The response of the Sun to
modifications of its internal properties

F. L. Villante
"University of L' Aquila and LNGS-INFN

) e
PRIN PANTHEON all'Unione europea
N

(*) partly based on work done in collaboration with A. Serenelli and Y. Herrera (ICE and IEEC, BCN)



Standard Solar Models

Our comprehension of the Sun is based on the Standard Solar Model (SSM).
Stellar structure equations are solved, starting from a ZAMS model to present solar age (we
neglect rotation, magnetic fields, etc.):
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Chemical evolution driven by nuclear reaction, diffusion and gravitational settling, convection

Standard input physics for EoS, nuclear reactions, opacity, etc.

Free-parameters (mixing length, Y, Z,,,) adjusted to match the observed properties of the Sun
(radius, luminosity, Z/X).

Note that equations are non-linear - lterative method to determine mixing length, Y., Zi,;




The Standard Solar Model (SSM)

The predictions of SSMs can be falsified by other observations. e.g.:

- Solar neutrinos:
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.)

4H + 2e” > “He + 2v, + energy

- Helioseismology:
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.



The solar neutrino spectrum
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Neutrino Energy — MeV

Recent Milestones from Borexino:

* /Be (and 2B) neutrino direct detection [PRL 2008]

* pp (and pep) neutrinos direct detection [Nature 2014, 2018]

* CNO neutrinos signal identification [Nature 2020, PRL 2022, PRD 2023]



Status of direct determination of solar neutrino fluxes after Borexino
[Gonzales-Garcia et al, JHEP 2024]

Implementing the solar luminosity constraint: Lo =4nD?Y;; (% — (Ev)l-) ()

fep = 0-99692 00039 [£0:0003] Opp = 5941707033 [F0055] x 1010 em™ 571,
frae = 1.019¥G68% [F0041] Prpe = 4.937078 [T020] x 107 em™ 7,
Frep = 1.00050:018 [*0:042] Ppep = 142170058 [F0:060) X 10° em™ 571,
fian = 1255017 (1034, ®uoy = 3487030 [F170] x 10° em™? 571,
fiso = 1227017 [£973)] Pis = 2.537099 [To50] x 10° cm™ 577, The different comp. of
fire = 1.03X0:30 [70.38] Prrp = 5.5170,43 [1175] x 107 em ™% 571, the solar neutrinos flux
fop = 1.03610:520 (00471, ®sp = 5.207910 [+0-24] « 105 cm ™2 571, have been directly
frep = 3.8713 [F27], Bpep = 3.0700 [T22] x 10* cm 257, determined with

accuracy level:
Not implementing the solar luminosity constraint:
= LOSSGRIR, @ =010 x 100 e s, PP B

froe = L0220 (005 @, — 495408 (98] x 107 em 25, hebe 0

Foep = 1.03955:065 [£0:16] Bpep = 1.487005 [10:33] X 10° em™ 577, 3B: ~ 2 %
fisy = 1167019 [F0-99] B1sy = 3.3270-23 [1109] x 108 cm ™2 571, CNO: ~ 15%
fiso = 1167975 [F031 Biso = 2415035 [Fo.90] x 10° em™2 57,

frrp = 1017018 [F029] | Prrp = 5257083 7221 x 10% cm™2 571,

fsp = 1.03425:05 [Fo.031] ®sp = 51927077 [T0:26] x 10° em ™ s71,
frep = 3.6717 [13:7], Brep = 2.9750 [M21] x 10* em™2 571,

L (neutrino-inferred) 40.069 [+0.17
Lo = 1.038 25060 [-0.15! -




Helioseismology

The Sun is a non radial oscillator. The observed oscillation frequencies can be used
to determine the properties of the Sun. Linearizing around a known solar model:
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: surface helium abundance
squared isothermal sound speed .
See Basu & Antia 07

Related to temperature stratification in the sun for a review

Impressive agreement with SSM predictions ...
Basu et al, 2009
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Sound speed in the sun

