Institute of EXCELENCIA
. MARIA
Space Sciences DE MAEZTU

The standard solar model
and related stuff

Interdisciplinary Physics of the Sun
W.-E. Heraeus - June 30th-July 4th - 2025

A.Serenelli

This project has received fundin
/ * * o Yo * : pthJ ; e g
s * rom the European Union’s
»w Horizon 2020 research and
ChETEC

I N FRA ** : innovation programme under
*

* grant agreement No 101008324
* (ChETEC-INFRA).



. - Institute of EXCELENCIA
Outline ChETEC !
INFRA  Space Sciences DE MAEZTU

» Why the Sun?

» Main results with helioseismic probes

» Cross-matching helioseismology and (pp) neutrinos - the Sun as a testbench for stellar physics
» Possible ways of breaking the degeneracy between opacities and composition

» CN-ninferences on solar core abundances

» Summary

O O B O O & 8 & & & % % % 5 = & &+ 4 4 4 a4 a4 & & s & = = & = = 8 & & & & & & 4 = & & & & & & & & & & & 4 4 & a4 & & & & & & & 4 a4 & & ¥ & & & & &+ & a4 & & a4 & s a

Institute of space sciences 2



wWhy the Sun? It is “Foundation” science
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~10° individual stars with measurements

colors, temperature, luminosity, (composition)

~103 with accurate, precise, (model) independent
mass determinations

selective club: eclipsing binaries

1 star with accurate, precise, (model) independent
age determination

meteoritic dating
+ highly accurate radius & mass
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MDI Medium—I Fower Spectrum

Helioseismology

>10% eigenmodes -2 inversion of internal structure:
sound speed, density, adiabatic index (EoS)

—> global quantities:
surface helium, depth of convective envelope

frequency, mHz

- beyond standard solar models:
internal rotation profile (depth and latitude)

Allows testing theory of stellar evolution by looking at internal structure
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Solar neutrinos = information on solar core, nuclear physics
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Foundation science: Solar spectrum & abundances °"@A Space Sciences 9;‘§§;2EZTU
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Model atmosphere

—> detailed radiative transfer

—> synthetic spectrum to compare with observed one
- determination of abundances

Solar envelope is convective
- hydrodynamic models
— 3D atmosphere model
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Foundation science: Solar spectrum & abundances °"@A Space Sciences & NN/

Only star that allows detailed tests, e.g. center-to-limb variations

N
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Volatiles: ice-forming (CNO) and Ne Rock-forming elements

GS98

LBP25, BLP25

0.0000  0.0025 00050 0.0075 0.0100 0.0125 0.0150  0.0175 0.000  0.001 0002  0.003  0.004  0.005
Metal to hydrogen mass fraction Metal to hydrogen mass fraction

GS98: Grevesse & Sauval 1998
LBP25/BLP25: Lodders, Bergemann, Palme 2025

AAG2T: Asplund et al, 2021, Chemical abundances are a constraint, not a prediction, of
MB22: Magg et al. 2022 (non-) standard solar models
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Building a standard solar model “\NFRA  Space Sciences & B waezry

Boundary conditions

Solar mass - Mg - determined from GMg, = limited by knowledge of G (~one part in 105)
Solar radius — R - several methods: radio occultations, solar oscillations, Venus transit, (< one part in 103)
more loosely defined concept
Solar luminosity - L - bolometric measurements (< one part in 103)
Solar (photospheric) composition (?) — solar spectrum, meteorites, (corona & wind)
AAG21, MB22
Solar age - 7 - radioactive dating of meteorites (~one part in 103)

Input to standard solar models

solar mixture (relative abundances, no normalization)
radiative opacities, equation of state

nuclear reaction rates

mixing processes: convection, microscopic diffusion

Find the 3 Free parameters: mixing length (convection), initial helium, initial metallicity that match observables at 15

SSM Framework IS NOT INTENDED to be a Full description of the Sun (rotation, extramixing, maqgn. Fields)
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What helioseismology tells us
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Rcz/Ro  Ys  (oc/c)  Yini Zini

dc/c

0.012

— (GS98
0.010F AACOT Convective

— MB22 Envelope Model
0.008F MB22
0006 AAG21

.006F GS98
SSM uncertainties

0.004 Solar

0.7123 0.2439 0.0010 0.2734 0.0176
0.7197 0.2343 0.0027 0.2638 0.0155
0.7122 0.2425 0.0010 0.2718 0.0187

