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ABSTRACT 

Recent models of the Sun, including our own, based on canonical physics and 

featuring modern reaction rates and radiative opacities are presented. They lead to a 

presolar helium abundance of s 0.28 by mass, at variance with the value of 0.25 proposed 

by Bahcall et al. (1982, 1985), but in better agreement with the value found in the 

Orion nebula. Host models predict a neutrino counting rate greater than 6 SNU in the 

chlorine-argon detector, which is at least 3 times higner than tne observed rate. The 

primordial helium abundance derived from the solar one, on the basis of recent models 

of helium production from the birth of the Galaxy to tne birth of the sun, Y a 0.26, is 

significantly higher tnan the value inferred from observations of extragalactic 

metal-poor nebulae (Y s 0.23). This indicates that the stellar production of helium is 

probably underestimated by the models considered. 

1 - IimODUCTIOlf 

Particle physicists and astrophysicists meet again, tnis time on the path of 

solar neutrinos. Great hopes are now permitted concerning the detection of the 

neutrinos arising from the essential proton-proton reaction (Vignaud, this volume). It 

is therefore particularly timely to reassess the question of the solar neutrinos 

anomaly from an astrophysical standpoint and to shed light on certain weaknesses of tne 

canonical solar model. 

The sun plays a crucial role in calibrating and testing the general theory of 

stellar structure and evolution, which is a cornerstone of astrophysics. For this 

reason the dichotomy between tne expected and measured neutrino fluxes from the sun has 

opened a crisis. On* of the important tasks of astrophysics is thus to give an 

indisputable explanation of the solar neutrino anomaly. 

""* On leave from the Astrophysics! Institute, Vrije Universiteit Brussel. 



It is well known that such a subtle problem requires a complex ana aeticulous 
numerical strategy. Since the scope of this article is not technical but rather illus
trative w* will not describe all the refinements entering in the composition of the 
numerical sun (Canen, Doom, Cassé, 1986, in preparation). 

The purpose of section 2 will be to briefly expose to the community of particle 
physicists, our natural allies, the basic hypotheses and physical input underlying a 
decent solar model. 

In section 3 we present an updated version of the standard solar model recently 
tailored at Saclay in the context of the Brussels-Saclay collaboration. The program (de 
Loore et al.. 1975, de Loore et al., 1978), which has been greatly improved, is based on 
the original Paczynski's (1970) version. This revisited model includes the latest 
available atomic and nuclear data. Our results will be compared to recent ones. 

Finally, in section 4, we discuss the astrophysical and cosmological consequences 
of the helium abundance we derive. 

2 - THE XUCLEAR SOU 

According to the well established theory, the luminosity and the longevity of 
the sun are maintained by a sequence of thermonuclear reactions involving mainly 
protons, deep in its interior (Bethe, 1939, Salpeter, 1952, Fowler, 1954, Bahcall et 
al., 1982, Fowler, 1982 and references therein). No fundamental breakthrough in our 
knowledge of the nuclear activity of the sun is expected by neutrino-hunters, but only 
a verification of the fundamental fact that tne sun shines because it is burning 
hydrogen in its core. The nuclear reactions should produce neutrinos which can in 
principle be detected at Earth, at least the most energetic of the lot, namely those 

8 arising from B (Fowler, 1958, Cameron, 1958, Bahcall et al., 1963 and following arti-
37 37 cles) through the reaction Cl(v,e-) Ar (Pontecorvo, 1946, Alvarez, 1949; for a 

historical background see Bahcall and Davis, 1982 ). 
The sun is thus regarded as a gravitationally confined thermonuclear reactor. The 

sequence of nuclear reactions which results in the conversion of four protons into a 
helium-4 nucleus is believed to proceed mainly through the proton-proton reaction 
chain (table I) and marginally via the CNO-cycle. 



m PROTO* m o m * TRI-CHAH (froa Fowler, i»B2) 

XH • lR * *D • •* • v TBe • •* * TLi • » 
XH * •" • lH - 2D * v (p«p) T U • XH * *Se • *He 
aD * lH - *He • 7 0» 
3H« + 3He - *He • XH • Ml TBe • XH » •B *r 

