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Stellar model obtained by numerical integration of the equations
describing the physical and chemical structure of the Sun as well as its
time evolution.
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Stellar model obtained by numerical integration of the equations
describing the physical and chemical structure of the Sun as well as its
time evolution.
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Constructing an initial model
Chemically homogeneous

P(m), T(m), p(m), R(m), L(m)

{X;(m)} = constant
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It depends on:

» The physical processes included in the model

* The precision of input physics
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The physical processes included in the model

dP GM,
dr 12
dm 5
4 4Ttrep
dL

dm = Enuctegravtev

dT B T /' Vrad

dT_HP\V

dX;

Mixing Term

Destruction Term
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The physical processe No diffusion

dpP GM,
dr 12
dm )
ar 4Ttrep
dL

dm = Enuctegravtev

dr T  Vrad
dT_HP\

Vsad
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The physical processes included in the model
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dP) GMm,

dr 12
dm 5
T 4TTr<p
dL

dm = EnuctegravtEv

sad
dX; __
ac it

The precision of input physics:
Equation of state (EOS)

P:P(p'T'{Xk})
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dr 12
dm_ 5
ar 0P

sad
dX; __
ac it

The precision of input physics:
Equation of state (EOS)

P:P(p'T'{Xk})

4SBT
grav — dt
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The precision of input physics:
Equation of state (EOS)

dp)_ _6M, P=P(pT (X}

dr r?

dm ds(p,T,{Xy})
W = 4-7T1'Zp ggrav = —T dt

dL Vaa(p, T, {Xi})

am = mlEoran)es atf T

dT T Vrad
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dX; e
— =N+ M
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The precision of input physics:
Equation of state (EOS)

dp)__GM, P=P(pT X}

dr r?

dm ds(p, T,{Xy})
W — 4-7T1'Zp Sgrav = —T dt

dL Vaa(p, T, {X1})

am = mlEoran)es atf T
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dX:
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The precision of input physics
Equation of state (EOS)

@= _GM, P=P(p T {Xy})
dr r?
am _ 2 _ _p 950, T X))
ar 0P Egrav =~ dt
dL Vaa(p, T, {X1})
am = g}, e
dT T Viad M;(p,T,{Xi})
dr H
r P Vsad
dX
A _ N
dt N @
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Relativistic effects included
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dP GM,
dr 12
dm 5
T 4TTr<p
dL

dm = EnuctegravtEv

sad
dX; __
ac it

The precision of input physics:
Opacity
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dP
dr
dm
dr
dL
dm

GM,
rZ

= 4nrép

= EnuctegravtEv

The precision of input physics:
Opacity

3 k(T {X})P L)
@ " 16macG T4 m(r)

V;
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The precision of input physics:

Opacity

dP  GM,

dr r? v 3 k(p T {X;}) P L(r)
dm - rad ~ 16macG T4 m(r)
_— n

dr p

1 |

dL =
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dT:T/ 1 njmevd
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dX; __
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dP GM,
dr 12
dm 5
ar 4TTr<p
dL

dm = EnuctegravtEv

sad
dX; __
ar it M

The precision of input physics:
Opacity

V;

3

K(p, T, {Xk}) P L(T)

%~ 16macG T4 m(r)
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The precision of input physics:

Opacity

dP  GM,

ar 1 o __ 3 x(pTXJ)P LT

dm 41 rad ~ 16macG T4 m(r)

- - OPAL 1996
% = Equc+Egrav+Ey K = K, + Koo (Iglesias & Rogers,1996)
a1 O ) | OP 2005 |

= / 1 — n i B, dv (Seaton&Badnell 2004

dr  Hp \ V.., k, acT3), K, dT Badnell+2005)
ax, OPLIB
d_t = Nj + Mj (Colgan+2016)
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dP GM..

dr 12

dm 5

- = A4mrep

dL

dm — Egravtey

The precision of input physics:
Nuclear reaction rate
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dP GM,
dr 12
dm 5
T 4TTr<p
dL

dm =\€nucT€gravtEv

dT B T /' Vrad

sad
dX; _
ar M

p(p,e*v)D
D(p,y) *He
SHe(p,e*v) *He
SHe( *He, 2p) *He
SHe( *He,y) "Be
"Be(p,v) °B
12¢(p, y) 13N
13¢(p, y) 1N
14N (p, v) 150
15N (p, y) 160
15N (p, *He)12C
160(p, y)V'F
7Be(e‘,v) Li
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Constructing an initial model Chemical homogeneous sphere
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‘SSMS depend on the adopted initial chemical composiﬁon‘
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‘SSMS depend on the adopted initial chemical composition‘

Photospheric Abundances

Current solar composition at the surface

g(el) = log

m+12

SIF 2020, September 14-18

Meteoritic Abundances

Protosolar nebula composition

n(el)

X 10°
n(Si)