0.713 0.2485
+0.001 +0.0035

0.002

0.000

—0.002

Fractional sound speed difference (Sun-model)
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What helioseismology tells us

dc/c
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— G998
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0.004
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Convective
Envelope Model Rcz/ Ro Ys (6c/c) Yini Zini
MB22 0.7123 0.2439 0.0010 0.2734 0.0176
AAG21 0.7197 0.2343 0.0027 0.2638 0.0155
GS98 0.7122 0.2425 0.0010 0.2718 0.0187
Solar 0.713 0.2485
+0.001 +0.0035
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What helioseismology tells us

dc/c
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0.010F AACOT Convective
— MB22 Envelope
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0.006+

SSM uncertainties
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Model Rcz/Ro  Ys  (oc/c)  Yini Zini

MB22 0.7123 0.2439 0.0010 0.2734 0.0176
AAG21 0.7197 0.2343 0.0027 0.2638 0.0155
GS98 0.7122 0.2425 0.0010 0.2718 0.0187

0.713 0.2485

Solar £0.001  +0.0035
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Results sensitive to thermal structure
because sound speed scales with T2

VT* x k 2o —

-> (composition + radiative opacities)
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What helioseismology tells us “\NFRA  Space Sciences & B waezry
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What helioseismology tells us “INFRa  space Sciences & b Niaezry

Low-Z & High-Z models vs BiSON data — OP opacities
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Dating the Sun “as a star” “INFRa  space Sciences & b Niaezry

Cancellation effects limit modes to 1=0, 1, 2, (3) for other stars (e.g. Kepler, TESS, PLATO)
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The Sun from afar CH@A Space Sciences ¢ DE MAEZTU
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Composition introduces a systematic efFect on age determination of about to 250Myr (5%)
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Impact of opacity (tables) “INFRa  space Sciences & b Niaezry

Status of solar (stellar) opacities
» OPAL (1996) 1101 —
» Opacity Project (OP; 2005) = OPAS-OP
> OPAS (2012, 2015 - Blancard et al, Mundet et al.) : 8FP>|/;\ILB—_OOFE’
> Los AIamos/OPLIB (2016—Co|gan etal.)

-----

Institute of space sciences 17
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Status of solar (stellar) opacities
» OPAL (1996) 110 7 T T T T T T
» Opacity Project (OP; 2005) i = OPAS-OP
> OPAS (2012, 2015 - Blancard et al, Mundet et al.) i :8FP)kILB—_OOFE)
> Los AlamOS/OPUB(2016—Co|ganetal.) —

Fractional opacity differences wrt OP

+5% at base of convective envelope

------

OPAS-OP-OPAL similarin the core
OPLIB (Los Alamos) up to 15% lower

7.0 6.8 6.6 6.4 6.2 6.0
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Impact on sound speed

GS98 - MB22 - proxy For hlgh -Z
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AGSS09 - proxy For low-Z
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Impact on sound speed
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AGSS09 - proxy For low-Z

...............................................................................



Frequency ratios

GS98 - MB22 - proxy for high-Z

0.09F - L op :
- m OPAL
i = OPLIB
0.08F
T 0.07F
0.06
0.05E. . AT T
1500 2000 2500 3000 3500
Freq. [uHZ]

Fo2

0.05¢

ChETEC MARIA
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AGSS09 - proxy for low-Z

0.09
0.08F
0.07F

0.06

1500

2500 3000 3500
Freq. [uHZ]

2000

OPLIB = helioseismic probes do not provide a coherent picture (see also Buldgen et al. 2017)

OPLIB - high-Z: good ¢, Rz, Ys, bad Frequency ratios (core)

OPLIB - low-Z: bad ¢, Rz Ys, good Frequency ratios (core)

Institute of space sciences
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Impact on age determination UNFRA  Space Sciences & b waezry

300
250 4
Age determination using Frequency ratios
- more than 10% spread just on opacity 2001
tables
150
1004 —— A09-OP
— A09 - OPAL
504 —— A09 - OPAS
— A09 - OPLIB
4200 4400 4600 4800 5000
Age [Myr]
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Before going away from opacities - a word on neon “INFRa  space Sciences & b Niaezry
Opacities: O > Fe > Ne Sound speed dependence: O > Ne > Fe
r (Villante's talk)
: 0.012
Energy producing I —
08t region (R< 0.3 R,) I 0.010f

