x 10"cm s

Vescovi+, JPhG 2021

I||I|II|-I—

e Using ®cxo measured

by Borexino
collaboration

lum. constr.

B16 GS98
(Vinyoles+ 2017)

B16 AGSS09 *
(Vinyoles+ 2017)

Our GS98

tt ot

Our PLJ14 °

|IIIIIIIIIlIIIIIIIIIIIIIIlIIIIllIIIlIIIII

_ +0.023 , —2 —1
O, = 5.937 ) g55cm™ s
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Summary | - Probing meta

s and CNO in the Sun

Location Method Precision
Observation/ :
Surface modeling permil
Convective/radiative Y :
interface Helioseismology permil

Core CNO neutrinos percent

> CNO flux measurement may solve the longstanding solar abundance problem

> |t relies on the luminosity constraint which establishes the best available limits
on the rate of creation of pp neutrinos

> Development of a new version including corrective terms = non-equilibrium
burning of 2He and N abundances and gravothermal energy

> Simple relation linking in @, and ®cno, independent from solar core metallicity

> &, in better agreement with hlgh metallicity SSMs

Diego Vescovi - GSSI, 2021



Presolar grains and magnetic-buoyancy-induced mixing in
Asymptotic Giant Branch stars

Diego Vescovi - GSSI, 2021



The origin of heavy elements in the Solar System

* Fusion reactions between
charged particles

* Neutron capture processes :

> r(apid)-process

> s(low)-process

EHydrogen is 12 by definition’
)
Elements up to the Fe peak —6—
Neutron-capture elements & 7
Carbon (Z=6)
.
| Iron (Z=26) -
0,
P\ Strontium (Z=38) i
A
q G oAA )
D BN Barium (Z=56) Lead (Z=82)
ATk A M2 Yy .
D Y Y VORI
A i AR Y
.............................................. A il
0 50 100 150 200

Atomic Mass

250
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s- and r- process
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Moving towards the AGB phase

- | T | ‘ 7
1+ [ FRANEC &
- M=2M,

/ N
3~ [Fe/H|=!

o | . &
—] -
~. L Core
— L He burning
al —

) 2
Pt L

- =Y . MeraR

-
;Dubhe

ol L I R B B | h,olans
4.2 4 3.8 3.6 3.4 ' ¥
log T

SEQUENCE -

H burning
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AGB stars

T T T T T T T T T T T T T T T T T

- ~ .
4 - FRANEC — E
L 7 b) ]
‘\A[i?M n _2||\||||||||1||r|||\||_
- g ® 7 1296 1296.5 1297 1297.5
L y M Straniero et al. (2006) age (Myr)
sk [Fe/H]=0 ¢
o | &
~. L Core
— L He burning
al —
S ®
L PRE—MAIN
L SEQUENCE
1 —
- - CO degenerate
O | | ] | ] I | | | ! | | | ] | 1 core \ Intershell region:
about 75% *He
4.2 4 3.8 3.6 3.4 e
10g Teff about 2% *?*Ne

<1%"%

Helium burning shell

* Low-Mass Stars
* Asymptotic Giant Branch (AGB)
* Thermal Pulses

-
Karakas et al. (2002) Hydrogen burning shell

Diego Vescovi - GSSI, 2021 i i elements across the Galax



H- and He-burning in TP-AGB stars

A
" Proton-rich envelope &j e What?
= © &5 Low-Mass Stars
Z @ j 5 ; e When?
E —) T Asymptotic Giant
8 »2 S B _~ INTéHSHELL Branch (AGB)
LS ECami T ——V | He,’C.s v How?
O w & CONVECTIVE - . * W .
N f |~ THERMAL PULSE J Thermally Pulsing (TP)
< C-O CORE
He SHEL t | me Busso et al. (1999)
/ ’
proton "
He-flash penetration C-pocket
2C(p,v)"N(B*v)3C
22Ne(a,n) 13C(q,n) w— heavy elements!!
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The BC-pocket: formation

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

Which is the physical mechanism?