0» •B » e. # • "Be • • • v 
3H« • *H« - TB« • 7 •B.*- *He • *He 

The contribution to the energy budget of the CNO-cycle is only about 1.5%. Six 
reactions essentially contribute to the neutrino emission (tables II anâ VII), each 
proportionally to its rate. The energy spectrum of the emitted neutrinos (see e.g. 
Bancall et al., 1982) is shown in Vignaud's contribution. Among the neutrinos emerging 
from the sun only those with energy exceeding 814 kev can be detected by the Brookhaven 
chlorine experiment, and to tne great disappointment of theorists the rate of neutrinos 
counts (Davis et al., 1968 and following measurements) appeared to be significantly 
less than the estimate based on the canonical models. Today tne disagreement still 
persists: the measured value (2.11 0.4 SNU, Cleveland et al., 1984, l SNU * 10 cap
ture/second/target atom) is about a factor of 3 below the theoretical estimate of 
Bahcall et al. (1985): 5.6 ± 2.2 SHU. This raises questions about the true nature of 
neutrinos and on the validity of the numerical sun. Let us now focus on tne physical 
modelling of the sun. 



TJkBLB XI 

IBB IDCLttR UTVORK 

Reaction chain Heat input Maximum neutrino 
(MeV) energy (MeV) 

p(p,e*»')D 1.192 0.420 
p(pe-,p)D 0.001 1.440 
D(p,T>3He 5.494 -
3He( 3He,2p) 4He 12.860 -
3He(«,t)7Be 1.586 -
Be(e-,»') Li 0.045 0.861 

7Li(p,«)4He 17.348 -
7Be(p,t) 8B(e^ )8Be*(«)4He 11.017 14.06 
12 13 *) 1 3C 3.455 1.20 
1 3 c ( P , T ) i 4 N 7.551 _ 
1 4N(p, T) i 50(e» ,) 1 5N 9.054 1.73 
1 5N(p,«) l 2C 4.966 _ 
1 5N(P,T) 1 60 12.128 _ 
i 6 o ( P f T ) 1 7 F ( e - ,) 1 7o 2.423 — 
1 70(p,«) 1 4N 1.193 — 



3 - WWICaL HOOKAH» OF I B 801 

3.1 - Equations of atallar structure 

The structure of the solar interior will De considered in the simplest case of a 

non-roiating, spherica^y symmetric scar, devoid of any magnetic field. Solar 

evolution is treated by constructing a dense sequence of models. Beginning with a 

totally homogeneous (mixed) state. The sequence of models, separated by finite (but 

usually variable) time-steps, approximate the evolution of the sun. Its structure, at 

any time, is determined by the conditions cf mass continuity ( l ), hydrostatic 

equilibrium (2', energy conservation (3) and the mode of energy transport (4). The 

equations of stellar structure form a system of four first-order ordinary non-linear 

differential equations, supplemented by adequate boundary conditions (see section 

3.2). 

d Mr . 2 
4 n r f> (D 

d r 

d P K G p 
(2) 

£ = 4 « r 2 p ( t - î | ) (3) 
d r 

d T 3 H p L. 

d r 16 « a c r 2 T 3 
(4) 

Equation (4) holds only in the case of radiative transport (see section 3.3.4). 

P is the total pressure, T the temperature, r the distance from the center, H the mass 

within a sphere of radius r, L the energy leaving this sphere per second and s the 

specific entropy. For truly static situations ds/dt vanishes. It is more convenient 

to express the aquations in terms of the Lagrangian mass coordinate K defined by 

equation (l), c and 4 are tne energy generation rate and the mean absorption coeffi

cient: they are crucial physical inputs (see sections 3.3.2 and 3.3.3) depending on T, 

e and the relative abundance X. of each element i. To complete the equations we need 
auxiliary expressions for the equation of state (see section 3.3,1). Hence the problem 

of stellar evolution is tne determination of the functions P(H ,t),T(H ,t), r(M ,t), 

L r(H r,t), andX 1(M r,t). 