Surface helium abundance 5
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... even if a new puzzle, i.e. the solar

composition problem, came out in the new
millennium

Situation in 2022

Model - Rcz/R@ _YS‘
MB?22-phot 0.7123  0.2439
MB22-met 0.7120 0.2442
AAG21 0.7197 0.2343
AGSS09-met  0.7231 0.2316
GS98 0.7122  0.2425
Cll1 0.7162 0.2366
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Magg et al. 2022

HZ surface composition provide a better description of helioseismic data



Response of the Sun to:

Modifications of:
1. Nuclear cross sections in the pp chain and CNO cycle;
2. Energy transfer, i.e. Opacity of the solar plasma;

3. Energy production/losses (see talk of Yago Herrera)



The role of nuclear cross sections



Hydrogen Burning: PP chain and CNO cycle

The Sun is powered by nuclear reactions that transform H into *He:

4H + 2e” = *He

—> Q =26,7

MeV (globally)

_ Free stream — 8 minutes to reach the earth

" Direct information on the energy producing region.

The PP-chain
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The pp chain is responsible for about 99% of
the total energy (and neutrino) production.

C, N and O nuclei are used as catalysts for

hydrogen fusion.

CNO (bi-)cycle is responsible for about 1% of the
total neutrino (and energy) budget. Important for
more advanced evolutionary stages




Neutrino fluxes in the pp-chain

The pp and ’Be neutrino fluxes

are linked by the solar luminosity
constraint:

1 2Lg
®(pp) ~ mD? Qp

®("Be)

Lo = Solar luminosity

D = Sun — Earth distance
Q; =26 MeV

Seee.g.:

Bahcall and Ulmer (1996)
Degl’Innocenti et al. (1997)
Villante and Serenelli (2021)
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The ’Be neutrino flux is
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rate of 3He+*He reaction:
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Neutrino fluxes in the pp-chain

The pp and ’Be neutrino fluxes
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The ’Be neutrino flux is
determined by the integrated
rate of 3He+%He reaction:
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8B neutrinos are produced

when a proton (instead of an
electron) is captured by "Be:

®(®B) = r &("Be)

Seee.g.:

Bahcall and Ulmer (1996)
Degl’Innocenti et al. (1997)
Villante and Serenelli (2021)



Neutrino fluxes in the pp-chain

Following the previous discussion and considering that: (av)ij X Sij T

0®(pp) = —ndS34 — g (0511 — 6533) + Bpp 01

5®(pep) = —1 Sz — g (6511 — 6S33) + Boep 6T

1
6®("Be) = §S34 + 5 (8511 — 0S33) + Bre 6T

1 0.0 0.1 0.2 0.3 0.4
6®(®°B) = (0517 — 6Se7) + 6534 + 5 (9511 — 0833) + B 0T o
where:
= 6Q is the fractional variation of the generic quantity Q
= n = ®(Be)/®(pp) =~ 0.08
" Pge = V3a+ (Y11 —V¥33)/2 =11
m ﬁpp =1 fg. = —0.9 See e.g.:
- — _ ~ Bahcall and Ulmer (1996)
ﬁpep - 'Bpp 1/2 =—-1.4 Degl’Innocenti et al. (1997)

" B =Ppe t V17 +05 =24 Villante and Serenelli (2021)
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Neutrino fluxes in the pp-chain

Following the previous discussion and considering that:

6®(pp) = —ndS34 — g (0511 — 6533) + Bpp 0T s
6B (pep) = —118Sa — 5 (5511 — 6533) + Bpep T =0
1 N 5
6®("Be) = §S34 + 5 (8511 — 0S33) + Bre 6T
1 00.0 0.1 0.2 0.3 0.4 0.5
0®(®B) = (6517 — 6Ser) + 6534 + 5 (0511 — 0S33) + BB 0T e

where:

= 6Q is the fractional variation of the generic quantity Q
= n=®(Be)/P(pp) = 0.08

" Bpe = V3zat+ (Y11 —v33)/2 =11

" Pop =1 Fpe = —09 geie.ﬁ': d Ulmer (1996)
. _ _ ~ _ ahcall and Ulmer
'Bpep 'Bpp 1/2 1.4 Degl’Innocenti et al. (1997)

