
Journal of Physics: Conference Series

PAPER • OPEN ACCESS

The B16 Standard Solar Models
To cite this article: N Vinyoles et al 2018 J. Phys.: Conf. Ser. 1056 012058

 

View the article online for updates and enhancements.

Related content
A New Generation of Standard Solar
Models
Núria Vinyoles, Aldo M. Serenelli,
Francesco L. Villante et al.

-

THE CHEMICAL COMPOSITION OF THE
SUN FROM HELIOSEISMIC AND SOLAR
NEUTRINO DATA
Francesco L. Villante, Aldo M. Serenelli,
Franck Delahaye et al.

-

SOLAR INITIAL HELIUM ABUNDANCE
Aldo M. Serenelli and Sarbani Basu

-

This content was downloaded from IP address 188.184.3.52 on 23/08/2018 at 10:24

https://doi.org/10.1088/1742-6596/1056/1/012058
http://iopscience.iop.org/article/10.3847/1538-4357/835/2/202
http://iopscience.iop.org/article/10.3847/1538-4357/835/2/202
http://iopscience.iop.org/article/10.1088/0004-637X/787/1/13
http://iopscience.iop.org/article/10.1088/0004-637X/787/1/13
http://iopscience.iop.org/article/10.1088/0004-637X/787/1/13
http://iopscience.iop.org/article/10.1088/0004-637X/719/1/865
http://oas.iop.org/5c/iopscience.iop.org/945112624/Middle/IOPP/IOPs-Mid-JPCS-pdf/IOPs-Mid-JPCS-pdf.jpg/1?


1

Content from this work may be used under the terms of the Creative Commons Attribution 3.0 licence. Any further distribution
of this work must maintain attribution to the author(s) and the title of the work, journal citation and DOI.

Published under licence by IOP Publishing Ltd

1234567890 ‘’“”

Conference on Neutrino and Nuclear Physics (CNNP2017) IOP Publishing

IOP Conf. Series: Journal of Physics: Conf. Series 1056 (2018) 012058  doi :10.1088/1742-6596/1056/1/012058

The B16 Standard Solar Models

N Vinyoles1, A Serenelli1 and F L Villante2,3
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Abstract. We describe a new generation of standard solar models (SSMs), Barcelona 2016
or B16 for short, that includes recent updates on some important nuclear reaction rates, a
more consistent treatment of the equation of state and a novel and flexible treatment of opacity
uncertainties. Two large sets of SSMs, each based on a different canonical set of solar abundances
with high and low metallicity, are calculated and compared with different ensembles of solar
observables including solar neutrinos, surface helium abundance, depth of convective envelope
and sound speed profile.

1. Introduction
In the last three decades, there was an enormous progress in our understanding of the sun.
The predictions of the Standard Solar Model (SSM), which is the fundamental theoretical
tool to investigate the solar interior, have been tested by solar neutrino experiments and
by helioseismology. The deficit of the observed solar neutrino fluxes, reported initially by
Homestake [1, 2] and then confirmed by GALLEX [3], SAGE [4], GNO [5], Kamiokande [6] and
Super-Kamiokande [7], generated the so-called solar neutrino problem which stimulated a deep
investigation of the solar structure. The problem was solved in 2002 when the SNO experiment
[8] obtained a direct evidence for flavour oscillations of solar neutrinos and, moreover, confirmed
the SSM prediction of the 8B neutrino flux.

Nowadays, we have a good knowledge of the solar neutrino oscillation probability and a direct
experimental determination of most of the solar neutrino components. Super-Kamiokande [9]
and SNO [10] have provided a high accuracy determination of 8B neutrinos. Borexino has
recently obtained a direct measure of the pp, pep, 7Be [11, 12] and 8B [13] solar neutrino fluxes
and it also has the potential to provide the first direct measurements of the CNO neutrinos [14]
in the next future. In addition, helioseismic observations have allowed to determine precisely
several important properties of the sun, such as the depth of the convective envelope which is
known at the ∼ 0.2% level, the surface helium abundance which is obtained at the ∼ 1.5% level
and the sound speed profile which is determined with an accuracy equal to ∼ 0.1% in a large
part of the sun (see e.g. [15, 16] and references therein). As a results of these observations, the
solar structure is now very well constrained, so that the sun can be used as a solid benchmark
for stellar evolution and as a laboratory for fundamental physics.