3.2- Boundary conditions 

Tne boundary conditions are imposed at two different points of the star, the 
center and tne surface. Therefore it is not possible to generate the complete solution 
by progressing away from any single point. The central pressure and temperature, P^ 
and T , are initially unknown, and the radius and surface temperature as well. One 

c 
assumes some values of P and T to begin integrations outward from the center and some -12 C -3 values of p (here 10 g.cm ) and T at the surface to begin integrations inward. The 
surface-core fitting problem is handled here by integrating away from both boundaries 
to a predetermined intermediate point where the two solutions are joined. The 
temperature at this point is taKen as 3.10 K. This choice enables one. to consider the 
luminosity as constant in the outer zone, since no nuclear-energy generation taxes pla
ce below 3.10 K. It also permits to consider the inner zone as completely ionized, 
hence greatly simplifying the numerical integrations. If the starting values are 
correctly guessed, tne functions T, r, L , and X match at the fitting point, and a cor
rect model is achieved. 

A simple grey atmosphere model is used to estimate the photospheric radius R _ 
pnot 

related to the effective temperature T through 
2 4 L = 4 n R w a T „ , where » is the Stefan-Boltzmann constant, phot eff 

3.3 - Phyaical input* 

3.3.1 - Equation cf state 

The adopted form includes gas and radiation pressure, partial electron 
degeneracy, incomplete ionisation of hydrogen and helium and dissociation of the H 
molecule. Coulomb interactions are treated in the Debye-Hucxel approximation (see 
e.g. CoxandGiuli, 1968). 

The basic differential equations and the equation of state provide a sufficient 
basis for calculating the physical conditions inside a star, once the nuclear reaction 
rates (governing t) and tne radiative opacities (K) art specified. 

3.3.2 -

The reaction rates art taxtn from caughlan at al. (1965) except for p(p,0*f )D 
(set below). For the proton-proton chain, thtat author» rely on the analysis of the 
experimental data made by Bahcall et ai. (1982) at the exception cf the 3He(cr) 7Be 
reaction for which tney adopt a more recant, rata (Filippone at al., 1963). Tne 



tabulated reaction rates are corrected for electron screening in the weak and 

intermediate approximation (Graboske et al., 1973) 

The pp. pep, and Be(e-,v)Li' reaction rates involving the weak interactions are 

practically inaccessible to direct experiment, and their estimate is based on 

theoretical arguments. Experimental input is however needed to determine the weak 

interaction matrix elements (see e.g. Bancall and Hay, 1969, Hampel, 1983, Filippone, 

1985). A value of 10.36 minutes for tne neutron half-life (influencing the pp reaction) 

nas been adopted in this work (after Filippone, 1985, in essential agreement with 

Hampel, 1983) rather than 10.82 minutes as in Bahcall et al. (1982). This leads to an 

increase of the pp reaction rate of about 5% with respect to the value used by Bahcall 

et al. (1982) and Lebreton and Maeder (1986), and in the last resort to a decrease of 

about one SNU of the expected neutrino counting rate. The method of computation of the 

nuclear abundances is taken from Wagoner (1969). He poses special problems (see e.g. 

Clayton, 1968) and a special formalism has been developped r>y Claude Doom (Cahen, Doom, 

Cassé, 1986, and Doom, Cahen, cassé, 1986, in preparation) to follow its abundance. 

Concerning the energy generation rates, the reaction p(p,e*p)D releases 0.420 MeV 

of kinetic energy, shared between the positron and the neutrino. The subsequent anni

hilation of the positron witn an electron of the medium brings the total energy release 

to 1.442 MeV. A fraction of this energy (0.262 MeV on average) is carried by the 

neutrino and escapes, leaving an average heat input of 1.19 MeV for each pp reaction. 

Heat inputs from all the relevant reactions are listed in Table I. The energy 

generation rate è is computed self-consistently by adding the energy production of each 

reaction as in Prantzos et al. (1985ab). 

3.3.3 - Radiative opacities. 

The basic equations describing the radiative transport of energy in stars is 

well established (equation 4). Suffice it to note here that the radiative opacity coef

ficient is a harmonic mean of the monocnromatic mass absorption coefficient k(e). For 

stellar applications, where local thermodynamic equilibrium can be assumed to an 

excellent approximation, the appropriate mean opacity is the Rosseland's one (see e.g. 

