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Our comprehension of the Sun is based on the Standard Solar Model (SSM).
This implies:

I Stellar structure equations;
(! = mixing length)

I Chemical evolution paradigm:
ZAMS homogenous model (Y, Z)
Nuclear reactions + elemental diffusion

I Knowledge of the properties of solar plasma
(i.e. opacity, equation of state, nuc. cross sections);

No free parameters
The unknown quantities

- o, Yini: Zini,

are fixed by requiring that the present Sun (t,,,=4.57 Gyr) reproduces its
observational properties

- Rsun ’ I—sur\ ’ (Z/X)Surf
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The predictions of SSMs can be falsified by other observations. e.g.:

| "#3%&')*+&, (#-.
Hydrogen fusion in the solar core produce a huge amount of neutrinos that
can be measured in suitable detectors (Davis 1964, Bahcall 1964)

Solar Neutrino Problem
Nuclear energy generation (cross
sections, etc.)

"HEHUR A" EHSHILSHE ' &()*

| $,#-),-0#$#12.
Solar oscillations originally discovered by Leighton at al. 1962 and interpreted

as standing acoustic waves
Elemental Diffusion

Opacity, EoS, ...

Constant improvement in SSM constitutive physics was triggered during last
decades by solar neutrino and helioseismic data.

Impressive agreement with helioseismic data .... till few years ago



.. till few years ago
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GS98: Grevesse & Sauval 1998 — AGSS09: Asplund, Grevesse et al. 2009 — C11: Caffau et al. 2011



Convectivie boundary

Why metals are so important?

Energy producing
0.8 region (R<0.3R))

| "H$%&'() *H# +(,$-"(/(+0*0(% $))"*+
' N)0"0'%"1() -$20$*03%'-&1 *-$%+)"-
09%# "(-' () *#' 45%

o
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Volatiles (O,Ne)
abund. particularly
relevant for the

7(/(+0*0(% (/$"0*1 "#$%&8
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Updates in solar abundances

Volatiles Refractories
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1D - LTE 59
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Helioseismic results

Situation in 2022

Model RCZ/RO Xs_
MB22-phot 0.7123  0.2439
MB?22-met 0.7120  0.2442
AAG2I 0.7197  0.2343
AGSS09-met  0.7231  0.2316
GS98 0.7122  0.2425
Cl11 0.7162  0.2366

0.012
= — (G998
S 0.010F —— AAG21 Convective
= — MB22 Envelope
@ 0.008F
£ 0.006
5=
< 0.004F
g
= 0.002F
= 0.000F----2%
£ —0.002F
(&

1 1 1 1

0.0

Ry /R = 0.713 £ 0.001
Yy, = 0.2485 = 0.0035

Magg et al. 2022

HZ surface composition 4(51+0&#-#H&22&(#0&,:(+4 2934 +,10=2-#
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B9&+'2&(4(&2-2+5%,:5143+:-2&MH* 298opacity-composition degeneracyJ

Olnk(r
ok(r) = 0ki(r) + Z al—é)dzj
; N 4
Intrinsic opacity change </ J J \ » .
Composition opacity change

(e.g. opacity table “errors”)
KJL,54-1+2*5, 29&53-(43-,1- /.. ++&'238&333:/3-2&M

@5289-2298shape 5. opacity variation 1-* Hé&as important as +251&(-33nagnitude

8Q = [dx Kq(x) 6K(x)

Fractional variation of Fractional variation of opacity
observable quantity Q at a given point x

Q0 = )&&(+#5H,&(I-H38H#<&I)I#,/( JHO&3+/12#:5'\JH(-0+/, 2#, 5/' Ok FBIEORH

T T
1* = R_' In (F) g I"#$%& )* +"#,&-.,-. 10%1,2%%"34*5667**+8,8&Y0&HO*:"*;<:*C
0 ¢ @ #l 10/0 . &_*_&*% 1A*B C5C***************************************
@ #l 1% . &_4* B C 5 C**********************************k********k**k***i