A new solar problem has, however, emerged during the last years. Recent determinations of
the photospheric heavy element abundances [17, 18, 19] indicate that the sun metallicity is lower
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S(0) Uncert.(%) ΔS(0)/S(0) Ref.
S11 4.03 · 10−25 1 0.5% [27, 28, 29]
S17 2.13 · 10−5 4.7 +2.4% [30]
S114 1.59 · 10−3 7.5 -4.2% [31]

Table 1. Astrophysical S-factors (in units of MeV b) and uncertainties updated in this work. Fractional
changes with respect to [32] are also included.

than previously assumed [20, 21]. Solar models that incorporate these lower abundances are no
more able to reproduce the helioseismic results. As an example, the sound speed predicted by
SSMs at the bottom of the convective envelope disagrees at the 1% level with the value inferred
by helioseismic data (see e.g.[22]). Detailed studies have been done to resolve this controversy
(see e.g.[23]), but a definitive solution of the solar composition problem still has to be obtained.

In this brief review, which is largely based on [24], we present a new generation of SSMs,
Barcelona 2016 or B16 for short, that includes recent updates on some important nuclear reaction
rates, a more consistent treatment of the equation of state and a novel and flexible treatment
of opacity uncertainties. Two large sets of SSMs, each based on a different canonical set of
solar abundances with high and low metallicity, and with input parameters chosen randomly
from their respective distributions, are computed. The predictions (and the uncertainties) for
different solar observables, including solar neutrino fluxes, surface helium abundance, depth of
convective envelope and sound speed profile, are presented and compared with the observational
determinations.

2. The B16 standard solar models
SSMs are a snapshot in the evolution of a 1M� star, calibrated to match present-day surface
properties of the Sun. The calibration is done by adjusting the mixing length parameter (αMLT)
and the initial helium and metal mass fractions (Yini and Zini respectively) in order to satisfy
the constraints imposed by the present-day solar luminosity L�, radius R�, and surface metal
to hydrogen abundance ratio (Z/X)�. The new B16 models share with previous calculations
[25] much of the input physics, but include important updates. A brief account of few relevant
ingredients is given in the following.

Equation of State: B16 SSMs employ, for the first time, EoS tables calculated consistently
for each of the compositions used in the solar calibrations by using FreeEOS [26].

Nuclear rates: The rates of p(p, e+νe)d,
7Be(p, γ)8B and 14N(p, γ)15O reactions have been

updated, see Tab.11. For the important reaction 3He(4He, γ)7Be (not included in Tab.1), two
recent analyses [33, 34] have provided determinations of the astrophysical factor that differs
by about 6% (to be compared with a claimed accuracy equal to 4% and 2% for [33] and [34],
respectively). Considering that the results from [33] and [34] bracket the previously adopted
value from [32], the latter was considered as preferred choice in B16 SSMs.

Radiative opacities: In [25] the opacity error was modelled as a 2.5% constant factor at
1σ level, comparable to the maximum difference between OP [35] and OPAL [36] opacities in
the solar radiative region. It was shown, however, in [37] that this prescription underestimates
the contribution of opacity uncertainty to the sound speed and convective radius error budgets

1 For the p(p, e+νe)d reaction, the quoted value for S11(0) underestimates the actual increase of the rate because
the variation of S11(E) at solar energies is dominated by changes in the first and higher order derivatives of the
Taylor expansion of the astrophysical factor around E = 0 (see [24] for details).
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GS98 AGSS09met Obs