Clayton, 1968). Whenever radiative transfer is the dominant mode of energy transport, 

the opacity of the stellar matter governs the flux of radiation which traverses it, 

hence the luminosity of the star. Tne radiation flux depends also on the variation of 

the temperature with depth i.e. on the temperature gradient (equation 4). The calcu

lation of the Rosseland mean opacity requires a detailed knowledge of atomic, ionic, 

and even molecular ( for the coolest regions of tne star ) absorption cross-sections as a 

function of pnoton frequency. M l the processes which prevent the free motion of the 

photons (excitation of electronic levels, pnotoionization, bremsstraniung -for each 

state of each ion- together with scattering by free electrons) must be evaluated and 



added together, and this for different temperatures, densities and chemical compo
sitions. This is indeed a formidable task. Fortunately we have at our disposal recent 
opacity tables computed at Los Alamos (Huebner et al., 1977), supplemented by the 
latest molecular opacities (A.N. Cox. 1985, private cocaunication, see also Cox, 
1983)- The price to pay is to use these opacity tables almost as a black box since 
detailed checks are practically impossible. Conductive opacities are neglected here 
(see Clayton, 1968, for justification). 

3.3.4- Convection 

It must be realized that the lack of a rigourous theory of convection is a major 
deficiency in current stellar modelization. During the past decade the correctness of 
the usual Schwarzschild criterion (see e.g. ciiyton, 1968) for determining the 
boundary between convective and radiative zones has been questioned and persuasive 
arguments have be^n advocated in support of a significant amount of convective 
overshooting (Shaviv and Salpeter, 1973, Haeder, l975ab. Doom, l982ab, 1985, Doom et 
al., 1985, Bertelli et al., 1985). The goal of our investigation is to determine to what 
extent internal mixing could alleviate the neutrino problem, but this is beyond the 
scope of the present paper. Let us rather consider the standard case: each point of the 
solar model is tested as to whether convective or radiative transport dominates 
according to the usual stability condition (schwarzschild criterion). In regions of 
the star where the temperature gradient is found to be superadiabatic, the energy 
transport is dominated by convective turbulence leading to quasi-instantaneous mixing 
and homogeneization. Convection in a star tends to adjust the temperature gradient to 
its adiabatic value. In the standard solar model, convection in the central region 

g 
disappears before the sun has reached the age of about 10 years. However it is still 
present in the outer layers; the standard mixing length theory (Bohm-vitense, 1958) is 
used, as usual, to approximate superadiabatic convection in the manner described by 
Paczynski (1969). m short, in the framework of conventional solar models, the 
macroscopic dynamics is treated rather crudely, as stressed by Sough (1983) and many 
others. Macroscopic motions in the solar interior are usually ignored, mainly to avoid 
theoretical overloading, but the no-mixing assumption is now challenged (Schatzman and 
Maeder 1981, Schatzman, 1984, Lebreton and Haeder, 1986, Doom, Cahen, Cassé, 1986, in 
preparation). 
3.3.5- Basic dat* 

The basic solar data corresponding to global (observable) quantities are the 
following: mass, M « 1.989 1 0 3 3 g, observed luminosity 3.86 1 0 3 3 erg.s" 1, radius, R • 

10 0 

6.96 10 cm, age, t^-4.6 x 0.1 Oyr (see e.g. Bahcall et al., 1962, for a discussion of 
each of these parameters), it is assumed, as usual, that the chemical composition 



observed in the photosphere is the same as in the initial homogeneous sun, hence the 

metal content of the sun is taken as the photospheric one. We adopt in this «or* the 

value of Grevesse (1984). This value, 2 = 0.02 within 5%, is in agreement with that 

derived by Meyer (1985), and is slightly higher than the value given by Cameron (1982), 

2 = 0.0189. These observed quantities, specifying the star as a whole, when injected in 

the model, must suffice to determine the processes occurring inside the sun. 

