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ABSTRACT 
A discussion of the still controversial solar helium content is 

presented, based on a comparison of recent standard solar models. Our last 
model yields an helium mass fraction Y=0.276, 6.4 SNU on CI and 126 SNU on 
Ga. 



I. INTRODUCTION 
The solar neutrino problem persists since the surprising results 

of the Brookhaven National Laboratory neutrino experiment . The recorded solar 
neutrino capture rate on chlorine is indeed smaller than every prediction from a 
standard solar model. This discrepancy has generated doubts on i) the standard 
solar model, ii) the neutrino propagation. No alteration of the standard model 
has yet led to a convincing solution . Hovever recently the theoretical 
possibility of neutrino oscillation due to neutrino-electron interactions within 
the sun has induced a revival of solution ii). 

In this context it seems worthwhile to refine the standard solar 
5) model since this elegant solution preserves its legitimity. In a previous work 

we have performed consistency tests of the recently published standard solar 
models. Indeed our model, initiated with the same key input data than the others 
(reaction rates and heavy element mass fraction Z) yielded nearly the same 
output data, e.g. the helium content Y and the neutrino fluxes. The helium 

2) content found by Bahcall et al. ', Y=0.25 for Z=0.0179, was however smaller than 
the one derived-by all other models including our own (Y=0.274 for the same Z). 
This discrepancy remains worrying. Section II is devoted to the study of 
non-trivial effects on the opacity that could reduce the disagreement. Section 
III deals with the choice of the heavy element abundance, influencing the 
opacity. Section IV presents a model including these refinements, with emphasis 
on the derived helium content. 

II. THE HELIUM DISCREPANCY 
For comparison purpose ve first present a model which includes 

the key nuclear rates and the metallic!ty used by Bahcall et al. ' (Z-0.0179), 
but not the opacity correction discussed below (model A in table I). 

13) 2) 
1) Following Diesendorf and Bahcall et al. , we reduce the 

Thompson scattering cross section by 352 due to electron correlations in the 
solar interior (model B). 

31) 
2) Rood suggested that a linear interpolation in sparse opacity 

tables could lead, due to the shape of the surface K(p,T) inside the sun, to an 
opacity coefficient overestimated by several percents at given T and p near the 
sun's center. In order to avoid any interpolation in temperature and density 28) inside an opacity table, we have computed, following Noels , a solar model 
including a radiative opacity coefficient given by the analytical fit of 19) Huebner . Huebner indicates that this fit reproduces the opacity coefficient 
computed with the Los Alamos Astrophysical Opacity Library ' with an accuracy 



better than 3.2Z. The aetallicity Z-0.0179 used by Huebt.er to perform his fit 
18) vas adopted in our computation, vhich yielded model C. Folloving Huebner the 

conductive opacity vas neglected throughout this work. The ratio of the 

conductive opacity coefficient to the radiative one is indeed lover than a fev 

thousandths throughout the solar model. 

Table I; Main characteristics of several standard solar models. Model A do not 
include any opacity correction. Model B includes the Diesendorf correction 
and model C the Huebner ' fit (see text for comments). Model D is our 
provisional reference model (see section IV). VfGa cross sections are froa 
refs.l and 21. • denote the neutrino fluxes at earth and R the capture rates. 
T , p , and c denote the central temperature, density, and energy generation 
rate. 

Model A Model B Model C Model 0 

Z 0.0179 0.0179 0.0179 0.0197 
Y 0.274 0.267 0.271 0.276 
Z/X 0.0253 0.0250 0.0252 0.0260 

R( 3 7C1) <SNU) 6.22 5.32 6.63 6.40 

R( 7 lGa) (SHU) 123. 118. 125. 126. 