N(el) =




‘SSMS depend on the adopted initial chemical composition‘

Photospheric Abundances Meteoritic Abundances
Current solar composition at the surface Protosolar nebula composition
n(el)
glel) =lo —+12 N(el) = X 10°
(el) =log |y b =260

H, C, N, O from photosphere

Ne, Ar from solar corona/wind
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‘SSMS depend on the adopted initial chemical composition‘

Photospheric Abundances Meteoritic Abundances
Current solar composition at the surface Protosolar nebula composition
n(el)
glel) = log |—=| + 12 N(el) = X 10°
e =log n(H)] 0= o

H, C, N, O from photosphere

Ne, Ar from solar corona/wind

He abundance undetermined in both the environments!
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Abundances from different sources are combined
to obtain a complete compilation

g(el) = log(N(el)) + R Remapping factor
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Abundances from different sources are combined
to obtain a complete compilation

g(el) = log(N(el)) + R Remapping factor

ﬁ — 10£k)—12 ﬁ

X Ay
g — z Lk _ 2 105 -12 ﬂ
X Kk X k Ay

_xk_xk YA -1
k=7 " x \Xx

SIF 2020, September 14-18



Abundances from different sources are combined
to obtain a complete compilation

g(el) = log(N(el)) + R Remapping factor
ﬁ — 10£(k)—12 ﬂ
X Ay
Z_ 2 Y _ 2 105012 Ak Free parameter:
X X L An Y and Z (X=1-Y-Z)
-1

_xk_xk YA
k=7 " x \Xx
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Zy
HYPOTHESES: — = costant

Z;
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Photospheric solar abundance did not change
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Photospheric solar abundance did not change
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Zy
HYPOTHESES: — = costant

Z;

Photospheric solar abundance did not change

Diffusion is a democratic process
(Piersanti+2007)

Tables of opacity and EOS with constant
mixture and variable total Z and Y
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Zy
HYPOTHESES: — = costant

Z;

Photospheric solar abundance did not change

Diffusion is a democratic process
(Piersanti+2007)

..but in the
innermost zones

Tables of opacity anCEEECELTET nt
. . L2c -5 14y
mixture and variable
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"Old” photospheric abundances

"New" photospheric abundances
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"Old” photospheric abundances

A689 Anders & Grevesse 1989
GN93 Grevesse & Noels 1993
6598 Grevesse & Sauvals 1993

"High metallicity” mixtures

),

0.02669
0.02439

0.02292
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"Old” photospheric abundances

A689 Anders & Grevesse 1989
GN93 Grevesse & Noels 1993
6598 Grevesse & Sauvals 1993

"High metallicity” mixtures

0.02669

(Z) _ 0.02439
X)o  0.02292

"New" photospheric abundances

I LoO3 Lodders 2003

| AGSS09 Asplund+2009

I L009 Lodders+2009

| PLJ14 Palme+2014

: "Low metallicity” mixtures

I 0.01762
(E ) _ 0.01780

| X/ s 0.01903

| 0.01995
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"Old” photospheric abundances m "New"” photospheric abundances

AG89 Anders & Grevesse 1989 I LoO3 Lodders 2003

GN93 Grevesse Y nd+2009
e ey LoO3 0.234+0.007 0.725+0.006 PR
AGSS09 0.232+0.006 0.722+0.005
LoO9 0.234+0.006 0.722+0.005
"High metallicity” gdBpE: 0.241+0.005 0.721+0.005 s

e+2014

M Solar  0.2485+0.0034 0.713+0.001 I
(Z) _ 0.02439 <£> _ 0.01780
/o  0.02292 | X/s 0.01903

| 0.01995
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6.1 (1+0.1)
1.27 (1+0:17)
8 (1+2)

4.99 (1+0.03)
5.39 (1+£0.015)
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6.1 (1+0.1) 5.99 (1+0.01)
1.27 (1+0:17) 1.42 (1+0.02)
8 (1+2) 8.15 (1+0.30)

4.99 (1+0.03) 4.73 (1£0.12)

5.39 (1+0.015) 5.52 (1+0.24)
5.06 (1+0.32)
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6.01 (1+0.01)
1.43 (1+0.02)
8.28 (1+0.30)
4.52 (1+0.12)
5.01 (1+0.24)
4.48 (1+0.31)



10 6.1 (140.1) 5.99 (1+0.01) 6.01 (1+0.01
1.27 (1+0:17) Z
8 (1+2) 8.15 (1+o 30) 8.28 (1+o 30)

4.99 (1+0.03) 473 (1+0.12) 4.52 (1+0.12)
5.39 (1+0.015) 5.52 (1+0.24) 5.01 (1+0.24)
5.06 (1+0.32) 4.48 (1+0.31)
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10 6.1 (140.1) 5.99 (1+0.01) 6.01 (1+0.01)
1.27 (1+0:17) 1.42 (1+o 02) 1.43 (1+o 02)