Measurements of global oscillation frequencies of the solar surface together with 

observations of the lithium abundance in the photosphere impose further constraints, 

respectively to the depth of the external convective envelope (D—. a 2000001cm, see e.g. 

Provost, 1984) and to the temperature at its base ( T H C T =»
 2 - i 0 K» see e.g. Michaud et 

al., 1984). 

3.3.6 - Free paraine*"'""5 

The initial presolar helium content Y (also quoted Y in the following) is 
près 

adjusted to fit a model to the observed solar luminosity at the solar age. The ratio a 

of mixing length to pressure scale height in tne convective envelope is varied in order 

to obtain the observed solar radius with a good precision. As said previously, the 

standard mixing-length theory, which is used almost universally to treat convection in 

outer stellar layers, is also used here. For stars between 0.7 to 5 M , recent work 

indicate that models with a » 1.5 are those which most closely mimic the observed 

properties (VandenBerg, 1983, VandenBerg and Bridges, 1984). 
3.3.7 - neutrino fluxes 

Neutrino fluxes from the various beta-decays in the nuclear processes taking 

place in the interior are obtained by integrating the relevant nuclear reaction rates 
a 

over the model. The neutrinos fro» B, which are the most energetic of the lot (up to 

14.1 Mev) are expected to produce the great majority of counts in the chlorine 

detector, since their capture cross-section overcompensate their comparative 

scarcity, we use Bahcall's cross-sections to evaluate the neutrino capture rate in 

cniorine (Bahcall, 1978, Bahcall et al., 1982) and gallium (Bahcall et al., 1985) 

calculated from the models. 

4 - RMULTf AID OOHMJtlfOlf W1TB OfBB WOOSLÊ 

The main results of the basic modal (this modal is still subject to slight 

readjustements, our final modal will be released soon, Cahen et al. 1986), i.e. time 

evolution, internal structure, helium contant and neutrino counting rates and fluxes 



from the different reactions are shown in tables III to VII. The helium content 
necessary to fit a model to the observed solar luminosity to a precision better than 
!0~ 4 is found to be Y = 0.285 (for Z = 0.02) The radius of the model equals the observed 
solar radius to a precision better than 10 at t ~ 4.59 billion years, provided « is 
adjusted to 1.6. This value leads to a depth of the convective envelope (D ) of 1.8 
10 5 ton, slightly less than the value of a 2. 10 ton derived from measurements of high 
degree 5 minute oscillations (e.g. Provost, 1984 and reference therein). The 
temperature at the base of the couvective envelope is T » 1.97 io K, in good 
agreement with the value recommended by Hichaud et al. (1984). we regard this model as 
our reference model since it is the most consistent with available data, and more 
precisely with the new photospheric abundance determination. 

Our results bear little surprise, apart that, ironically, we obtain 
i) an initial (presolar) helium abundance, close to that of Lebreton and Maeder 

(0.285 vs 0.282) but less SNU (7.4 vs 13.3) 
ii) a number of SHU comparable to that of Bahcall et al. (1985) (7.4 vs 5.8; closer 

agreement would be obtained if the same Z were adopted), but more helium (0.285 vs 
0.25). 

We do not attempt to assign a probable error to the results; this would need more 
extended work, but it must be typically of tne order of 2 or perhaps 3 SNU in both direc
tions (Bahcall et al., 1982, Filippone and Schramm, 1982). 

Apart from the observed capture rate of neutrinos originating from nuclear 
reactions near the center of the sun, a stringent check of the internal structure and 
composition of the sun is provided by the period of the various surface oscillation 
modes (see e.g. Christensen-Dalsgaard, 1982, Sough, 1983, Ulrich and Rhodes, 1983, 
Provost, 1984, Deubner and Gough, 1984, Christensen-Dalsgaard et al., 1985). The high 
helium abundance derived on the basis of recent solar models (Table v), including ours, 
seems promising (see fig. in Leibacher et al., 1985, p.42, see also Lebreton and 
Maeder, 1986 ). But before concluding in this sense, our model should be tested against 
solar oscillations in a detailed manner. A collaboration with the Nice Observatory is 
planned to this purpose. 