0.008¢

o
N

0.006¢

0.004f

dln ¢(r)/dIn Z;

Oln x / dln Z;

0.002f
0.2 0.000

—0.002F—

0.0

» Ne: coronal emission lines - SHO observations - Ne/Mg to control FIP - Ne/O to bring it to photosphere

» All hangs on Young 2018 paper, 40% increase wrt previous results (also Young) based on revision of
ionization/recombination rates

» Uncertainties quote in compilations of solar abundances: 12% (AAG21), 23% (MB22)
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Solar neutrinos
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Solar neutrinos From global neutrino analysis “"\NFaa  space Sciences Q

All solar and atmospheric neutrino experimental results:

Borexino
v 3 SuperK
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3 KamLAND
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Bringing pp-chain neutrinos into the game “"UNFZA  Space Sciences & b\
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Solar Fusion Ill rates

9
6.0 x 10 ~
1 w22 ot | A | wez | s
[ AAG21 pp (10°)  6.00(0.6%)  5.95 (0.6%) 5.94 (0.4%)
55 4 —— Solar - GG24
pep (108)  1.45 (1.1%) 1.42 (1.1%) 1.42 (1.6%)
hep (103)  8.16 (30%) 7.92 (30%) 30 (33%)
5.0 -
< Be (10°)  4.55 (7.4%) 4.92 (7.6%) 4.93 (2%)
M
= 5B (10°)  4.48(12.6%)  535(13.1%) 520 (1.9%)
4.5 -
“Sun"; experimental results from GG-2024
4.0 1 . :
Model uncertainties >> experimental ones
x-sections (S,;, $S34,511)
6% For 'Be
3.5 I I 1 1 1 1 I I
2.5 3.0 3.5 4.0 4.5 5.0 5.5 6.0 6.5 7.0 8% For 2B

P (®B) %106
radiative opacity
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Bringing pp-chain neutrinos into the game “\NFRA  Space Sciences & B waezry
6.0 %10
[—1 MB22 Physics affecting core temperature T, produce
CZZ3 MB22-thermal Fully correlated changes
~__1 AAG21-thermal - Opacity & metals
t— Solar - GG24 - grav. settling
5.0 - - p+p rate
g - any non-standard process
&
4.5
4.0 -
35 | I I I I I I
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®(®B) x 106
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Bringing pp-chain neutrinos into the game “\NFRA  Space Sciences & B waezry
6.0 %10
[—1 MB22 Physics affecting core temperature T, produce
CZZ3 MB22-thermal Fully correlated changes
~__1 AAG21-thermal - Opacity & metals
t— Solar - GG24 - grav. settling
5.0 - - p+p rate
g - any non-standard process
&
4.5
4.0 -
35 | I I I I I I
3.0 3.5 4.0 4.5 5.0 5.5 6.0 6.5 7.0
®(®B) x 106
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Bringing pp-chain neutrinos into the game “\NFRA  Space Sciences & B waezry
6.0 %10
[—1 MB22 S33, Saa Physics affecting core temperature T, produce
CZZ3 MB22-thermal Fully correlated changes
55 - 1 AAG21 - Le, age
“__3 AAG21-thermal - opacity & metals
—+— Solar - GG24 - grav. settling
5.0 - ) >17 \ - p+p rate
2 ) ] - any non-standard process
&
4.5 7 Experimental and model data lie along
the T, sequence = central values for nuclear
y cross (Sss, Ssa, Se7, Sy7) sections are robust
3.5 . . : . . . .
3.0 3.5 4.0 4.5 5.0 5.5 6.0 6.5 7.0
®(®B) x 106
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Bringing pp-chain neutrinos into the game “"UNFRA  Space Sciences &, b Maezru
6.0 x 10?

