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ABSTRACT. The confrontation between theoretical predictions and observations requires an
estimate of the uncertainties of these predictions. Recent results on nuclear reaction rates
and photospheric abundances are analysed, in a classical model framework. The role of
opacities in the determination of the helium content, the neutrino fluxes prediction and the
adiabatic sound speed is discussed. Comments on extra phenomena as mass loss, turbulent
mixing and WIMPS are also presented, in the light of very recent seismological results.

1. Introduction

The estimate of the accuracy of classical solar modelling is fundamental if we consider the
solar reference mode! as a basis for discussing the role of extra phenomena, neglected in the
classical theory of stellar evolution, as turbulent mixing, rotation, magnetic field...In this
conference, the complexity of the parametrisation of such dynamical effects in stars has been
evoked. But, very recently, the impressive interpretation (Christensen-Dalsgaard et al 1985,
1988b, Gough and Kosovishev 1988) of the 5 mn acoustic mode observations (Grec et al 1983,
Duvall et al 1988) in terms of radial distribution of the sound speed or density, added to the
multiplication of the neutrino detections (Davis et al 1968, Koshiba 1988, Kirsten 1986,
Barabanov et al 1985) push us to reemphasize the idea that the Sun is a privileged place to
quantify the relative importance of these phenomena. In paper 1 (Turck-Chiéze et al 1988),
we have discussed the characteristics of an updated reference model and compared different
published models. Most of the noticed differences arise from different choices of the input
parameters (nuclear reaction rates, equation of state, initial abundances and opacities). So I
shall comment on the role of these ingredients and reevaluate the resulting uncertainties of
solar modelling. The second part will be devoted to the constraints on the extra phenomena
set by the radial distribution of the sound speed deduced from observations. As examples, I
shall discuss the effect of turbulent mixing, mass loss and WIMPS.

2. Present status
2.1 THE ROLE OF THE INGREDIENTS

Figure 1 shows the radial behaviour of two important quantities influential on neutrinos
production and seismology: temperature and mean molecular weight, and the respective role
of the ingredients versus depth. In the outer 3% of the solar radius, the mean molecular
weight increases rapidly, all the elements are partially ionised, or even neutral, molecules
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appear, so a refined equation of state (Ddppen and Lebreton 1989, Christensen-Dalsgaard
et al 1988a) is a necessity together with detailed opacity calculations including molecules and
non adiabatic estimate of the sound speed. Convection dominates the outer 27% of the Sun ,
so opacity do not play a dominant role there (the temperature gradient is taken as adiabatic),
and physical understanding of the dynamical effect of convection is crucial to go beyond the
limitations of the reference model regarding the surface abundances of lithium and boron
(Cayrel et al 1984) and the extention of the convective zone (Vorontsov 1988, Shibahashi and
Sekii 1988). This region is certainly the most difficult to simulate today but is very crucial for
evolved stars. In the case of the Sun, the age and the radius are precisely known, so the
mixing length parameter o is determined along with the approximate size of the convective
zone and we can partly disconnect this external region from the internal one.
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Figure 1: Radial distribution of the temperature (T—) and the mean molecular weight (i - -) of our
reference model (paperl) and sites of privileged importance of the ingredients.

Thus I shall concentrate, in this paper, on the inner 70-75% radiative part of the Sun,
which has been thoroughly studied this last 20 years. Here, the equation of state plays a
minor role: the gas is nearly perfect, hydrogen and helium are completely ionised and the
effect of the other elements is smaller than 1% . The behaviour of the "intermediate” region
between nuclear core and convective zone is dominated by the opacity coefficients. The
central part is influenced by the nuclear reactions rates and the abundances through the
opacity coefficients. The initial helium content, unobservable in the photosphere, is adjusted
to fit the present luminosity. So, abundances, opacities and nuclear reaction rates are tightly
correlated in this inner 25 % of the solar radius.