8 (1+2)

4.99 (1+0.03) 4.73 (1+O 12) 4 52 (1+O 12
5.39 (1+0.015) .52 (1+0.24) 5.01 (1+0 24
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6.1 (140.1) 5.99 (1+0.01)
1.27 (1+0:17) 1.42 (1+0.02)
8 (1+2) 8.15 (1+0.30)

4.99 (1+0.03) 4.73 (1£0.12)

5.06 (1+0.32)
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6.01 (1+0.01)
1.43 (1+0.02)
8.28 (1+0.30)
4.52 (1+0.12)
5.01 (1+0.24)
4.48 (1£0.3



dL
dm = EnuctEgrav — €v

Mo dr Mg

—-dm = (emw+£ —& ) -dm
grav-— €v
o dm 0

Lo = Lyuc + Lgrav — Ly
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dL
dm = EnuctEgrav — €v

Mo dI Mg
Cdm dm = : (Enuctegrav—&y) - dm
Lo = Lyuc + Lgrav — Ly
By assuming...
Local nuclear equilibrium Gravothermal energy negligible
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dL
dm = EnuctEgrav — €v

Mo dL Mg
. dm cdm = : (EnuctEgrav—&y) - dm
Lo = Lyuc + Lgrav — Ly
By assuming...
Local nuclear equilibrium Gravothermal energy negligible

1 Q4
+004%) = —— ** _(EN). .
(1£0.04%) = 5 2926 x 1011 Z ( 2 <E‘>> i
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By making use of SSMs, the simplifying assumptions can be released!
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By making use of SSMs, the simplifying assumptions can be released!

(Vescovi+2020)

(14+0.04%) = ?2 (—— (El>>

Lo + Lo, + Luy + Lgyay
41t AU?

F =

SIF 2020, September 14-18



By making use of SSMs, the simplifying assumptions can be released!

(14+0.04%) = ?2 (—— (El>>

(Vescovi+2020)

Lo + Loy, + Lu, + Lgyg,
4TTAU- F(GS98) = 8.5068 x 1011

F =
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By making use of SSMs, the simplifying assumptions can be released!

(14+0.04%) = ?2 (—— (El>>

Lo + Ly, + Ly + Lgrap

41tAU*
By neglecting @,

F =

By using ®,/®y and ®;/®y from SSMs

By adopting experimental values for ®z, and @
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F(GS98) = 8.5068 x 101




By making use of SSMs, the simplifying assumptions can be released!

(Vescovi+2020)
(14+0.04%) = TE (— — (El>>

Lo + Ly, + Ly + Lgrap

41tAU*
By neglecting @,

F =

F(GS98) = 8.5068 x 101

By using ®,/®y and ®;/®y from SSMs

By adopting experimental values for &z, and ®j
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D o
1010cm—2¢-1

Z5 = 0.400 X

(Gough 2019)
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D o
1010cm—2¢-1

Z5 = 0.400 X

(Gough 2019)

ZG)((I)CNO) = 0. 028J—r818(1)123
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D o

Z% = 0.400 x
© 0.400 1010251

(Gough 2019)

ZG)(‘I)CNO) = 0. 028J—r818(1)i23

6598 /0.02020\0.0171
PLJ14\0.01751 /0.0149
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Even if SSMs represent a precise tool to describe the Sun
with a precision af few %, many issues are still under debate
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Even if SSMs represent a precise tool to describe the Sun
with a precision af few %, many issues are still under debate

SR e roerature
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Even if SSMs represent a precise tool to describe the Sun
with a precision af few %, many issues are still under debate

- I~
e compositon Rl
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Even if SSMs represent a precise tool to describe the Sun
with a precision af few %, many issues are still under debate

- -
) Chemical composition /’\

CNO's v-fluxes )
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Even if SSMs represent a precise tool to describe the Sun
with a precision af few %, many issues are still under debate

- -
) Chemical composition /’\

Reaction rates )
2 8B 7Be and CNO's v-fluxes
S34 571 S14.1
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Even if SSMs represent a precise tool to describe the Sun
with a precision af few %, many issues are still under debate

- -
) Chemical composition /f'\

Reaction rates )
___JN 8B, 7Be and CNO's v-fluxes
S34 571 S14.1

If ®cyo has an uncertainty of ~10% or
lower CNO abundances can be checked!
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Even if SSMs represent a precise tool to describe the Sun
with a precision af few %, many issues are still under debate

- -
) Chemical composition /’\

Reaction rates )
S..6S.. S - 8B, 'Be and CNO's v-fluxes
l'_]:jl { 13 l‘.,: + 15 il | _-'h: | {‘:_‘ 4 _j'l.' :I |: {1} ‘I -B | :| .828

1+ 0.03(exp) £ 0.026(env) £ 0.035(LMA) £+ 0.10(nucl)] .
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THANK YOU
FOR YOUR
ATTENTION
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