" Bp = Ppe + V17 +05 =24 — Solar thermometer Villante and Serenelli (2021)



Neutrino fluxes in the CN-cycle
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150 neutrinos are produced in the equilibrium region:

2 XX
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u

13N neutrinos are also produced in the non-equilibrium region
(where a non-negligible amount of 12C is still present):

(ne)

®(13N) = A112/ (4w D?) A112 = A114 + Ajq

Villante and Serenelli (2021)



Neutrino fluxes in the CN-cycle
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Neutrino fluxes in the CN-cycle Villante and Serenelli (2021)

By expanding previous relationships, we obtain the CNO neutrino fluxes as a function:

- cross sections, central temperature and chemical composition
(1*N in the core and the 12C in the non-equilibrium region)

5‘1)(150) ~ 5X14,C + 05114 + Bo 0T
S®(1°N) = f [6X14c + 68114 + 114 6T + (1 — f) [6X12(7ne) + 68112 + Y112 0T]
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By expanding previous relationships, we obtain the CNO neutrino fluxes as a function:

- cross sections, central temperature and chemical composition
(1*N in the core and the 12C in the non-equilibrium region)
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S®(1°N) = f [6X14c + 68114 + 114 6T + (1 — f) [6X12(7ne) + 68112 + Y112 0T]

b 1/(1 + 0.16) = 0.86
a = 6E/(6E+ 7) = 0.20
3 =X14-,S/X12,s= 0.30

C+N elements are transformed to 14N in the core:

5X14,C =a 5X14,s + (1 — CL) 5X12,S + b (A(CS) — 0.16)
Surface abundances Effect of diffusion
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0X12(Tne) = 0X12,s+b (A(CS) — 0.16) — 05112 — Y112 07
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- cross sections, central temperature and chemical composition
(1*N in the core and the 12C in the non-equilibrium region)

5‘1)(150) ~ 5X14,C + 05114 + Bo 0T

S®(1°N) = f [6X14c + 68114 + 7114 6T) + (1 — f) [6X12(7ne) + 5?/12 + '711}/6Tc]

b 1/(1 + 0.16) = 0.86
a = 6E/(6E+ 7) = 0.20
3 =X14-,S/X12,s= 0.30

C+N elements are transformed to 14N in the core:

5X14,C =a 5X14,s + (1 — CL) 5X12,S + b (A(CS) — 0.16)
Surface abundances Effect of diffusion

The residual 12C in non-equilibrium region anticorrelates with 12C+p reaction rate

0X12(Tne) = 6X12,5s + b (A(CS) — 0-16) - %2 — 71}2/5Tc



Neutrino fluxes in the CN-cycle Villante and Serenelli (2021)

By expanding previous relationships, we obtain the CNO neutrino fluxes as a function:

- cross sections, central temperature and chemical composition
(1*N in the core and the 12C in the non-equilibrium region)

5‘1)(150) ~ 5X14,C + 05114 + Bo 0T

S®(1°N) = f [6X14c + 68114 + 7114 6T) + (1 — f) [6X12(7ne) + 57/12 + '711}/6Tc]

C+N elements are transformed to *N in the core: b =1/(1 + 0.16) = 0.86
5X14,C =a 5X14,s + (1 — CL) 5X12,S + b (A(CS) — 0.16) a = 6§ /(6E + 7) = 0.20
§ = Xias/X12s = 0.30
Surface abundances Effect of diffusion

The residual 12C in non-equilibrium region anticorrelates with 12C+p reaction rate

6X12(Tne) = 0X12,5 + b (A("S) - 0-16) - ;Iﬁz - 71}2/5Tc f = ®(50)/P(13N) = 0.74
Bo = V114 = 20
By = f Bo =15

The final results are:

5@(150) = BodTlc+(1—a)dXi2s+adXias+Db (A(CS) — 0.16) + 05114
5‘1)(13N) = BNOT: + (1 — a’) 5X12,S +ad 5X14,S + b (A(CS) — 0.16) + f 05114




How to take advantage of the described correlations?