• («'.cm .s ) 6.01 E10 6.06 E10 6.02 E10 6.00 ElO 

f7 (v.cnT .s"1) 4.12 E9 3.79 E9 4.13 E9 4.32 E9 

* 8 B u.cnf 2.*" 1) 4* 3 6 œ 3- 6 4 K 4- 7 2 œ 4 4 6 K 

T (106K) 15.52 15.38 15.67 15.50 
c -3 

p (g.cm ) 145.5 146.4 146.1 147.7 
-1 -1 

e„ (erg.g .s ) 16.9 16.8 17.6 17.0 
c 

It appears that the Huebner fit leads to nearly the same Y as the tables, 
2) higher than the value of Y=0.25 '. The use of the opacity correction leads to a 37 lover capture rate on CI and to a lover helium, lessening the difference vith 

Bahcall et a l . 2 \ vhich is still oYeO.267-0.25-0.017. A more detailed study of 

this still remaining discrepancy is in progress , vhich vill particularly 

present models including the Huebner fit and the Diesendorf correction together. 

III. HEAVY ELEMENT ABUNDANCES 
20) 2) 

As pointed out by Iben ' and Bahcall et al. ' for instance, Z has 
a strong influence on the opacity vhich in turns governs the helium content Y 

and the neutrino fluxes. 

Table II: Recently proposed Z/X values. 

s and Aller ' Cameron ' Gre 

0.0228 0.0241 0.0283 0.0276 0.0279 

Ross and Aller 3 2 ) Cameron 8 ) Grevesse U ) Meyer 2 3 ) Meyer 2 4 ) 



Ve investigate here the influence of the relative elemental abundances on the 
opacity coefficient. Table II shovs the Z/X ratio proposed in recent studies. As 
a best estimate of Z/X, ve have adopted the value proposed by Meyer , 
Z/X«0.028, intermediate between the values proposed by Grevesse ' and Meyer . 
Incidently, adopting for each element abundance the error given by Meyer 
leads to a mean quadratic error of 8X on Z/X. The procedure used in order to 
achieve a solar model with the proper Z/X will be described in section IV. 

Since the contribution of the CNO cycles to the total energy 
supply of the sun is less than 1.5*, the variation of the relative elemental 
abundances at fixed Z has a negligible influence on the energy generation. In 
contrast the opacity of the stellar material should be sensitive to composition 
since the heavy elements contribute to about 402 of the opacity coefficient K at 
the sun's center and to more than 90* at a temperature of 10 K. In order to 
evaluate the sensitivity of K to changes in the individual elemental abundances 
ve have computed K with the Los Alamos Astrophysical Opacity Library using 
different estimates of these relative abundances. 
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Fig.1: Relative difference of the radiative.opacity coefficient computed vith 
Cameron's ; (C, dashed line) and Meyer's ' (M, dashed-dotted line) relative 
abundances of elements with respect to one computed vith the Ross and Aller's ' 
values (RAt solid line). These coefficients are calculated for X-0.704, Y-0.276, 
Z-0.02. 

Ve selected for comparison the abundances by Ross and Aller ' (since it is the 
set used in almost all recent solar models including our ovn), Cameron * and 



Meyer * (see before). The relative difference < K - ^ l A ) / , ^ A (vhere ic is 
calculated both with the Cameron's and Meyer's values and ic. with the Ross and 
Aller's ones) is displayed in fig.l as a function of temperature and Lagrangian 
mass coordinate M_/MQ. One can see that the maximum difference with the RA 
opacity coefficient is reached by the C coefficient, vith a difference never 
exceeding 8X within the inner 80* of the mass. The coefficient M is closer to 
the Ross and Aller coefficient, with a relative difference not exceeding 2X in 
the inner 80X of the mass. This result indicates that the influence of the 
relative composition of heavy elements on the opacity coefficient and therefore 
on the helium content and the neutrino fluxes is negligible c°mpared to the 
uncertainty in Z/X and to the intrisic uncertainty in the computation of the 
opacity coefficient itself, as discussed by Huebner . 

IV. REFERENCE MODEL 
Having gained confidence in our computational strategy ve are now 

in position to produce a reference model based on updated input data. Ve use the 
nuclear reaction rates discussed earlier ' together vith the Diesendorf ' 
correction to the opacity. 
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Fig.2; Reference model vith Z/X.0.028. 

