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Solar abundances and solar models
Recap on solar abundance problem

Updates in physical inputs to SSMs: opacities, nuclear rates, etc.

A new generation of SSMs: Barcelona 16 (B16)
results for helioseismology and updated solar neutrino fluxes



. Calibration of SSM

3 free parameters 3 observational constraints

convection parameter - o, 1 solar radius — R,

initial helium =Y, . solar luminosity — L,

initial metallicity — Z, . surface metal to hydrogen abundances ratio — (2/X)
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Rs and L, well known — (Z/X) ., has changed dramatically (> 30%) in last 15 years



. Solar abundances based on 3D atmospheres
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Fluctuations around mean + nonlinearity of Planck function (T) and line formation (T & p)

-- > spectral analysis in 3D cannot be represented by 1D (Uitenbroek & Criscuoli 2011)



. Solar abundances based on 3D atmospheres (+NLTE + atomic data)
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Element GS98 AGSS09+met
C 8.52 8.43
N 7.92 7.83
O 8.83 8.69
Ne 8.08 7.93
Mg 7.98 7.53
Si 7.956 7.501
Ar 6.40 6.40
Fe 7.50 7.45
7/X 0.0229 0.0178
log(n,/n,)+12
1.5 “Sub-solar” solar metallicity

CNO(Ne)~30-40%

refractories~10%



. Helioseismology

MDI Medium—I Power Spectrum
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. Solar Abudance Problem

Discrepancies with low-Z solar composition show up in:
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Solar neutrinos

Model fluxes based on Solar Fusion Il (Adelberger et al. 2011)

} Luminosity constraint: L, =L, .
) } Experimental uncertainty

No discrimination

> between models

Flux SFII-GS98 SFII-AGSS09 Solar
pp 5.98(1£0.006) 6.03(1 £ 0.006) 6.05(177:003)
pep 1.44(140.011) 1.47(14+0.012)  1.46(170019)
hep 8.04(1£0.30)  8.31(1 +0.30) 18(175°3)
"Be 5.00(1+£0.07)  4.56(1+0.07)  4.82(1F9-0%)
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X2/ Per 3.5 / 90% 3.4 / 90%
>4 SFII-6S98 E
. 5.2 SFII-AGSS09 .
i 5.05— ]
:g) 4.85— ]
© 4.65— -
ﬁ 4.45— .
4.25— .
4.0: ........................... '




The role of radiative opacities

Helioseimic probes and vs from pp-chains not directly sensitive to Z, but to
radiative opacity -- > degeneracy exists between composition and k
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Opacities: theoretical calculations
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Opacities: theoretical calculations
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Opacities: experimental results

@Sandia lab — Z-facility — conditions close to solar (factor 4 too low in density)
Iron opacity measurements

Bailey et al. 2015
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Are experimental results robust?



Recent developments in SSM inputs

Solar composition
Almost full revision of AGSS09 — Scott et al. 2015 A&A 573, 25&26
Photospheric abundance of refractories closer to meteoritic abundances
Meteoritic abundances (once again) robust -- > keep using them
CNO & Ne have not been revised (yet)

Equation of state
EoS always consistent with Z used in models but not with mixture
i.e. mixture always the same no matter if model had AGSS09 or GS98
Now EoS consistent —small, but measurable impact in some helioseismic gnts.

Nuclear reaction rates
p+p: new calculation includes now S and P waves — full determination of S(E)
increase ~ 1.5% (Marcucci et al. 2013)
p+’Be: more general assessment of models for extrapolating to S(0)
increase ~ 2% (Zhang et al. 2015)
p+14N: new determination of S.((0) by LUNA
decrease ~ 4% (Marta et al. 2011)

Radiative opacities
more generous estimate of uncertainty (7% at convective envelope — before 2.5%)
implementation of flexible scheme based on opacity kernels (Tripathy et al. 1998)



‘New SSMs — Barcelona 16 (B16)

Very modest changes in . B16-GS98
helioseismic quantities 0.010- ____ B16-AGSS09met }
with more generous i T
model uncertainties

L 0.005+
Central values almost 2
unaffected
Errors from new sets of 0.0007
Monte Carlo calculations [
of SSMs
0.0 0.2 0.4 0.6 0.8
r/RSun . .
Qnt. B16-GS98  B16-AGSS09met Obs. Vinyolesetal.in prep.
7 0.0170 £ 0.0012  0.0134 4 0.0008 -
Ygq 0.2426 4 0.0059  0.2317 £ 0.0059  0.2485 £ 0.0035
Rcz/Re | 0.7116 £0.0048  0.7223 4+ 0.0053 0.713 £ 0.001
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B16-AGSS09met : 2.5 o for Yo — 2 o0 for R, due to larger opacity errors
(before 3.4 0 and 3 0)



. B16 SSMs — v fluxes

Fractional variations —
few % for 8B and "Be
6 - 8% for 13N and 1°0
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. B16 SSMs — v fluxes

Flux B16-GS98  B16-AGSS09met Solar
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. B16 SSMs — v fluxes

3He + He -- > 'Be
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Better discrimination of SSMs by pp-chain fluxes important to check consistency with
helioseismic view on the Sun

Nuclear uncertainties need be reduced (S;,, S,,) — systematics better understood
but opacity uncertainty remain a difficult issue (dominant for B ~8%)



ICN v fluxes
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CN v fluxes
1200 ‘ | ' ‘ ' Temperature dependences can be
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Discriminates compositions to ~ 3-0 before adding CN experimental error



ISummary

Presentation of B16 SSMs
Better treatment of EoS
Updated nuclear reaction rates
Modified treatment of opacity uncertainties

Small changes in helioseismic results
Small changes in vs from pp-chains — slightly better agreement for GS98 (high-Z) models

Overall picture — solar abundance problem — remains
Wrong composition?

Missing opacity? 5 atomic calculations agree within 5%
experimental result on Fe opacity hints at 7% deficit in models
exp. results questioned by community

CN fluxes still very important — complemented with 2B offer a unique probe of solar core
composition