The combined measurement of pp-chain and CNO-cycle neutrinos can be used to directly
infer the solar core composition. /ndeed:

- The (strong) dependence on T, (and opacity) can be eliminated by using ®B-
neutrinos as solar thermometer;

- The additional dependence of CNO-neutrinos on X can be used to infer core
composition

In practical terms, one can form a weighted ratio of e.g. 8B and 20 neutrino fluxes that is:

- Essentially independent on environmental Serenelli et al., PRD 2013

parameters (including opacity); See also (application to BX obs. rate):
- Directly proportional to Carbon+Nitrogen Agostini et al, EPJ 2021
abundance in the solar core Villante & Serenelli, Frontiers 2021
SO(150) — 2 6D(5B) & 6 XU 1+ 5S114 — (5517 — 5Su7 + 6834 + 2” - 2‘”)
=20 08

BB



Linear Solar Models:
a tool to investigate the
properties of the Sun



Linear Solar Models

We wish to investigate response of the Sun to generic modifications of its internal properties.
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Linear Solar Models

We wish to investigate response of the Sun to generic modifications of its internal properties.

Giving for granted mass conservation (i.e. continuity equation) and hydrostatic equilibrium and

assuming that EoS is under control, we consider modification of energy transfer (i.e. opacity or
equivalent effects) and energy production/absorption in the Sun.
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T Viad = Jgracd T4
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a_T — _MV V = 1\/[111(Vrac17 Vad) . N
or r2P
Vada = (dInT/dInP), ~0.4




Linear Solar Models

We wish to investigate response of the Sun to generic modifications of its internal properties.

Giving for granted mass conservation (i.e. continuity equation) and hydrostatic equilibrium and

assuming that EoS is under control, we consider modification of energy transfer (i.e. opacity or
equivalent effects) and energy production/absorption in the Sun.

%—T = Adnr?p
o _ Gum
or r2 p
P = P(pT,X;)
0l
5. = Amrpelp, T, Xi) - 3 K(p,T,X;)IP
T Viad = Jgracd T4
Tac m
a_T — _MV V = 1\/[111(Vrac17 Vad) . N
or r2P
Vada = (dInT/dInP), ~0.4

* These modification can be highly nontrivial.

* In order to discuss their effect in the most general terms, we developed the so-called Linear Solar
Models (LSM).

F.L. Villante and B. Ricci - Astrophys.J.714:944-959,2010
F.L. Villante - J.Phys.Conf.Ser.203:012084,2010



Linear Solar Models: the basic idea

e The starting point:
SSMs provide a good approximation of the real sun. Small modifications are likely to
explain disagreement with helioseismology.




Linear Solar Models: the basic idea

e The starting point:

SSMs provide a good approximation of the real sun. Small modifications are likely to
explain disagreement with helioseismology.

e The method:

We write: h(r) = h(r)[1+ dh(r)] h=1, m, p, P, T
Xi(r) = Xi(r)[1+6X;(r)]
Y(r) = Y(r)+AY(r) . |
Sh(r)
where h(r), X,(r) are the SSMs predicted values, and we expand linearly in 44§.X;(r)
AY (r)

Assumption: the variation of the present solar composition (i.e. the 6 X;(r). AY(r))
can be deduced with sufficient accuracy from the variation of the nuclear reaction
efficiency and diffusion velocities in the present sun (i.e. the §h(r))



Linear Solar Models: the basic idea

e The starting point:

SSMs provide a good approximation of the real sun. Small modifications are likely to
explain disagreement with helioseismology.

e The method:

We write: h(r) = h(r)[1+ dh(r)] h=I, m,p, P T
X,(r) = Tl(])l + 0.X;(r)]
Y(r) = Y(r)+AY(r)

" Sh(r)
where h(r), X,(r) are the SSMs predicted values, and we expand linearly in 44§.X;(r)
AY(r)

Assumption: the variation of the present solar composition (i.e. the 6 X;(r). AY(r))
can be deduced with sufficient accuracy from the variation of the nuclear reaction
efficiency and diffusion velocities in the present sun (i.e. the §h(r))

e The result:

A linear system of ordinary differential equations that can be used to study the
response of the sun to an arbitrary modification input parameters.