Classic models assume the *C-pocket formation

Many recent physical approaches:

* Opacity-induced overshoot (Cristallo+ 2009, 2011, 2015)
* Convective Boundary Mixing (Battino+ 2016)
* Magnetic fields (Trippella+ 2016; Palmerini+ 2018)
mmp hottom-up mechanism through
magnetic buoyancy

1) Rotational shears promote magnetic fields
2) Magnetic structures reach the envelope
3) Protons are injested into the He-rich region

Convective
envelope
Turbolent
regime He-shell
Differential
rotation C-O degenerate core
Rigid body rotation

Diego Vescovi - GSSI, 2021



AGB stars and presolar SiC grains

L B B N L L a
4+ FRANEC 7 | D
L 0/ . / ‘—-—"
i o | MD'EC\?'E Dusty I I
[ M=2M, ] : Formaion wing Molecular
B — CO,H
3L [Fe/H]=0 - D
- & . H/He x ‘\}
'_-|® L i burning \b \
L Core | &S-process '\’
— L He burning - Convective Pulsating Circumstellar
%D o[ | Envelope Atmosphere Envelope
i PRE—MAIN i -
o e \ o,
| — dust
- 7 hondrulesm
B H burning 7 }

Presolar
largely

amorphous Crfystatlllne
refractor
dust Crystalllne and dust andy
amorphous nebular inclusions
condensates
|

100 AU 0.1

Meteorites and
asteroids
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FRUITY models with convective overshooting

We considered convective overshooting only to the partial mixing of hydrogen.

[Hp

. : : A
Exponential decay of the convective velocCity g |y = ycgexp (— 4 ]

(Straniero+ 2006, Cristallo+ 2009)

We considered isotopic data including Ni, Sr, Zr, Mo and Ba isotope ratios in
presolar SiC grains = 10% uncertainty

One stellar model: 2 M, and Z = Z,

Updated solar-scaled mixture, mass-loss, EOS, nuclear reaction rates

Different values of 8

Diego Vescovi - GSSI, 2021



SiC Grains |

 |sotopic 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

750 1 1 I I 1 T ] 1
200 f T |
b . 300F | :
500 Py | |
— (] SRt S | I Sy 'lf 1 = :
' ! 2 - 4t = 200F :
& 5 2000+ %00 1 2 e
e Ur % —— | & 1o0p s :
- H\/ _400 i D < ‘f"l i il
—250+ < | + | . s
ook ] A S I
~600 —400 —200 0 —900 —600 —300 0 —100 100 300 500
) (138Ba/136Ba) 5 (135Ba/136Ba) ) (61Ni/58Ni)
T T T T 200 T T T T |
0.0_El_______________ € : 2M, Z;
. ¢t | { | —e— FRUITY
= S Vel e —e— NEW (8 = 0.100)
% 05tk 1 = e , —e— NEW (8 = 0.050)
=z o = 200} —e— NEW (8 = 0.025)
S, oL - .
~1.0F % | L :
1 1 1 _400 i E-
-15 —-1.0 —-05 0.0 —1000 —700 —400 —100 Ravam
[92Mo/%Mo] 5 (%7x /% 7x) [Note. 0R = 1000 x ( e T 1)]
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Magnetic buoyancy

« MagnetoHydroDynamics (MHD) solutions (Nucci & Busso 2014):
> No numerical approximations (exact analytic solution)
> Simple geometry: toroidal magnetic field

Equations:

3 B
9 eV (pv) =0 — —Vx(xB)—1v,AB=0

ot ot

)

v d m
p[—+(v-V)v—6dV+V‘P] —uAv+VP+4in(va):o p[a—j+<v-V)e]+PV-v—V-(KVT)+:—JT(VxB)2=
T

ot

Solutions:



Magnetic-buoyancy-induced mixing

> Magnetic contribution (Vescovi+ 2020) to the k2
dowflow velocity v,, acting when the density == | va(r) = up ( p)

T
distribution is p o rk:

Parameters:

[(geg )

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

1/2
(can be identified from the corresponding == | B, (47Tp'r'N2Hp ) /
critical toroidal B | value) K

« Starting velocity u, of the buoyant material

> Calibration is needed!