2.2 THE REFERENCE MODEL

An updated reference model offers the opportunity to choose the direction on which effort
must be stressed in the classical framework. The model of Turck-Chiéze et al (1988) based
upon a Paczynsky code includes new nuclear data: neutron lifetime determined by Bopp et al
(1986), the recent value of Krauss (1987) for the rate of the reaction 3He(3He,p)4He and the
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value recommended by Filippone (1986) for 3He(a,y)"Be. The opacities are derived from the
Los Alamos library (Huebner et al 1977) using the relative abundances of Ross and Aller
(1976), the equation of state includes the Coulomb interaction in the Debye-Huckel
approximation. The initial abundances are taken from Aller (1986) and the adopted ratio of
the metal abundance to hydrogen (by mass) Z/X is 0.02810.03 according to Aller (1986) and
Meyer (1987). The main results are the following:

initial helium content Y =0.273 +0.012 r BczZ = 0.73Rg
Tc=15510° K pc= 150 g/cm3 Tgez =202106K
neutrino capture rates (SNU) "1Ga: 124 + 5 37C1: 5.7+1.3

The chlorine prediction is about three times greater than the experimental average (1968-
1986) of the Davis experiment but nearly consistent with the result of 1987 (4.2+ 0.7 SNU)
(Davis 1989).

The acoustic frequencies of this model have been computed (Turck-Chiéze, Didppen and
Cassé 1988). The absolute low degree p-modes are systematically underestimated by about
10 pHz compared to the observations (Gree, Fossat and Pomerantz 1983, Duvall et al 1988).
The calculated Avyg (see previous references for definition) is about 1uHz greater than the
observed one. Pressure p-modes are sensitive to the whole structure of the Sun and
particularly to the outer which is estimated with less care than the inner part. Since the
accuracy of the data and of the inversion technique improves so rapidly, I prefer to rely on
the adiabatic sound speed which allows to explore different depths of the Sun. Figure 2
illustrates the difference between our reference model and the sound speed derived from the
observations by Christensen Dalsgaard, Gough and Thompson (1988). The relative difference
in the square of the adiabatic sound speed is lower than 2% in the radiative region. This
implies a variation of the ratio T/u not greater than 2%, with possible greater effect on T and

u individually. Assuming a polytropic behaviour (P=p?), one can deduce the sign of the
variation of p and its amplitude assuming a nearly perfect gas (c2 = 5/3 P/p). We notice a
polytropic exponent of 1.2 in our models, suggesting density variation < 10%.
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Figure 2: Comparison of the square of the adiabatic sound speed deduced from the observations by
Christensen Dalsgaard et al (1988b) and that of paper 1.
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2.3 PRESENT ACCURACY OF THE REFERENCE MODEL

In paper 1, the different contributions to the uncertainty on the predicted neutrino capture
rates and helium content are discussed. The corresponding logarithmic derivatives of the
sound speed will be published elsewhere (Turck-Chiéze and Dippen 1989). Except for the
gallium prediction, where the accuracy is quite good, we have pointed out two main sources
of unaccuracy: the ratio Z/X and the central opacities. We stressed also the important role of
the 7Be(p,y) reaction rate for the chlorine prediction which is, in fact, the key reaction for
chlorine (70% of the neutrinos produced) and water (100%) detectors (Turck-Chiéze 1988).