Linear Solar Models — Final set of equations equations

dom 1 .
d:.n = r [’}'P P + v 0T — dm + TY A}/ini + Ye 65]
ddoP 1 . ) )
dr ; [(vp = 1) 0P + 7 8T + dm + vy AYini + e del
dol 1

7. = 1 [Bp 0P+ 57 0T = 0l + By AYin; + B 6C + 3, O¢]

' l

doT 1, o , ' ‘ ,
_dr = g [OP6P+OTOT+6I+QYAKHI+Q('6(J+OH+QF6(]



Linear Solar Models — Final set of equations equations

dom 1
d”’ = 7 [P OP + 47 6T — dm + vy AYii + e 8¢]
r m
10 P 1 . . . . .
((h. = l_ [("’,p — 1) oP + T AT + dm + Y A}‘ini + Ve ()(]
d P
dol 1
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r l
doT 1 X . . : . . . .
el [ap 6P + ap 0T + 6l + oy AYini + o 0C + bk + o, de]
r T
System of four linear differential equations in om, oF, ol, oT
Note that:

EOS: we assumed perfect gas scaling and neglect the role of metals
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Linear Solar Models — Final set of equations equations

ddm 1 . X
d:‘n =1 [Yp 0P + A1 6T — dm + vy AYini + e €]
J5P ’1" 0¢, Ok = fractional
— =\ [(vp = 1) 0P + 7 8T + dm + vy AYini + e de] variations of the input
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- !
doT 1
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Inverse scale height of h in SSM
=\ 2 —1
dIn(h)
lh = >
" [ dr 1

. /R,



dom
dr
ddé P
dr
ddl
dr
doT
dr

Linear Solar Models — Final set of equations equations

| =

[vp 6P + y1 0T — dm + vy AYini + e €]
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- » P + o/p 6T + 8l + ay AYini + ap 8C + 6k + o d¢]
T

The coefficients 7, /7, and ¢, describes the response of the plasma (EOS, energy
generations and radiative transfer) to variation of structural (om, oF, oL, oT ) and
chemical properties.
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Linear Solar Models — Final set of equations equations

1 i . X .
= = [vp 0P + y1 6T — dm + vy AYini + e €]

1 ) i . .
— E [('}P — 1) OP + YT AT + dm + Y A}fini + Ye df]

= 7 [Bp 0P + 3% 0T — 8l + By AYi; + 86 6C + 3L de]
l
1

= [0} 0P + o7 0T + 61 + oy AYiui + 0 6C + bk + a6
T

To be solved between with the boundary conditions

At the center of the sun (r = 0) :
dm = YP.0 0Py + T.0 0Ty + TY.0 AYini + Ve 0 deq
P = 40F,
0T = 4Ty
8l = BpodPy+ .35‘,(1 8Ty + By AYini + 8¢ 6C + #'3;.,0 deq

At the convective boundary (r = R,)

am
oP
oT

ol

_mcon\' oC

o’

Al AY;, + AL SC
0

Univocally determine the
parameters oP,,0T,, AY,,;, oC

F.L. Villante and B. Ricci, 2010
F.L. Villante , 2010



Linear Solar Models — Validation
F.L. Villante and B. Ricci, 2010, F.L. Villante 2010
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The role of opacity



The relation between opacity and metals

(1311‘11 _ IL [yp 0P + 47 6T — dm + vy AYini

? — % (vp —1) P 4+ 7 6T + dm + vy AYini)

% - 1 [8p 6P + 37 6T — 6l + By AYiy; + 8¢ 6C]

% = — [aPoP + alp 6T + 8l + oy AV + al 0("{6'\]\'

The source term that is responsibile for the modification of the sun (and that can be
bounded from obs. data) can be decomposed-as:

O0k(r) = dki(r) + dkz(r)
Intrinsic opacity change

50 KEE)T(0), Y (), Zi(r)
hl(’) jr— P — o 1
K(p(r), T(r),Y(r), Zi(r))
Composition opacity change
gy — FEOLT0). V(). Zi(1)
K(p(r). T(r),Y(r), Zi(r))