KQ (x) = 04' . +2*#P&('&3 @#( 1 - -&*0p 1 4*BCEGHrrrrrxkkxkkikkikkkkx ki SNKERHAPGH
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BO&HQ&('&3,#-(&H#'52HA5 +2+|8#D& :BIR&Y-2+)HE&. .&:2 #:-'#5::/(#D

dug(r) = /dr’Ku(r, ') ~0
BO&#,5/'0#4&&0+,0%+'%+0*)39&, (:$5,9+"$,0%&) (/$"0*1

GMmUIkBT_E_u
R  u !
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IRy, = /dr Kg(r) dr(r)

IR, = 0.12Ax ! 0.14 Aout
" 013 (Am I Aout)
IR, = 1 0.02Ap! 0.10A;

6/(~& 9&3+/B

AY;, — / dr Ky (r) or(r)

'Yy = 0.073A;, +0.069A
! 0.07 (Ain + Aout)
'Yy = 0.142A(+0.062A1

To reproduce helioseismic results:

Aip =0.07+ 0.04 Ayt =0.21+ 0.04

IRp =1y " Ypp +1c!1C+ 1 I"

b

%00 0.2
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0.4
rNR,

0.8

P \! Yo = Ay ! Yini + AcIC
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F.L. Villante and B. Ricci - Astrophys.J.714:944-959,2010

The solar o Pac | ty p rofile FL. Villante — Astrophys.J.724:98-110,2010

F.L. Villante, A. Serenelli et al., Astrophys.J. 787 (2014) 13

0.35

B9&“optimal” composition/opacity profile Fractional variation of opacity profile to fit the data
5. 29&6/" ' H&0&2&(1+'&0.(51 5HJ o3d (wrt AGSS09 + OP)
0-2-
0.25
@2829-5 7

P

I AR ~THYVH
" BO&S5/0 48&0-0 29&518&:2+1& =,
(-0+/, 0&2&(1+&98&2+3 S{EHI2

"rt

'52 29&,:-3&E 13
i} _ ' ' ' 0.0¢ - 8JcnoKBIye K*AMBI,,,,, K*C567
BI&/(-& 9&3+/1-'0 29&&/2(+'5 TH&SHU 53 KCACBINK*TICI, ., K-GO
3/N&)0&2&(1+ &9& -3& 5( 6K<E 0'06.0 0.1 0.2 0.3 04 0.5 0.6 0.7
"R,
B9& opacity at the bottom of the convective envelope :-' H&O0+(&:23*
+'.&((&0.(51 helioseismic observablesS
Cy = 6.27
Skp, = Cy AY, + Cp (SR;,'!'CP Spp = 0.24 + 0.03 4 Cr= —11.71
(wrt AGSO5 + OP) C,= —1.58

F.L. Villante — Astrophys.J).724:98-110,2010
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_’S

Kq, Kp = random variables

(means equal to 0 and variances 6,= 0.02 and c,= 0.067)

110

O0x(T) = k4 + (kp/AEIN(T /T()

I

m OPAS-OP
m OPLIB-OP
m OPAL-OP

This prescription is
motivated by:

- Opacity calculations more
accurate at the solar core
(~2%) than at the base of the
convective envelope (~7%);

- It avoids underestimating
the opacity error
contribution to sound speed
and convective radius
(sensitive to tilt and not to
scale of opacity)

... but it still remains a very
simplified description of the
real situation
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Hydrogen Burning: PP chain and CNO cycle
BO&H#6/ #+ #AS8&(&OH#H #'[:3&-(#(&-:2+5' #29-2#2(-', 5 (1 # 1&5#

— K#A#WY ?)# 7 & ##<)35H-33*E##
Sprasy

_ Free stream — 8 minutes to reach the earth
Direct information on the energy producing region.