> We ran various tests with different parameter values:
e U = 1,3,5 8, 12x 10> cm/s

- B,=2,5,10,15x10*G

Diego Vescovi - GSSI, 2021



Critical toroidal B-field

o Stellar model: 2 M, Z=7Z,

« The critical B, necessary for

the onset of magnetic
buoyancy instabilities, in
radiative zone below the
convective envelope varies

from ~10°G to ~10°G

o Different values of Bg2

correspond to different
values of r

> The strength of B,

determines the extension
of the mixed zone and, in
turn, of the 3C-pocket

log quantities

M/ Mg

0.571 0.573 0.575

| Vescovi+, ApJL 2020

-==- Bcp,crit :

Convective Envelope —>]

19

—10  —08
log R/R
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SiC Grains |l

* Magnetic contribution accounts for SiC data!!
« Best fit foru, =5x 10" cm/sand B =5 x 10 G
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Vescovi+, ApJL 2020
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The 3C-pocket: shape

_10 I T T T T T
> Effective 3C in the 3C-pocket — FRUITY (Cristallo+ 2011)
region -> i.e. the difference P — NEW Magnetic (Vescovi+ ApiL 2020)
. 1.5
between the number fractions
of ¥C and *N in the pocket
=20t .
5
.
o 25 -
> New “Magnetic” pocket o | T
presents are more extended ~— -30f 7 .
and flatter
—3.5¢ -
_4.0 1 1 -7-| 1 1 1
0.005 0.004 0.003 0.002 0.001 0.000

M/M,
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SiC Grains I

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

* Magnetic contribution

Vescovi+, ApJL 2020
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Summary I

> First numerical simulations of the formation of a magnetically induced **C-
pocket in a stellar evolutionary code with fully coupled nucleosynthesis

> Magnetic fields of the order of 10° G (like in the solar tachocline) can
induce the formation and buoyant rise of magnetic flux tubes in the He-
intershell of AGB stars.

> Such tubes are fast enough to guarantee, by mass conservation, the
downward penetration of sufficient protons to form a sizable *C-pocket

> Unique choice of the field strength and initial buoyant velocity

> New magnetic models provide a consistent explanation to the majority of
the heavy-element isotope data detected in presolar SiC grains from AGB
stars

Diego Vescovi - GSSI, 2021 Nucleosynthesis of light and heavy elements across the Galaxy



Kilonovae and production of very light elements in
Neutron Star Mergers

Diego Vescovi - GSSI, 2021



r-process: basic ideas

« keyreactions: (A, Z)+neo (A+1,Z2)+y

e r-process requires initial highn_and T
> highn 1t <<7T, ..

« equilibrium freeze-out: n_drops and -decays take over

.. 12 22 Temperature = 4.20E+08 K 112
S 8 — Temperature [K] 20 . - 110 e
H al — Density [g/cm 118 Density = 1.94E+02 g/ cm wa% E:
g — Heating rate [erg /s /q] % Heating rate = 1.61E+18erg/s/g 102 i
e o} 116 © 100 228 232
g -ap 114 g‘ Entropy = 5.01E+01 kB / baryon - 8 o 2
~ -8 112 § Ye=0354 n A o 212 216
2 19} 208
! 11 & 200 24
4 ~18r 18 & 196 Abundance
§ —20p - 107
F o _oa € 192
% 28 N
—_ -3
S 107 10! 100 100 10° 100 10° 10
@ Time [s] 68 s
64 Unstable nuclide 10"
62 152 .
60 148 O Stable nuclide
58 107
> = Missing nuclide
Sky [ Net A
50 O 11 Closed neutron shell -6
bitbucket.org/jlippuner/skynet ag _L““] 10
= Closed profton shell
%0 3.64E-01 s 10
w0 360 ms
34 -8
32 10
30 10'2
28
2% H -4 R
z 2 FP%: 107 ¢ 107"
22 | (¥}
20 T 10° €
18 H [ T° _10
i jritEs 'n 0.4 10° § 10
12 i had [} .&
40 -10
10 36 ) 10
8 - ) 202 _|_|—| 10"
6 = 0 24 28 0 10
2 4 12 18 Made with SkyNet by Jonas Lippuner 2 72 94 111 145 170 188 206 253 337
o 4 8 =—» N Adapted by D. Vescovi and 5. Cristallo neutrons 1% peak 2mj peak rare-earth 3" peak fission material A 1()"2
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Neutron star mergers as r-process site

r-process nucleosynthesis in depends mainly on three physical quantities:
1) entropy s ~ T3/p

2) Electron fraction Y_ ~ np/(nn+np)