1 MB22

[ AAG21 ’Be & 8B fix the solar core temperature
55 4 =1 AAG21-OPLIB/LosAlamos

—}— Solar - GG24

Solar neutrinos fix the opacity scale at the core
(not reachable through helioseism, see Villante's

®("Be)

5.0 - talk)

4.5 - At low-Z OPLIB/LA opacities = T_.too low
Non-standard processes =2 lower T,

4.0 -

35 I 1 I I I I I I

2.5 3.0 3.5 4.0 4.5 5.0 5.5 6.0 6.5 7.0
®(®B) x 106
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Breaking the degeneracy between opacity & composition “\NFRA  Space Sciences & B waezry

» SSMs (and non-SSMs that are not too contrived) show lack of effective opacity if low-Z is assumed

» Determinations of solar opacity profile through inversions (Buldgen et al. 2025), helios & solar neutrinos
(Song et al. 2018, Villante et al. 2014, others) cannot separate opacity from composition

Institute of space sciences 31
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Breaking the degeneracy between opacity & composition “\NFRA  Space Sciences & B waezry
» SSMs (and non-SSMs that are not too contrived) show lack of effective opacity if low-Z is assumed

» Determinations of solar opacity profile through inversions (Buldgen et al. 2025), helios & solar neutrinos

(Song et al. 2018, Villante et al. 2014, others) cannot separate opacity from composition

15 %1073
0ln P ..
Iy = ( - > = 5/3 (For Fully ionized gas) ! /)
dlnp /4 0.5 7

» It can be determined through inversion of solar oscillations
and compared to solar models.

» I';determination depends on equation of state

Results indicate agreement with AAG21 (low-2) rather than MB22
- AAG21
35 —SAHA-S
FreeEOS |
Buldgen et al. 2024 -4 |
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CN-cycle is a marginal contributor to solar structure “\NFRA  Space Sciences & B waezry

CN operates against a “fixed” structure determined by pp-chains

Changes in physics affecting CN do not change
structure, i.e. core temperature,

- retain explicit dependences:

» e.g.linear response to bottleneck nuclear reaction
14N(p,'Y)150

» linear dependence on abundance of catalyzers in
solar core: C+N

> one-to-one relation between neutrino Fluxes and CN
abundance
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What CN solar neutrinos tell us

8B as a thermometer

0.6 -
0.4 A

0.2 1

E
7
S
5 0.0+
—~
S
2

® Al

0.01 A

0.00 A

—0.01 +

—0.02

—0.4 —0.2 0.0 0.2 0.4
In(®(*B)/®(*B)ssm)

[ BN N N N BB I R I

Institute of space sciences

- Institute of EXCELENCIA
ChETEC 9 MARIA

INFRA  Space Sciences § DEMaEzTU

Neutrino fluxes depend on:

»> solar core temperature - environmental quantities
opacity
heavy elements (Si, Mg, Fe)
luminosity, age
uncertainties in these quantities affect v-fluxes in a Fully
correlated way

» nuclear reaction rates
specific dependence for specific Fluxes

(e.g."™N(p,g)'>0 does not affect pp-chain)

» catalyzing effect of abundances
C & N abundance in the solar core 2 CN-cycle
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What CN solar neutrinos tell us “\NFRA  Space Sciences & B waezry

8B as a thermometer

Neutrino fluxes as power-laws:

8 log (I)f,, (I)f,, q; i
0 log q; Y (I)i,ref qj,ref

061 @ Al
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What CN solar neutrinos tell us

8B as a thermometer

061 @ Al
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Neutrino fluxes as power-laws:

8log (I)f,, o . (I)f,, q; Yis

= ;4 7
0 log q; “ (I)i,ref qj,ref

¢(*°0) 5.942 2.034 41.364 10.382
H(150)55M - [LG O A D ]
y [81—12.912 Sg.3024 S§40'052 Scl).70 82'70 S%.&o]

% [x%815$?\.[217$%112m%281xl(i/.l(éﬁgxg.iISOxg.109:1:%1(.)281,%.6397]

¢(8B) _ [L%96602'734A1'319D0'278]

$(3B)SSM -
—2.665 q@—0.419 q0.831 @1.028 a—1 @0.00
X[ 11 S33 S3y 7 S17° Sgy S114]
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X [370 TN O INe IMg LSi XS TAr Tpe ]
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What CN solar neutrinos tell us °"@A Space Sciences & beaezTu

8B as a thermometer

Thermal uncertainties are cancelled out, absorbed

067 @ Al R L YOIV B by a 8B experimental measurement, down to 0.3%
Thermal gt A e
0.4 1 g
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What CN solar neutrinos tell us