Φ(pp) 5.98(1± 0.006) 6.03(1± 0.005) 5.971+0.037
−0.033

Φ(pep) 1.44(1± 0.01) 1.46(1± 0.009) 1.448± 0.013
Φ(hep) 7.98(1± 0.30) 8.25(1± 0.30) 19+12

−9
Φ(7Be) 4.93(1± 0.06) 4.50(1± 0.06) 4.80+0.24

−0.22
Φ(8B) 5.46(1± 0.12) 4.50(1± 0.12) 5.16+0.13

−0.09
Φ(13N) 2.78(1± 0.15) 2.04(1± 0.14) ≤ 13.7
Φ(15O) 2.05(1± 0.17) 1.44(1± 0.16) ≤ 2.8
Φ(17F) 5.29(1± 0.20) 3.26(1± 0.18) ≤ 85
YS 0.2426± 0.0059 0.2317± 0.0059 0.2485± 0.0035
RCZ 0.7116± 0.0048 0.7223± 0.0053 0.713± 0.001

Table 2. Neutrino fluxes for the two B16 SSMs and as determined by [43]. The fluxes are given in
units of 1010 (pp), 109 (7Be), 108 (pep,13 N,15 O), 106 (8B,17 F) and 103 (hep) cm−2s−1. The last two lines
give the surface helium YS and the convective radius RCZ. The observational values are given by [44] and
[45], respectively.

because the effects produced by opacity variations in different zones of the Sun compensate
among each other and integrate to zero for a global rescaling of the opacity. Moreover this is
not realistic because the accuracy of opacity calculations is expected to be better at the solar
core than in the region around the base of the convective envelope. Taking this into account,
the following parameterization for the opacity change δκ(T ) was considered:

δκ(T ) = a+ b
log (TC/T )

Δ
(1)

where T is the temperature of the solar plasma, Δ = log (TC/TCZ) = 0.9, TC = 15.6×106K and
TCZ = 2.3× 106K are the temperatures at the solar center and at the bottom of the convective
zone respectively. The parameters a and b are treated as independent random variables with
mean equal to zero and dispersions σa = 2% and σb = 6.7%, respectively. This corresponds
to assuming that the opacity error at the solar center is σin = σa = 2% , while it is given by
σout = (σ2

a + σ2
b )

1/2 = 7% at the base of the convective zone, as can be motivated by the recent
experimental results of [38] and the theoretical work by [39].

Surface composition: The solar surface composition is a fundamental constraint in the
construction of SSMs. In this paper, we consider two different canonical sets of solar abundances
which are the same employed in [25]:

• GS98 - Photospheric (volatiles) + meteoritic (refractories) abundances from [20] that
correspond to metal-to-hydrogen ratio used for the calibration (Z/X)� = 0.0229;

• AGSS09met - Photospheric (volatiles) + meteoritic (refractories) abundances from [17]
that give (Z/X)� = 0.0178.

Note that the recent results from [40, 41, 42] that have updated the abundances of [17] for all
but CNO elements (which are the most abundant among the volatiles elements) do not lead to
a revision of the AGSS09met composition.

3. B16-SSMs results
The main results obtained with the new generation of B16 SSMs for the two choices of solar
composition, GS98 and AGSS09met, are shown in Tab.2, Fig.1 and 2 and are discussed below.
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Figure 1. Φ(8B) and Φ(7Be) fluxes normalized to solar values [43]. Black circle and error bars:
solar values. Squares and circles: results for B16 (current) and (older) generation of SSMs respectively.
Ellipses denote theoretical 1σ C.L. for 2 dof.

Neutrino fluxes: The updates of nuclear reaction rates have a direct effect on neutrino
production. In particular, the boron and beryllium neutrino fluxes are reduced for both GS98
and AGSS09met compositions by about 2% with respect to previous SSM calculations [25]. The
overall reduction in the Φ(8B) and Φ(8Be) fluxes comes from the increase in S11. In the case of
Φ(8B), this is partially compensated by the 2.4% increase in S17. The most important changes
in the neutrino fluxes occur for Φ(13N) and Φ(15O), in the CN-cycle. The expectation values in
the B16 SSMs are about 6% and 8% lower than for the previous SSMs [25]. This results from
the combined changes in the p+p and 14N+p reaction rates.