3) Dynamical expansion timescale L

high entropy r-process low entropy r-process

Possible scenarios hot CCSN winds BNS and BHNS mergers
MHD supernovae

e

First evidences of r-process
nucleosynthesis in kilonova
from GW170817
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r-process nucleosynthesis in BNS mergers

Ye dominant parameter

« Y_<0.15: robust r-process, due to several fission cycles
« Y, =< 0.25: 2nd and 3rd r-process peaks, but no first
« Y_ = 0.25: up to 2nd r-process peak

109]

Abundances [Si

102

Y, ~ 0.15-0.25

Y. £0.15

Production of lanthanides

1 dramatically changes photon

opacity K,

* no lanthanides:
low opacity (k, <= 1 cm?/g)

* | * presence of lanthanides:

ﬁzozé
101t . ®
.
100} .
1 .-'.‘ .-'.\r_-..".'. ‘%
10+ - %, ': Ja
..# L] LI ]
[ 0'..'.. L
1021 .'.'.'
Lanthanides Actinides
103}
e Solar r-process
60 80 100 120 140 160 180 200 220 240

Mass humber A

increased opacity (k, = 10 cm?/g)



BNS merger + kilonova

* Red emission:
> Tidal ejecta
> Peak luminosity at days - 1 week after the merger
> Lanthanide dominated - low Y.

e Blue emission:
> Polar ejec.ta . ~-rays
> Peak luminosity at 1-2 days after the merger
> 1st/2nd peak dominated - high Y.

4 observer
1

!
! red

/ .

| kilonova

collapsed
black hole

hypermassive dynamical
neutron star ejecta

aCCI’lEtiOF\ secondary outflows: accretion
c ‘ disk viscous, magnetic, ik | blue
ourtesy o ("wind") dis kilonova

O. Korobkin
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Properties of GW170817/AT2017gfo

. 17/08/}7, GW+EM detection of an event compatible with BNS merger (LvC
PRL 2017

e Blue component
 Red component

» Thermal emission by radiocative decay of heavy elements synthesized in
multicomponent (2-3) ejecta

16

ViIIarJ; 2017 and réfs therein

EFR

&Y 28 NG — 3

ey A =G
18}/ S

oy =

fl\

N
(=}

N
&

Apparent Magnitude
N
N

26}

. : F336W,u,U
15 20 25 30
MJD - 57982.529

28
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Properties of GW170817/AT2017gfo

60

Watson+ 2019

| —— Blackbody + Sri
Rl & Blackbody
1

Sru
Spectral analysis hampered due to:

 Heavy elements have forest of
lines hence strong blending

» Relativistic velocity makes for
extremely broad lines (multi-
components and different
velocities)

F, (107 erg s=' cm~2 A" + offset

e Atomic data are incomplete and
uncertain

T T | T T T
4,000 5,500 7,500 10,500 14,500 20,000
Observed wavelength (A)

o
> The analysis of the spectrumat 1.5 ¢ /7 — 15 das]
T =37
days syggested the presence of A —— o i,
strontium (Watson +2019) 2 -3 o A ) L .
ICJ 3—5\.‘__._ - 3.5daz§
= -3
_[< Sllladaan, L s 4.5 days|
5 3
%
&
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Production of very light elements in kilonovae

 What about very light elements?

Volumne
Var: ang_mom_flux

* The dynamical ejecta and spiral- l...
wave wind are the earliest and o2
fastest ejecta

Maox: 3.947e-05
Min: -3.004e-05

— transparent within the very
first days and possibly providing
key spectral features

e we investigated the production of
light elements (Z < 20)

e connecting the thermodynamics .
conditions for their production to YA/

the binary properties (mass ratio
and EOS) T

Spiral-wave wind (Nedora+ 2019, 2020)

» study their early detectability
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Production of very light elements in kilonovae

e Three simulations:

1)Mi=M;,=1364 M_
Soft EOS (BLh)

2) My = 1.856 M_, M, = 1.020 M_
Soft EOS (BLh)

3) My =M, = 1364 M,
stiff EOS (DD2)

e from each BNS simulations we extract mass distributions of the ejecta in the s,
Ye. Tayn SPace

» time-dependent abundances from their convolution with the yields tabulated
with SkyNet (Lippuner & Roberts 2017)
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Production of very light elements in kilonovae

> H and He are the most 103 - E
abundant species,
comparable to Sr, 2 04 L ]
lanthanides, and =
actinides = 1051 -