"#$HW& Y'&

I'*PP /9'Vo#. I'*+Q /QR*8%B(91-
(pp)’2p—>d+e++ve‘ ’2p+e—>d+ve (pep) —>@ Y0 +p 51N + He [y
B w 1 ) )
’ d+p —»3He+y ‘ fffffffff SERRRRE

PPl

’3He+3He—>4He+2p‘ ’3He+4He—>7Be+y‘ ’3He+p—>4He+e++ve (hep) y 77777777
e (et > oy eosmile (R
wlwestion ] [rewwe] || ‘
2riererey, |9
The pp chain is responsible for about 99% of C, N and O nuclei are used as catalysts for
the total energy (and neutrino) production. hydrogen fusion.

CNO (bi-)cycle is responsible for about 1% of the
total neutrino (and energy) budget. Important for
more advanced evolutionary stages
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Neutrino Energy — MeV
Recent Milestones from Borexino:
* ’Be (and ®B) neutrino direct detection [PRL 2008]
* pp (and pep) neutrinos direct detection [Nature 2014, 2018]
* CNO neutrinos signal identification [Nature 2020, PRL 2022, arXiv: 2307.14636]
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L o Radiative Luminosity
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— 47D>2 Q o Energy released by nuclear reactions (Q=27.3 MeV)
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[

Radiative Luminosity
Neutrino Luminosity
Additional (exotic) energy losses

Energy released by nuclear reactions (Q=27.3 MeV)

\@-,9:1#-&*%1A4*BCE

L, #1,5%" () &((E

—
Radiative luminosity

(Heat diff. time ) 10° year)

pp-neutrinos direct detection allows

(+ )) ' us to test:
' vit) » Solar stability
Neutrino fluxes * Global energy balance of the Sun

t, =8 min * Additional energy losses/sources
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N.Vinyoles et al. ApJ 2017 [arXiv:1611.09867v1]
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BBe = 734 + (711 — 733)/2 ~ 11
BB = BBe + 117+ 1/2 =24

1
5@(8B) = (6517 — 6Se7) + 0534 + 2 (60511 — 6S33) + B 0T1¢

@IWIHBOE&H 5(&H2&14&(-2/(&#+ #-#.1"2+5'#5.#,/(.-:&#:5145,+2+5'#-'0#&'|+(51&'2-3#4-|

0T, = f (6Xj;,d(opa), 6(diffu),...)
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N.Vinyoles et al. ApJ 2017 [arXiv:1611.09867v1]
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Theoretical uncertainties dominate the error budgetJ#B9&,&#-(&#0/&#25S#
Z 6/(.-:&#:5145,+2+5'
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N.Vinyoles et al. ApJ 2017 [arXiv:1611.09867v1]
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Theoretical uncertainties dominate the error budgetJ#B9&,&#-(&#0/&#25S#
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— (GS98
— MB22
— AAG21
— AGSS09

("Te)agssos # 1%

3.5 1.0 1.5 5.0 5.5 6.0 6.5
P(*B) [10° em™? 571

At the moment, ' Be and "B neutrinos:

- constrain the core temperature at < 1% level
- do not determine the core composition with suff. accuracy

N.B. #Be and ®B neutrinos alone do not break composition-opacity
degeneracy
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Removing composition-opacity degeneracy

BO&#:51H+'&0#1&-,/(&1&"2#5 . #44-+'#-'0#R @ @*:3&#'&/2(+'5 ,#:- ' #H&#/,&0#25#0+(&: 23*¢
infer the solar core composition. ;%2"28
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neutrinos as solar thermometer;
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Solar neutrino fluxes - opacity kernels

F.L. Villante — Astrophys.).724:98-110,2010

K T(l')/ (STC.O

K, (r)/6®, o

1950 02 04 0.6 03 200 02 04 0.6 08
/R, r/R,

Figure 6. Left panel: the solar neutrino kernels K, (r) defined in Equation (32). Right panel: the solid lines are the normalized solar neutrino kernels K, (r)/6®, o.
The dashed line shows the normalized kernel K7(r)/87.o defined in Equation (36), that describes the response of the solar central temperature to localized opacity

modifications.



