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Outline

Ø Why should we continue to study the solar interior?

Ø Standard solar models in a nutshell

Ø The 2024 status of SSM: helioseismology and solar neutrinos

Ø SSMs in the context of precision stellar astrophysics
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Why the Sun? It is “foundation” science

Gaia DR3
~109 individual stars with measurements

colors, temperature, luminosity, composition
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Why the Sun? It is “foundation” science

Gaia DR3
~109 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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Why the Sun? It is “foundation” science

Helioseismology

>105 eigenmodes à inversion of internal structure: 
sound speed, density, adiabatic index (EoS)

à global quantities: 
surface helium, depth of convective envelope

à 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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Why the Sun? It is “foundation” science
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B16 high-Z + ecCNO
Solar Neutrino Spectra (±1æ)

Solar neutrinos à information on solar core, nuclear physics

Borexino solar neutrino spectrum
and identified solar fluxes
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Foundation science: Solar spectrum & abundances



Institute of space sciences 10

Solar envelope is convective
à hydrodynamic models à 3D models

Structure of atmosphere used for detailed 
radiative transfer 
à synthetic spectrum

to compare with observed one

Eitner, Bergemann et al. in press

Foundation science: Solar spectrum & abundances
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Spatially resolved spectroscopy à the need for accurate (NLTE) modeling

Pietrow, Hoppe, Bergemann et al. 2023
Bergemann, Hoppe, et al. 2021 (plots from M. Bergemann)

Foundation science: Solar spectrum & abundances
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Which solar composition?
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Which solar composition?
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Building a standard solar model

Solar mass – M8 – determined from GM8 à limited by knowledge of G (~one part in 105)
Solar radius – R8 – several methods: radio occultations, solar oscillations, Venus transit, (< one part in 103)

more loosely defined concept
Solar luminosity – L8 – bolometric measurements (< one part in 103)
Solar (photospheric) composition (?) – solar spectrum, meteorites, (corona & wind)

AAG21, MB22
Solar age – t8 – radioactive dating of meteorites (~one part in 103)

Boundary conditions 

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 t8

SSM framework IS NOT INTENDED to be a full description of the Sun (rotation, extramixing, magn. fields)
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Direct contribution from the ChETEC community (and beyond)

RMP coming (soon)
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What helioseismology tells us
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What helioseismology tells us
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Results sensitive to thermal structure because 
sound speed scales with T1/2

à (composition + radiative opacities)
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What solar neutrinos tell us

pp pep

hep

8B

7Be

cm-2s-1 AAG21 MB22 Sun

pp (1010) 6.00 (0.6%) 5.95 (0.6%) 5.94 (0.4%)

pep (108) 1.45 (1.1%) 1.42 (1.1%) 1.42 (1.6%)

hep (103) 8.16 (30%) 7.92 (30%) 30 (33%)

7Be (109) 4.52 (7.4%) 4.90 (7.6%) 4.93 (2%)

8B (106) 4.31 (12.6%) 5.13 (13.1%) 5.20 (1.9%)

“Sun”: experimental results from Gonzalez-Garcia et al. 2024
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What solar neutrinos tell us
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What solar neutrinos tell us

Mostly a temperature sequence with slope determined by nuclear reaction rates

Results sensitive to composition + radiative opacities
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Solar model with low-Z has overall lower opacity 

à flatter temperature profile
à slightly lower internal temperature

à affects helioseismology
à pp-chain neutrinos
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Solar model with low-Z has overall lower opacity 

à flatter temperature profile
à slightly lower internal temperature

à affects helioseismology
à pp-chain neutrinos

Degeneracy between metals and opacity very 
difficult to break

Opacities are the worst known fundamental 
piece of physics in solar/stellar modeling
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What solar neutrinos tell us

13N 17F

15O

CN-cycle is marginal in the Sun: < 1% energy

This is good!! à sensitive to all changes
(nuclear rates, composition, core temp.)