) g 5
= f :
=100 __

> elements between 5 = %7 —e— Blhequal (dyn) E
lithium and potassium £ : ¥ = Blhunequal (dyn) -
are usually several M 1077 —— DD2.equal (dyn) E

i - -¥- DD2_equal (wind .
orders of magnitudes b Perego, vescovis 2020 qual (wind) ]
less abundant 107° E arxivi2009.08988 -+ DD2_equal (dyn+wind) —=

- I I I I I I -
H He Li-K Sr La’s Ac’s
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Conditions of the ejecta from BNS merger simulations

BLh_equal, mgy, = 3.84 X 1073 M,

 The bulk of the ejecta has low = ! 10 &
entropy (s < 40 ks baryon™) and 5 10 2
is neutron rich & ot 2

@ 10t F { 10t =

. ) = i 107° .5

» Equatorial ejecta are usually » : E
0 = 26.5° 10-6 =

characterized by lower Y. and " —= = ot s i
lower entropy

o 2 10 £
. — 10%F 1 10°f F
 However, at both angles a high- | s S
entropy tail (with s > 60 kg 2 o S
baryon?) expanding at high E ol | ol :
speeds (T <~ 5 ms) is visible = : il A=
0 = 79.4° [ | | ] e g

0.0 0.2 0.4 10° 10! 102

Ye 7[ms]
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Origin of H, He, and Sr

Abundances at 2 days for 7 = 1.0 ms (top) and 7 = 11.4 ms (bottom) trajectories
N I T | [ ! I P ! | L | I | 100

—_
@)
[\]

s [kg baryon™]
S}

—_
(@)
[NV}

s [k baryon™!]
S

« Abundances for individual trajectories characterized by different (s, Ye, 1) sets

* ForYe = 0.22 Sr is robustly produced for all entropies
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Origin of H, He, and Sr

Abundances at 2 days for 7 = 1.0 ms (top) and 7 = 11.4 ms (bottom) trajectories
N I o | [ ! ™ [l ! [ | I | 100

—_
@)
[\]

s [kg baryon™]
S

—_
(@)
V]

s [k baryon™!]
)

 The presence of H in the ejecta is related with high-s and low-Y.

* He production can happen both in association or in the absence of heavy
elements
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Detecting H, He, and Sr in kilonova spectra

 The amount of Sr predicted by .
ab-initio BNS models is . 2000 00988 -
consistent with the one required
by the analysis reported in
Watson+ 19

AT 2017gfo
Texp = 1.5 days

—— Mye = 0.00001 Mg,
Mige = 0.0002 M,

(@)}
1

W
1

e He and then H could recombine
in atomic form after a few hours

w
1

[\)
1

 However, they probably never
contribute to the kilonova
spectrum

Specific luminosity [ergs™' A™1]

o
1

. 0 5000 10000 15000 20000 25000
 Presence of H/He lines Rest wavlelength \ [A]

— Supernovae
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Summary |

> We considered results of Numerical Relativity (NR) simulations of BNS
assuming different mass-ratio and EOS

> In BNS mergers H, He, and Sr can be synthesized

> The amount of Sr is consistent with the one required to explain early
spectral features in the kilonova of GW170817

> H and He probably never contribute to the kilonova spectrum formation
unless strong non-LTE effects appear or a dramatic EOS softening boosts
the presence of fast expanding, high-s matter

> Key result to organize and prioritize future observational campaigns for the
electromagnetic counterparts of GW events
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Standard Solar Model (SSM)

» Stellar model obtained by numerical integration of the equations describing
the physical and chemical structure of the Sun as well as its time evolution

or 1

om "~ Ao i —(R)+ )+ DC;

orP  Gm ot \/

om  4dmrd / / |

ol Nuclear Mixing Diffusion

I En — &y — &g reactions (convection) Gravitational settling
or  GmT S

Om ~ 4AmriP

- Evolve a model with 1 M_starting from a chemically homogeneous model to
present solar age with:

1) good microphysics (reaction rates, equation of state (EOS), opacity)
2) assumed mixing length (a.), initial helium (Y,,) and metal (Z;,;) abundances

> MatchR, L_, and (Z/X)® to better than one partin 10~
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SSM: predictions

Physical quantities: temperature, pressure, density, luminosity, mass...