The predicted fluxes should be compared with the observational values in the last column of
Tab.2 which have been obtained in [43] from a fit to the results of solar neutrino experiments
by allowing for three-flavour neutrino oscillations. Note that observational errors for Φ(8B) and
Φ(8Be) fluxes are smaller than uncertainties in theoretical predictions, as can be also appreci-
ated in Fig.1 where we summarize the present situation for these two components of the solar
neutrino spectrum. On the contrary, CN fluxes have not yet been determined experimentally
and the global analysis of solar neutrino data provides only the upper limits included in Tab.2.
From the comparison of predicted and observed fluxes, we see that both solar compositions lead
to SSMs that are consistent with experimental results within 1σ.

Helioseismology: In the last two lines of Tab.2, we report two helioseismic quantities
widely used in assessing the quality of SSMs, i.e. the surface helium abundance YS and the
depth of the convective envelope RCZ, together with the corresponding seismically determined
values. The model errors associated to these quantities are larger than previously computed
because of the different treatment of uncertainties in radiative opacities. Compared to previous
SSMs [25], we find a small decrease in the predicted YS by 0.0003 and in the predicted RCZ

by 0.0007R� for both compositions. These small changes together with the larger theoretical
uncertainties lead B16-GS98 to a 0.9σ (YS) and 0.3σ (RCZ) difference with respect to data while
for B16-AGSS09met differences are at the 2.5σ (YS) and 1.8σ (RCZ) level.

Finally, Fig.2 shows the fractional difference between the sound speed inferred from
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Figure 2. Fractional sound speed difference δc/c = (c� − cSSM)/cSSM. The grey shaded region
corresponds to errors in the helioseismic inversion procedure. The red shaded region around the
AGSS09met central value (solid red line) describes uncertainties in SSM calculations. An equivalent
relative error band holds around the central value of the GS98 central value (solid blue line) which we do
not plot for the sake of clarity. Dashed line shows, for comparison, results for old SSM calculations [25].

helioseismic frequencies and that predicted by B16 SSMs as a function of solar radius for the two
choices of solar composition. The solar sound speed has been obtained by new inversions based
on the so-called BiSON-13 dataset [46] and using consistently both B16 SSMs as reference
models. Results are only slightly different with respect to previous calculations, mainly as a
result of the updated S11(0) value. We see that B16-GS98 model yields a much better agreement,
everywhere in the solar structure, with the helioseismically derived sound speed profile than B16-
AGSS09met. In particular, the B16-AGSS09 model disagrees by ∼ 1% with sound speed inferred
from helioseismology at the bottom of the convective envelope. This has to be compared with
a theoretical uncertainty of ∼ 0.3% and an error in the inversion procedure smaller than 0.1%.

4. Summary and Conclusions
In this review which is largely based on the results of [24], we have presented B16-GS98 and
B16-AGSS09met, a new generation of SSMs calculated for different canonical set of abundances
with high and low metallicity. We summarize our most important findings here:

• Central values for Φ(7Be) and Φ(8B) in B16 SSMs are reduced by about 2% with respect
to the previous generation of models that were based completely on nuclear reaction rates
from [32]. The CN-cycle fluxes, Φ(13N) and Φ(15O), are reduced by 6% and 8% respectively.
Solar neutrino fluxes [43] are reproduced almost equally well by both B16-GS98 and B16-
AGSS09met, with only a very minor preference for B16-GS98.

• Helioseismic properties of B16 models are almost unchanged with respect to older models.
However, our estimation of errors is larger due to our more pessimistic assumption of a 7%
uncertainty in the radiative opacity at the base of the convective envelope. Comparison of
models against YS and RCZ and the helioseimic inferred solar sound speed profile yields a
much better agreement for B16-GS98 than for B16-AGSS09met.
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