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



Convectivie boundary

Why metals are so important? o |
Energy producing : I
0.30 08 region (R<0.3R,) | I
|
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A change of the solar composition affects the efficiency of/radiative energy transfer in
the core of the Sun

_— ®(p(r), T(r),Y(r), Zi(r)) o dlnk
) = S TV, 2 L 2 oz O
5o — Lib/Xb) — (Zin/Xb)

(Zi.b/yl))
F.L. Villante — Astrophys.).724:98-110,2010



The opacity kernels

We study the response of the sun to arbitrary opacity variations:

dk(r) = dki(r) + dxz(r)

If we consider a small variation of the opacity, the sun respond linearly. The variation
of a generic quantity Q is then given by:

0Q /u'r()’r;(l')

The kernel Ky(r) are the fundamental tools to discuss, in the most general
terms, the informations on opacity profile and/or composition provided by
present observational data

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



The opacity kernels for the sound speed

25

20

du(r) = / dr' K, (r,7") ds(r") %

0.0 02 0.6 08

FIR,
The kernels are not positive definite 2 compensating effects can occur ...
dug(r) = / dr'K,(r.r") ~0

The sound speed is insensitive to a global rescaling of opacity

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



But what other observables tell us?
F.L. Villante — Astrophys.).724:98-110,2010

1
Convective radius:
0 - T
(st = /d‘l‘ I\"R(‘I') 51‘\'(1) ------ ‘ (
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<
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N,
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4 I'e = -0.117 -3t global rescaling of opacity
', = -=0.085 U
B : 0.0 02 04 0.6 08
r/R,
0.6

Surface helium:

AY), = /d'r Ky (r) ox(r)

Ky(l') Ro

A}/b - .’"l\" Ay’ini . flC (S(:‘
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A model independent relation for ok,
F.L. Villante — Astrophys.).724:98-110,2010

We have that:

Ay
AYi, = Ay AV + Ac 6C 1 4c
Ty
ORy, =Ty AYini + e 0C + T, 0Ky 4 I'e
[y
Remenber that: 0C = dP, = dpy,
We eliminate AY;,; from equations and obtain: A
Y b—
e A . . 4Cr =
dky, = Cy AYy, + Cr 0Ry, + C, 0py,
Model independent: . =
Ty =

no parametrization for ox{r) is needed

(.838
0.033
().449
~0.117
~0.085

Sky, ~ 0.24 + 0.03

By using d R, = —0.0205 &= 0.0015, AY}, = 0.0195 £ 0.0034 and dp;, = 0.08:




Solar neutrino fluxes - opacity kernels

F.L. Villante — Astrophys.).724:98-110,2010
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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)/3®, 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.
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= The surface helium and the neutrino
fluxes determine the scale for ox(r)
but not the tilt

F.L. Villante and B. Ricci - Astrophys.J.714:944-959,2010
F.L. Villante — Astrophys.J).724:98-110,2010
F.L. Villante, A. Serenelli et al., Astrophys.J. 787 (2014) 13
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The solar opacity profile
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Paramaterizing uncertainty in opacity calculations ...
[Vinyoles et al, Astrophys.J. 835 (2017) 2, 202]

This prescription is

Opacity uncertainty in B16-SSMs is parameterized motivated by:

as:

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

Ok(T) = Kk, + (1, /A) In(T/T;)

K,, Kp = random variables
(means equal to 0 and variances ,= 0.02 and c,= 0.067)

110 ——————— - It avoids underestimating
r EOPAS-OP the opacity error
= OPAL-OP

contribution to sound speed
and convective radius
(sensitive to tilt and not to
scale of opacity)
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... but it still remains a very
simplified description of the
real situation
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Paramaterizing uncertainty in opacity calculations ...