2.3.1 The nuclear reaction rates and the case of “Be(p,y SB.

All the reactions of the p-p chain and the CNO cycle have been remeasured recently, most of
the cross sections are determined at a level of 5%. (Rolf 1989). Each individual experiment
has more limited accuracy but one usually uses the average value of all the different
experiments and the corresponding error bar. Moreover they are most generally performed at
higher energies than the astrophysical range (typically 20 keV for central solar conditions),
50 a theoretical extrapolation is necessary. As an illustration I discuss the case of "Be(p,y).
The experimental situation is summarised in Parker (1986) and recalled in table 1. The
mean value is recommended by Filippone (1983). But as usual, the compilation is presented
in terms of the astrophysical factor S17(0) derived with, in each case, the crude theoretical
extrapolation of Tombrello (1965). This theoretical calculation has been revised by Barker
(1980,1983) and more recently by Kajino (1988) (figure 3). These two calculations, including
not only s-state (as in the case of Tombrello) but also d-state, are in agreement together and
lead to a reduction of S17(0) of 15%.We adopt the mean experimental value recom-
mended by Filippone (1986) but the most recent theoretical results. S717(0) is reduced
to 0.021 keV-b. The chlorine neutrino capture rate is consequently reduced by 13%.
This choice constitutes one of the differences with Bahcall and Ulrich work (1988).
We note that the experimental results are very scattered and remeasurement on the whole
range 100 keV- 4 MeV would be useful. It is the reason why we adopt an error bar of 15%.
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Kavanagh (1969)(1972) 0.0273+0.0024 = . 1 N ’»'*:.1”_
Vaughn et al (1970)  0.0214+0.0022 & | ! A
Wiezorek et al (1977)  0.045 + 0.011 I LU Al
Filippone et al (1983)  0.0221+0.0028 - + oy ;:'_vk__';'__'(ﬂ%,‘;ﬁ'_f_b_—/‘\
Mean value 0.0243:0.0018 | . ., ., L]
Adopted value 0.02101_0.003 100 200 400 Ep (kev) 1000 2000 4000
Table 1 Figure 3.Experimental measurements and

theoretical extrapolation of the astrophysical factor with
Tombrello (1965) (-) and Barker (1980) ( - -) calculations.
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Very recently, Assenbaum et al (1987) have noticed that electron screening affects the
measured cross sections at low energy, and increases exponentially, the experimental value.
Since, the nuclei are mainly bare in the central Sun, this effect leads to an overestimate of
S(0). It could concern 3He(3He,2p)4He (6%) and 3He(o,y)"Be and has never been taken into
account in the estimation of the uncertainties on the neutrino capture rates.

2.3.2. Role of abundances and effect of opacity.

The initial composition of the Sun is assumed to be similar to the present observable
photospheric one. During hydrogen burning, the p-p chain dominates the production of
energy and the CNO cycle contribution is of only 1.75%. So only elements up to oxygen
participate to the nuclear reactions. On the other hand, the opacity, which regulates the
energy flux in the radiative region of the star and determines its structure, is largely
influenced by the heavy elements (up to iron), they contribute to 40% of the total opacity in
the center and to 90% in what we call the "intermediate" radiative region. In this context, the
determination of the solar composition is influential on the central structure of the Sun. In
our computation, we fix Z/X according to the observations as Bahcall and Ulrich
(1988). As a consequence, the initial helium content and the metallicity cannot be chosen
independently: if the helium content increases, the metallicity must decrease, so that Z/X
remains equal to the observed value. This constraint requires to interpolate between two
opacity tables x = k ( T,p,X,Z) . Consequently, the transformation of carbon and oxygen into
nitrogen during hydrogen burning is taken into account , at the first order, as an
enhancement of the metallicity by 3%. This method is justified by the similarity of the
opacity behaviour of C,N,O for central solar conditions. This CNO evolution is treated
differently in Bahcall and Ulrich paper(1988). In the poster entitled " The influence
of metallicity on the opacity coefficients in the solar modelling” (Courtaud et al
1989), we discuss two sources of uncertainties on the opacity coefficients : the relative
composition of the Sun at birth and the accuracy of the calculations. In the nuclear central
part, the accuracy of the calculations is good (5%), the possible variations of the opacity could
arise from the determination of the abundances. We observe variations of the central
structure using Ross and Aller (1976) composition in the opacity calculation with Z/X = 0.028
or Anders and Grevesse new compilation (1989) with Z/X = 0.0273. We notice also that the
unexplained discrepancy between photospheric (Fe/X=4.68+0.33 10-5) and meteoritic (Fe/X =
3.24£0.075 10°) iron values could lead to opacity variations up to 13% and a related
reduction of the chlorine neutrino capture rate of 1 SNU. In the intermediate region,the
accuracy of the opacity calculations is at a level of 20% and could increase the temperature of
the bottom of the convective zone by 10%, with few effect on the central structure.