Probing solar composition with neutrinos

WHES' +0&(+) Réxo  R% @R _ 354024 Borexino CNO neutrino signal
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Probing solar composition with neutrinos
(Nc + Nn)/Ny
[(Nc + Ny )/Nu™"

x 1+ ((*318(CNO) £ 0.097(nucl) + 0.023(°B) 4 0.005(env) + 0.027(diff) + 0.022(O/N)) |
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Future perspectives

W5(&N+B- #54&'&0#29&#BF25H#HR @ O#'&/2(+'5#0&2&:2+5'
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26@O$ Low-Z model — High-Z model ~—Borexino result ¥ Experiments
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e.g. Theia-LS
ARNP — Orebi Gann et al. in press
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Standard Solar Models
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Note that equations are non-linear = Iterative method to determine mixing length, Y., Zi;




The Solar' abundance prob|em Oscillation frequencies of the sun

s
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i ;
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B9&downward revision 5.#9&-*# o
1 . 1 1. "/"./,,/ /.p-"'
&3&1&'2,#49525,49&(+:#-H/'0-".&3&-0, A J—
i ~ "-"/ - _’,/, "-”'—

25667, 89+:9do not correctly W A -
reproduce helioseismic observables 00( _

360 days of observation of the MDI
instrument (errors multiplied by 5000)
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Unl 0 7 u 0 ’ ll Uni

, surface helium abundance
squared isothermal sound speed ‘ .
ee Basu & Antia 07

Related to temperature stratification inthe sun for a review



The solar abundance problem

(Sun-model)

actional sound speed difference

Fr

Model

Rcz/Ro Ys

MB22-phot 0.7123  0.2439
MB?22-met 0.7120  0.2442

AAG21

0.7197 0.2343

AGSS09-met 0.7 231
GS98 0.7122 0.2425
kCl | 0.7162 0.2366

0.012
— (GS98 |
0.010F ——  ACGSS09 Convective
— (11 Envelope
0.008

0.006

0.004

0.002

0.000

0.002

Ry /R = 0.713 £ 0.001
Yy, = 0.2485 = 0.0035

Magg et al. 2022



Wrong opacity? . _Bailey et al., Nature 2015
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F.L. Villante and B. Ricci - Astrophys.J.714:944-959,2010

The solar o Pac | ty p rofile FL. Villante — Astrophys.J.724:98-110,2010

0.3t
B9&“optimal” opacity profile 5. 29&6/ Fractional variation of opacity profile to fit the data

- H&D&2&(1+'&0(51 5H,J0-2- 03d (wrt AGSS09 + OP)

@2829-5 0.2¢
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(-0+/, 0&2&(1+'&9&2+F]2 dx<{EH/2 T o e

F.L. Villante, A. Serenelli et al., Astrophys.J. 787 (2014) 13
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B9&+'2&(4(&2-2+5%,958&I1&( :5143+:-2&MH* 2980opacity-composition degeneracyJ
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"(./(+0*0(% (/$"0*1 "#$%&'6

Ork(r) = dr1(r) + Z Mézj

H " 7”7 J . .
Opacity table “errors \ different admixtures {!z} can

Non standard effects (WIMPs in solar core) do equally well the job




Asymmetric DM
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Wrong chemical evolution?

"&3+5,&+,15H,&(I-H3&-'0 '&/2(+'5 .3/N&,-(&
&' +2+I& 25 the metallicity of the radiative 0-0+-2+1&
interior of the Sun. <T#m6npkE

B9& 5H,&(I-2+5', 0&2&(1+'& the chemical

composition of the convective envelope €U 5.