[Vinyoles et al, Astrophys.J. 835 (2017) 2, 202]

Opacity uncertainty in B16-SSMs is parameterized
as:

Ok(T) = Kk, + (1, /A) In(T/T;)

K,, Kp = random variables
(means equal to 0 and variances ¢,= 0.02 and c,= 0.067)

10 T
L = OPAS-OP

m OPLIB-OP

m OPAL-OP

-
o
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o
©
o

| T

o

©

o
|

L I L ' L | L L 1 L ' 1 L
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logioT [K]

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

Since the shape is as important as the magnitude, it would be important
to have physically motivated parameterizations of radiative opacity
uncertainties (and their correlations) along the solar structure.



Conclusions

SSM is a fully predictive framework (that brilliantly survived the solar neutrino
problem). It can now be tested with high precision by helioseismology and
solar neutrino data

Solar neutrino physics entered the precision era and Borexino has opened the
way to CNO neutrino detection

Some unsolved puzzles could be addressed in the future = (Present and
future) CNO neutrino measurements, combined with precise determinations
of 8B and ’Be fluxes, can shed light on the solar abundance problem

To exploit the full potential of future measurements and to go beyond the SSM
framework =2 improvements in constitutive physics are still needed [nuclear
cross sections and radiative opacities]
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Probing solar composition with neutrinos

By considering Reno - R?sxo - ¢?s’23 _ 135%024 Borexino CNO neutrino signal
fol = B gl e (scaled to GS98 prediction)
[Borexino: PRL 2022, arXiv: 2307.14636]
q)%lobal g . .
sBSM — 0.96 + 0.027 B flux determined fr.orr.1 global analysis
CDSB (scaled to GS98 prediction)
One obtains:
Nc + Nn)/N -
(Ne + Na)/Nu 3 5 (0.96) 07

[(Nc + Nx)/Nu]>™

x [1+ ((7513(CNO) + 0.097(nucl) + 0.023(°B) + 0.005(env) + 0.027(diff) + 0.022(O/N))]
L——— Note: reduced error wrt Borexino, PRL 2022

N.B.
€598 This determination is robust wrt
AGSS09met i to environmental parameters
variations (cluding opacity).
Cn -
AAG21 — Ouly limited by wuclear reaction
uncertainties:
MB22 —I
Borexino H ° | | Stia 2 76 7o
S22 25 %
3 4 5 6 7 8 5%4 > 2.4 %



ecCNO neutrinos

In the CN-NO cycle, besides the conventional CNO neutrinos (blue lines),
monochromatic ecCNO neutrinos (red lines) are also produced by electron capture

E, = 2.220 MeV
E, = 2.754 MeV
E, = 2.761 MeV

reactions:
BN+em — BC+u,
PO+e = N4,
"Prem = O+,
]01]
]0l0, m
Be
109.
10fl Be pep
. N :;
= 107} / \
= 0
@)
£ 10%
= eN
é 105 /’ \ eO+eF
F _—
104. ////\/‘
103. //
(ol hep
0.1 0.2 0.5 1.0 2.0 5.0 10.0 20.0

Neutrino Energy — MeV

F.L. Villante, PLB 742 (2015) 279-284
L.C. Stonehill et al, PRC 69, 015801 (2004)
J.N. Bahcall, PRD 41, 2964 (1990).



ecCNO neutrinos

The ecCNO fluxes are extremely low: @ .cno = (1/20) Og. Detection is extremely
difficult but could be rewarding. Indeed:

- ecCNO neutrinos are sensitive to the metallic content of the solar core
(same infos as CNO neutrinos);

- Being monochromatic, they probe the solar neutrino survival probability at specific
energies (E, = 2.5 MeV) exactly in the transition region.

]0“
B
10°} )
103t > pep
” N ’;T
,E, 107. /,
m /
2 10%
H | eN
8 105 / \ eO+eF B
Z. F —
10% ///V
103. /’/
102 hep
10757 02 05 ) 2.0 50 100 200

Neutrino Energy — MeV

F.L. Villante, PLB 742 (2015) 279-284
L.C. Stonehill et al, PRC 69, 015801 (2004)
J.N. Bahcall, PRD 41, 2964 (1990).



Expected rates in Liquid Scintillators

- v - e elastic scattering of ecCNO neutrinos produces Compton shoulders (smeared
by energy resolution) at 2.0 and 2.5 MeV;

- ecCNO neutrino signal has to be extracted statistically from the (irreducible) 2B
neutrino background.