8B as a thermometer

e Al T
Thermal Lot TR
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What CN solar neutrinos tell us

8B as a thermometer

® Al
Thermal

ChETEC MARIA

- Institute of 9 EXCELENCIA
INFRA  Space Sciences % DEMaezTU

Linear dependence
on C+N
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What CN solar neutrinos tell us “\NFRA  Space Sciences & B waezry

8B as a thermometer

067 @ Al R T TP Linear dependence
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What CN solar neutrinos tell us

8B as a thermometer
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0.2

0.4

150 8B 0.785
¢(?§O)SQM = (¢(<§](3)sgl\/[) |(37(3—|—N)|[1 4 0.10(nuc)

1 0.03(D)

C+N abundance if 20 flux is measured
(or any combination of 13N & 1°0 fluxes)

10% uncertainty (nuclear rates) \
Using SFlIl results, experimental uncertainty dominated by

> 1N(p,y)'*0 (8.5%)
> 3He(*He,y)’Be (5%)
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CN measurement by Borexino “INFRa  space Sciences & b Niaezry

Borexino measurement of 13N+120 fluxes (Borexino coll. 2022, 2023)
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SuperK & SNO (2%)
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What CN solar neutrinos tell us °"@A Space Sciences 9“D“$EJ;QEZTU

6(P0) [ ¢(B) \"™
H(150)SSM <¢(8B)SSM> (

zcosn)[1 £ 0.10(nuc) 4 0.03(D)]

~

GS98| : » | GS98| ! = |

AAG21t F—m—ro AAG21} ———

Borexino (2023)} Borexino (2023)}

CN neutrinos break the degeneracy between composition and opacity
Favor high CN abundance
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What CN solar neutrinos tell us

What can affect core CN measurement?

» N(p,y) central value = accurate and precise measurement needed

» 7Be(p,y) or 3He(*He,g) central values = but 7Be - 8B “thermal sequence”
make it unlikely, but better uncertainties needed

» CN-v measurement uncertainties (still) large

What can NOT affect core CN measurement?
» model dependence down to a bare minimum

» uncertainties in opacities, macroscopic mixing processes

B O O O ® 9 & 8 & 8 # % % = % 4 4 4 4 4 a4 4 a4 4 a4 = = = = = & & & & & & 4 4 4 = = = = & & & & & 4 4 a4 4 a4 4 4 a4 & @ & 4 4 4 4 4 a4 & & & & & &+ 4 4 a4 4 a4 a4 4 a =
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Borexino (2023)f
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Future: measurement of mixing processes in the SUN?Usfa  spacesciences ¢ btz

Current errors too large

» 10-15% spectroscopy
» 20% neutrinos

Errors of a Few % would
be needed

Possible in the (distant?)
Future

Institute of space sciences

Ratio of central to surface C+N abundances
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Low-Z model — High-Z model —Borexino result % Experiments

JUD beverennnnnnnnnaaeeeeenennninnnnnnnnaeeeeesanannshnnnnnaeeeeetennnnnnianaaaeeeeseeesnnnnnnnbanaaeeetesennnnnnnnnsaeeeeeeeesnnnnnnnnnnneees
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SNO+ . Large LXe UG-LArTPC: Jinping Theia WbLS;e_g_ Theia-LS
Orebi-Gann et al. 2021
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Traditional helioseismic probes — sound speed/density, depth of convective zone, surface helium

Favor combination of current opacity tables + high-Z composition
Frequency ratios as well

however quantitative result might be affected by non-SSM models (see Buldgen'’s talk)
regardless, combination of low-Z and current opacities are not satisfactory

pp-chain neutrinos

similar conclusions regarding metallicity and opacities
useful to Fix core scale for opacities — see example with OPLIB/Los Alamos

Breaking degeneracy

['; adiabatic index in solar envelope favors low-Z - modulo equation of state

CN neutrinos fFavor high-Z (actually, C+N)

General conclusions

state of the art For opacities is highly unsatisfactory: discrepant with experiment, large
differences among calculations

key nuclear reactions require confirmation of accuracy and improvement in precision (e.g. ideally “N+p < 3%)
Future neutrino experiments — not directly solar experiments — might provide CN-v better measurements
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