C+N abundances catalyzes cycle
à linear dependence on the rate
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What solar neutrinos tell us

Black: all uncertainties

Red: environmental (core temp.)
excluding CNO and nuclear reactions

Nice linear log-log relation between
fluxes
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What solar neutrinos tell us

Complete relation between 13N and 8B fluxes
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What solar neutrinos tell us

Complete relation between 13N and 8B fluxes

<latexit sha1_base64="McBw0LIcpRQpOe3bFYLCRbzcGnM="></latexit>
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�(13N)SSM
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�(8B)

�(8B)SSM

◆0.576

(xC+N ) [1± 0.075(nuc)± 0.03(D)]

14N(p,g)15O – 8.4% error à 6% contribution 
3He(4He,g)7Be – 5% error à 3% contribution

A measurement of CN fluxes leads to determination of solar core C+N

after SFIII
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What solar neutrinos tell us

Borexino measurement of 13N+15O fluxes (Borexino coll. 2022, 2023)
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What solar neutrinos tell us

13N 17F

15O

CN-cycle is marginal in the Sun: < 1% energy

This is good!! à sensitive to all changes
(nuclear rates, composition, core temp.)

C+N abundances catalyzes cycle
à linear dependence on the rate

cm-2s-1 AAG21 MB22 Sun

13N (108) 2.21 (13%) 3.12 (15%) 3.48 (14%)

15O (108) 1.58 (16%) 2.32 (17%) 2.53 (14%)

17F (106) 3.40 (16%) 4.74 (16%) ----

“Sun”: Gonzalez-Garcia et al. 2024
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What solar neutrinos tell us

Borexino measurement C+N abundance in the solar core (Borexino coll. 2022, 2023)

CN neutrinos break the degeneracy between composition and opacity

Favor large CN abundance

Sun: GG 2024
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However, back to helioseismology

Propagation of sound waves carry information about composition through adiabatic index:
<latexit sha1_base64="LMPRPPsi1yWHK2C8k5z9YZYuSMU="></latexit>
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It can be determined through inversion of solar oscillations
and compared to solar models.

Only sensitive to total Z (not individual elements)

Results are degenerate with equation of state

Results indicate agreement with AAG21 rather than MB22

= 5/3 (for fully ionized gas) < 5/3 in partial ionization regions
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The Sun from afar

Cancellation effects limit modes to l=0, 1, 2, (3) for other stars (e.g. Kepler, TESS, PLATO)
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The Sun from afar
No independent age for other stars ⌫n,` � ⌫n�1,`+2 / 1
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Composition introduces a systematic effect on age determination (assuming solar mass is perfectly known)
up to 250Myr (5%)
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The Sun from afar
No independent age for other stars ⌫n,` � ⌫n�1,`+2 / 1

4⇡⌫n,`

Z R

0

dc

dr

dr

r

Composition introduces a systematic effect on age determination (assuming solar mass is perfectly known)
up to 250Myr (5%)

Solar age (Gyr) c2 (33 dofs)

Sun 4.568 ± 0.020 ---

AAG21 4.755 ± 0.034 76.6

MB22 4.611 ± 0.032 38.4
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The Sun as a star
No independent mass, radius, or age. Typical spectroscopic errors for temperature and metallicity [Fe/H]

Asteroseismology favors higher metallicity, seen here as a “non-solar” solar abundance 
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The Sun as a star
No independent mass, radius, or age. Typical spectroscopic errors for temperature and metallicity [Fe/H]

Forcing [Fe/H] to match by reducing its uncertainty, problems start to appear in helium, age
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Solar (stellar) radiative opacities

Dashed – GS98

Solid – AGSS09

OPAS - OP
OPLIB – OP
OPAL - OP
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Solar (stellar) opacities

Calculations have:

1) Lower quasicontinuum

2) Narrower lines

3) Deeper opacity windows

Experimental hint of higher opacity than theoretical calculations 
predict

but situation unclear because of large differences in continuum

Bailey et al. 2015
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Summary, so far
Constraints to compute solar models – composition is the big uncertainty:

Ø High solar metallicity is favored by (degenerate with opacity):
sound speed, surface helium, depth of convective envelope
pp-chain solar neutrinos

Ø by CNO neutrinos (independent of opacity)
Ø but lower solar metallicity is favored by (degenerate with equation of state):

adiabatic index

Dominant uncertainties in models:

Ø radiative opacities
Ø nuclear reactions (esp. 14N+p, then 3He+4He)
Ø equation of state

For solar-like stars:

Ø solar metallicity is reference value (see Camilla’s talk)
Ø systematic offsets in age (5%) and other parameters (not too large but PLATO aims at < 10% age error)
Ø radiative opacities

Foundation science –
only possible in the Sun