Electron collective effects must be taken into account in the calculation of the central
solar opacities. It is not clear if this process is included in the library of Los Alamos 1977. We
have always considered that it was not the case, following the discussion of Bahcall et al
(1982) and Huebner (1986). In our computation, this correction is added according to the
expression : k = k - 0.07 (1+X) em2g-1 (Bahcall et al 1982). This point must be clarified in
the near future to avoid counting this effect twice or not at all. A suppression of this
additive correction increases the chlorine neutrino capture rate by 0.6 SNU and the helium
content by 0.006. Boercker (1987) independently, has reconsidered this correction to the
Thomson scattering and concludes that the different estimates lead to an error on the total
opacity of +2.5% at the center of the Sun.

In summary, the principal ingredients are determined at a level of 5%-10%accuracy.
A list of reasons has been evoked to justify small variations of the central temperature and
perhaps 30% on the chlorine neutrino flux. But it seems difficult to find classical effects
which reduce this flux by a factor 3 or 4. So room is left for extra phenomena.
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3. Effect of other phenomena

As a first approach, we have considered two additional physical effects (Turck-Chiéze and
Déppen (1989):-an hypothetical mass loss in the early life of the Sun

- the influence of WIMPS in the inner part of the star (see poster untitled
"WIMPS and solar evolution codes" by Giraud-Héraud etal).
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Figure 4 : Radial distribution of the squared sound speed for models including extra phenomena.

Figure 4 shows that, if one believes the extraction of the sound speed from the
helioseismological data and the corresponding error bar, all the models presented here are
strongly constrained or excluded:

- The present Sun (and especially its global oscillations) is unconsistent with a total initial
mass loss greater than 0.2 Mg (Turck-Chidze, Dippen and Cassé 1988), the neutrino
predictions are not reduced. In the case of initial 2 Mg (fig. 4), an initial convective core could

persist at the present day (if overshooting is included), which produces a modification of the
structure, at low radius, of too large amplitude but suggestive of the one deduced from the
observation.

- Even if for some special conditions of mass and interaction cross section, the introduction of
WIMPS appreciably reduces the neutrino capture rate as expected, the sound speed profile of
the model leads to a marked disagreement with observation, at low radii. This was not
predictable by looking only to the integrated value of Avgy.

- Concerning turbulent mixing, the difficulty comes from the determination of the temporal
and spatial evolution of this phenomenon. From the examination of the work of Schatzman et
al (1981) it appears now clearly that the proposed effect is certainly surestimated, due to an
overestimate of the chlorine capture rate prediction. Nevertheless, if the consequent effect on
the sound speed is excessive, the inner profile is interestingly not far from that deduced from
the observations.
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4. Comments

In the inner radiative region of the Sun, most of the input parameters are now
estimated within 10% accuracy or even less, possible new sources of unaccuracy are critically
examined: electron screening effect in cross section measurements at low energy, electron
collective effect in opacity calculations, role of partially ionised heavy elements in opacity
calculations. In the classical framework, the internal structure of the Sun seems more and
more established and only small variations of temperature and density are possible. The 27-
30% external part is more questionable due to dynamical effects as convection; detailed
equation of state and nonadiabatic estimate of sound speed are a necessity for the 3% outer.

We consider that the predicted 8B neutrino flux accuracy is not yet well established
and propose different possible sources of uncertainties: the measurement of Be (p,y) 8B
reaction rate (15%) and the determination of the central opacities (20%) due to evolution of
detailed abundances. We emphasize the importance, for this quantity, to solve the
discrepancy between photospheric and meteoritic iron abundance.

The confrontation of the classical theory of the Sun evolution with the observations
shows that the thermodynamical quantities of an updated reference model are
representative of the real Sun at a level of 10% accuracy in the radiative region: neutrino
fluxes detection mainly constrains the temperature of the central region (r < 0.15 RO),
helioseismology constrains the inner density in the same region. Following Kosovishev
(1989), and our recent results on neutrino fluxes, a certain compatibility seems to exist
between seismological interpretation and present chlorine detection. Is temporal evolution of
these two kinds of information an help to interpret a larger reduction of neutrino flux as was
observed before?. The study of dynamical effects is now largely encouraged by the
seismological constraints in the central part. The hypothesis of WIMPS seems more
questionable but central limited mixing and very weak mass loss cannot be excluded.
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