In order to compute a solar model vith the best value of Z/X,(and 
not of Z which has no direct observational counterpart, see section II), ve put 
together the constraints on X, Y,and Z. A trial model vith X-0.7043, Y-0.2759, 
and Z-0.0198 reaches the solar luminosity L~ at the solar age tQ. Ve also found 



that the models accounting for L(tQ)=L0 can be derived from the above one by 
changing simultaneously Y and Z following the constraint 3Y/3Z-4. These models 
verify therefore i) (Y-0.2759)«4x(Z-0.0198), their locus in the Z-Y plane has 
been plotted as a dashed line in fig.2. On the other hand the observational 

24) constraint Z/X=0.028 ' together with the obvious relation X+Y+Z*l, lead, after 
elimination of X, to ii) Y=l-36.71xZ. This locus is the solid line plotted in 
fig.2. As can be seen the only model verifying i) and ii) has Y=0.2756, 
2=0.0197, and X=0.7047. It is provisionally our reference model (model D in 
table I). 

Concerning this model the capture rate on chlorine is somewhat 
lover than that predicted in Cahen et al. (6.4 SNU against 7.4) and near that 

t\ 8 2 6) 
of Bahcall et al. '. Using the partial derivative 31og*( B)/31ogS./«l. ' ' the 
predicted capture rate on chlorine becomes 5.0 SNU if the value recommended by 

T\ 7 8 
Barker and Spear ' for the Be(p,r) B reaction, Sj7(0)=0.017 keV-barn, is 
adopted. The temperature at the base of the external convective zone (T____=2.0 
6 25) 

10 K) is in satisfactory agreement with the constraints derived from .the 
study of Li depletion at the sun's photosphere: 1.6 10 K<T B_ C Z<2.5 10 K. The 
depth of the ECZ (h__„=1.85 10 km) seems slightly lover than the one that fits 30) the observations of the 5 mn oscillation periods (see e.g. Provost ). The 
helium content Y=0.276, is intermediate between those found by Lebreton and 
Maeder , Cassé et al. and Cahen et al. (respectively 0.279, 0.285 and 

2) 0.285), and Bahcall et al. Y=0.25±0.01. It is close to the values proposed by 
VandenBerg33) Y=0.27 and Noels et al. 2 7 ) for Z=0.018, Y=0.274. 

Our theoretically derived helium content must obviously be 
compared with values derived from observation. Unfortunately, hslium can be 

32) hardly detected in the solar photosphere . The only observational 
determination of solar helium (the value from solar wind being not 
representative) from the study of solar prominences, leads to very uncertain 
results: Y»0.28±0.05 '. Even this large uncertainty was found optimistic by 

23) Meyer . However, the solar system and more generally the solar neighbourhood 
could provide us with informations on the solar helium. 

a) Helium in the solar system: the helium content in Saturn, 
Yg«0.06±0.05, and Jupiter, Y,»0.18±0.04 °' is significantly lower than the value 
we propose and suggests that gravitational settling is significant even in 
Jupiter. The value found in Uranus, Y..*0.26i0.08 , is at present very 
uncertain. 

b) Helium in the solar neighbourhood: the local galactic helium 
29 34 4) abundance has been widely discussed in the literature ' ' . The tvo main 

sources of informations on helium are the H II regions and the atmosphere of B 



stars, the bulk of the inferred values being near Y-0.28. 

Our helium mass fraction is nov in better agreement vith the 

helium enrichment from galaxy birth to sun's birth, as derived by galactic 
9) 

evolutionary models, than previously thought . Indeed, the ratio ÛY/ÛZ we 

get is 1.8 assuming a primordial helium value of Y =0.24, and 2.3 vith Y =0.23. 

V. CONCLUSIONS 

The helium discrepancy betveen nearly all recent models on one hand and the 

model by Bahcall et al. on the other hand has been partially traced back. Our 

present estimate of the solar helium is Y=0.276, in good agreement vith locally 

measured values and estimates based on galactic evolutionary models. The solar 

neutrino problem is still vith us, our predicted capture rates being 6.4 SNU on 
3 7C1 and 126 SNU on 7 1Ga. 
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