(O8]
o

B + ecCNO Expected rates [1.5 MeV, 2.5 MeV]
5 .| Receno = 100 counts/10 kton/year
Rgg = 2500 counts/10kton/year

S/Sol?’t[CB] = 2 [for 10kton x year exposure]

)
)

Linear-akyl-benzene (LAB)
AE/E=5% @ 1MeV

Event Rate — Counts/kton/year/100 keV

[\
)

5 20 25 30
Visible Energy — MeV

F.L. Villante, Phys.Lett. B742 (2015) 279-284



Expected rates in Liquid Scintillators

Additional background sources:

- Intrinsic: negligible/tagged (with Borexino Phase-I radio-purity levels);

- External: reduced by self-shielding (Fid. mass reduced from 50 to =20 kton in LENA);
- Cosmogenic: 1C overlap with the observation window.

(U]
=)

Pyhasalmi

Expected rates [1.8 MeV, 2.5 MeV]
Receno = 53 counts/10 kton/year
Rgg = 1760 counts/10kton/year
Ri1c= 1000 counts/10kton/year

B+ecCNO+Cl11

S/Scl'rt[B] = 1 [for 10kton x year exposure]

\

[\
[}

11C background:
rescaled proportionally to @,

Event Rate — Counts/kton/year/100 keV

(ye]
()

1.6 1.8 2.0 2.2 2.4 26 2.8 3.0
Visible Energy — MeV

Signal comparable to stat. fluctuations for exposures 10 kton x year or larger.

100 counts / year above 1.8 MeV in 20 kton detector = 3o detection in 5 year in LENA
F.L. Villante, Phys.Lett. B742 (2015) 279-284



Removing composition-opacity degeneracy

The combined measurement of pp-chain and CNO-cycle neutrinos can be used to directly

infer the solar core composition. /ndeed:

The (strong) dependence on T, (and opacity
neutrinos as solar thermometer;

composition

) can be eliminated by using 2B-

The additional dependence of CNO-neutrinos on X can be used to infer core

In practical terms, one can form a weighted ratio of e.g. 8B and 1°0 neutrino fluxes that is:

Essentially independent on environmental

parameters (including opacity);
Directly proportional to Carbon+Nitrogen
abundance in the solar core

P15 /SOO 769 :£XO .802 O 2(@(0 181
0)

—0.866 0.345
X511 533

—0.689 0.769

Xs:;

Serenelli et al., PRD 2013

See also (application to BX obs. rate):
Agostini et al, EPJ 2021

Villante & Serenelli, Frontiers 2021
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Probing solar composition with neutrinos

By considering Reno - R?sxo - ¢?s’23 _ 135%024 Borexino CNO neutrino signal
fol = B gl e (scaled to GS98 prediction)
[Borexino: PRL 2022, arXiv: 2307.14636]
q)%lobal g . .
sBSM — 0.96 + 0.027 B flux determined fr.orr.1 global analysis
CDSB (scaled to GS98 prediction)
One obtains:
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Probing solar composition with neutrinos

(Nc + Nn)/Nx
[(Nc + Ny )/Nu]*™
x [14 (7535 (CNO) & 0.097(nucl) + 0.023(°B) & 0.005(env) + 0.027(diff) & 0.022(O/N)) |

=1.35 x (0.96) %" x

Error contributions

deno —13.64 | ] 3p.30
$B —2.31 i@ 2.31
S 0 o.s7
S33 3 1.80
S3a 1 3.58 =z
Se7 0J1.54 =
17 O 3.72 .
Shep 0.00 2
114 [ ] 7.84
me | _ _ _ _ _ _ _ | 8- 1_0:3 _____
| (tot) I .72
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GS98 —— Lo d2as r=<"1
Ka E:(lms =1
K 3.36 =
ACSS09met i 0 5 1.94 rgb
Ne g1.57 3
cn - Mg 0.33 o
Si 8-10 %
S 0.12 7
AAG21 — Ar 0.30 e
Fe | o_._ss_ ______
MB22 = v (tot) 5.09
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