29&53-(1-,,EJ R5'&:2+1&
<_m66VnE

>+..8(&"&H#H&28&&'H_MB6VN#-"0#MONPH:5((&, 45 0#254THIED-32#898& #+'2&) (-280#
SI&(H298#6/'0,#:5'1&: 2+ &H#[5'&]

Could this difference be accounted in non standard chemical evolution scenarios
(e.g. by accretion of material with non standard composition)?
E- \AE-"-.-11#&*%hA¢" BC55

1#0+90+9$9=",,9/(+'29$%29'A*-'" " 190./(-*$%*9C5'+*0(%69:5*9
HO6(9+$*0+)$"*(-19+(,5*0(%+9#$3'9:"%9/-(/(+'295/9*(9%(=<90%9.19(/0%0(%



Hydrogen Burning: PP chain and CNO cycle
BO&H#6/ #+ #AS8&(&OH#H #'[:3&-(#(&-:2+5' #29-2#2(-', 5 (1 # 1&5#

— K#A#WY ?)# 7 & ##<)35H-33*E##
Sprasy

_ Free stream — 8 minutes to reach the earth
Direct information on the energy producing region.
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B w 1 ) )
’ d+p —»3He+y ‘ fffffffff SERRRRE
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e (et > oy eosmile (R
wlwestion ] [rewwe] || ‘
2riererey, |9
The pp chain is responsible for about 99% of C, N and O nuclei are used as catalysts for
the total energy (and neutrino) production. hydrogen fusion.

CNO (bi-)cycle is responsible for about 1% of the
total neutrino (and energy) budget. Important for
more advanced evolutionary stages
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#IT89 *#+,)-*&%
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E, = 2.761 MeV
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F.L. Villante, PLB 742 (2015) 279-284
L.C. Stonehill et al, PRC 69, 015801 (2004)
J.N. Bahcall, PRD 41, 2964 (1990).
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Expected rates in Liquid Scintillators
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F.L. Villante, Phys.Lett. B742 (2015) 279-284



Expected rates in Liquid Scintillators
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Removing composition-opacity degeneracy
BI&#:51H+'&0#1&-,/(&1& 215 #AG-+'#-'O#R @ @*:3&# &/2(+'5 #:- #H&H] &O#25#0+(&: 23*

infer the solar core composition. ;%2"28
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neutrinos as solar thermometer;
Z B9&#-00+2+5'-3#0&4&'0&":&#5 . ERI@(DO S5, #5 #ay -'#HE&H/ , &O#258#+' . &(#:5(&#

5145, +2+5'##
:069/-$"*0"$, 9%~ +<9(%'9"$%9)(-. 9$9="08#*'29-$*0(FO9$%R 290 9% '5*-0%(9), SA'+O*#$*O)

Z C,,&2+-33*#+'0&4&'0&"2#5'#&'+(5'1&'2-3# serenelli et al.. PRD 2013
4-(-1&2&(#<+"3/0+)#54-:+2*EDb E--*061, *8%6$$1#9%&H: *&:*XZ*:S A
Z Directly proportional to Carbon+Nitrogen \2:, &# . #*-&*%14*|P*BCB5
@#11%.8=*)*.-114*H":.&#-" *BCB5

abundance in the solar core

0.769 _| 0.802 0.204]0.181
P50/ Pag j£xc XN }D

[ —0.866 0.345 —0.689 0.769 —0.791 0.000 1.046 0.001 ( I)
X XS11 X533 XS34 Xse7 XS17 xShep XS114 XS116 nuc

" 0.313_0.602 0.018  —0.050
X [Xage XLy Xrg X, ]

[.,0.006 ,—0.003 —0.003 0.001_,0.001_0.001_0.005
X Xo  Xne  Xmg  Xsi Xs Xar  Xre ] (met)

—

(solar)




Probing solar composition with neutrinos

(Nc + Nn)/Ny

[(Nc + Ny )/Ne ™"
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