Chemical profiles: X(r), Y(r), Zi (r) = electron density profiles

Helioseismic quantities: surface helium abundance, depth of the convective
envelope, sound speed

Neutrino fluxes: production profiles and integrated values

Diego Vescovi - GSSI, 2021



Sun’s core metallicity

®cno
1010cm—2g—1

|

7% (®éno) = 0.028T570s

Zé = 0.400 x (Gough 19)

Source Z

GS98 0.0203 + 0.0026

PLJ14 0.0179 £ 0.0021
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Magnetic field in O-rich and C-rich AGB stars

Generally, AGB magnetic
field measurements come
from maser polarization
observations (SiO, H20 and
OH) (e.g. Vlemmings+ 2012)

These have revealed a
strong magnetic field
throughout the circumstellar
envelope

B-field at surface ~ few G

Although the maser
observations trace only
oxygen-rich AGB stars,
recent CN Zeeman splitting
observations (Duthu+ 2017)
indicate that similar strength
fields are found around C-
rich stars

log(B) |G]

OH masers

' Duthu+ (2017)

14

log(R) [em]



Generation of a toroidal B-field in the He-intershell
o Stellar model: 2.5M  Z=7

2™ TP with TDU

° Stretching Of a preexisﬁng —4 I N B B L B I L O B B L L L ]
poloidal field can generate a — End TP (At=0 yr} -
toroidal field [ A Ini TDU {At=50 yr) -

9B L 8 £ [ ——— TDU in (At=200 yr)_—
? — 2 (Qr?B,) = Q¢B O F S -
- ot r or ( " p) 45p . TEETIITT i

« Differential rotation in the He- 8 - _
intershell? - - 5 - 2

« An additional artificial viscosity of > - -5.2 ] i
around 107cm?s! provides a L L = 54 - E ]
sufficient transport of angular — R . . T
momentum to match the core and [ 2 -58( g i
envelope rotation rates for core - _5.8 E .
He-burning stars (den Hartogh + -8 ST R i B
2019a,b) - e s S1 -os E"f"-..., i

« The critical polidal B, would be o log(R/Ry) T S
= B, ~ B,(QqAt)"! i | | | ": i

« Arough (preliminary) estimate 053 054 055 056 057 0.58
gives a Bpfew hundreds times M/M,

lower than B, w— B = 1kG Not implausible!!



Final abundances vs. electron fraction Ye

> Threshold value Ye’Crit = 0.25

-1

 — ¥.=0.20

—  Y,=0.10

log Final abundances at 10%s

_8 I I I | 1 AAM

—  Y.=0.25

—— ¥.=0.30
Lanthanides
e Solar r-process |

80 100 120 140 160 180
Mass number A

Ye<Y

e,crit

200 220

Ye>Y

e,cri

240 260

“robust” r-process A = 130

“weak” r-process A < 130

insensitive to details of trajectory

sensitive to details of trajectory




Nuclear heating rate

 Radioactive decays of r-process Y = 0.25 Y < 0.25
elements release nuclear energy e ” e ™
weak r-process robust r-process
Q,— process = Z Q.. (A<130) (A>130)
[€reactions “blue transients” “red transients”
with Q=M . — M peaking after ~ 1 day peaking after ~ 1 week

and A=decay rate

matter transparent

heating rate O luminosity radloachye decay:
LcQM
matter /
becomes
more
transparent .
time time
1s days

» key physics ingredients:
1) ejecta mass, velocity, Y_ == astrophysics
2)opacity K, wemp atomic phy5|cs
3) radloactlve heating rate Q == nuclear physics



Origin of He

Perego, Vescovi+ 2020

* Free neutrons are abundant 10! e _arXiv:2009.08988
and provide an almost Steady NSE Charged reactions - decay
supply of free protons ,

(through n-decay) and the 107
efficient formation of " - i
deuterium (d) and tritium (t). % 107°F ) freeze ottt

* Y. increases through charge E 10-8— Yo P ]
reactionssuchast+t—2n = — Y, — |
+4Heandd +t— n +“He | Yies

= Yacs

e At later times (t >~ 2 s), a- Vi decay/g
decay of trgnglead nuclei 101 10 Y T ST BT  RET.T
becomes significant and Y. Time (s)

increases further Trajectory with s = 10 kg baryon™, = 10 ms and Y. = 0.15
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