Tables v to vil show that the recent models incorporating the last (Los Alamos) 
opacities are indeed very much alike in their main features. A closer inspection 
reveals however significant differences in the central temperature, which is very 
influential on the B-neutrino flux (« T 2 0 , Iben, 1969). 

All the models, but one, predict a neutrino counting rate R (Cl) of 6 to 8 SNU in 
the chlorine detector; the one by Lebreton and Maeder (1986, hereafter LM) yields 13.3 
SNJ. We differ from LM on the pp and Be(p,T) 8 reaction rates, our choice being 
influenced by recent informations (e.g. caughlan et al., 1985, Filippone, 1985), but 
reaction rates may explain only part of the discrepancy. Taken at face value, R (CD * 



13 smi, in the hypothasis of neutrino oscillations in ttic vacau*, iaplies at least 6 or 
7 light neutrino flavours, in contradiction with cosmological nucleosynthesis (see 
below) and only barely compatible with the constraint derived fro» the width of the 
massive electroweak gauge boson z* (number of flavours of neutrinos lighter than «bout. 
10 Gev < 5.4 ± l, Denegri, 1986 ,private communication). Mote that oscillations within 
the solar matter (Wolfenstein, 1978. HiJtheyev and Sairnov, 1985, Cribier et al.. 1985, 
vignaud, this volume) could, under favorable conditions, reduce this high flux to the 
observed value. But this large value can be explained in great part by the fact that the 
key reaction rates nave been revised since LM work was achieved. 

All tne models, but one, deduce Y » 0.28. The one by Bahcall et al. (1982) leads to a 
presolar helium quite low by cosmological standards (see below). The origin of the 
difference is difficult to trace back. Table v shows that the effect of the oouloatj 
(Debye-Huckel) correction to the equation of state is to decrease T by 0.01 and to 
decrease R (CI) by about 0.6 SNU, in good agreement with Ulrich (1982). 

s- AaTBoraraicALaimeomovooiaa.waiummxaa 

5.1 - Premolar belli* 

Since helium lines are unfortunately not observed in the photospheric spectrua, 
solar models give us a precious information on Y. 

i) Comparison of the calculated helium abundance at the birth of the sun (T _ * 
pree 

C.28), with that observed in Saturn, Y * 0.06 ± 0.05, and Jupiter, Y. « 0.18 t 0.O4 
5 w 

(conratn et al., 1984) clearly suggests that gravitational settling is significant 
even in Jupiter (Gautier, 1985, private communication). 

ii) Commenting on the low value of tne solar helium of Bahcall et al. (1962) 
(Y»0.25), Steigman (1983) writes: " It is a puzzle why the sun apparently has less 4He 
than is present in the current ISM ". It is not anymore the case if the newly derived 
value of Y is considered. Indeed Y is now close co that observed in tne Orion nebula (» 
0.28 to 0.30, Dufour, 1975, Peimbert and Torres-Peiafiert, 1977, Hawley, 1978, Peiabert 
1986, see table 2 in Yang et al., 1984), an aatropnyaical site with roughly solar 
metallicity. 
5.2- Primordial *M 

according to the Big-Bang theory, at the beginning of cosaological times, 
température was so extreme that the energy density of tne univers* was dominated by 



•«UBxvxjKxc partirlat (XT > a ) , aai 

aaaaar sf rslacivxstic daaraas of f raaai 

<a < 'M at»I- ;* aattr'.na to 

xom rata HBS oovaraad by ta» effectif 

(aalicity statas). Tat a»i»r«nc« of U9nt 

typas would aava mdaoad a ttx»c 

H«* " f raaxin^ out • 

(sa* -h* 

(Popalation IZ!) 

(voosiey and 

at al., lSt*). Taa naliaa 

ay cassa stars is estiaatad 

ta ta» slope of taair initial 

aacaiiicity 

trains êX 

spactrua 

is. tae oldest scars (extra 
-6 to Da lass caan 6-iC ~, a 

taa cirtn of tae oniaxy and 
avolBtxon (•aeder, 1913) deduce AT 

raiaasa of dsvtarxi 

* C-03 OeUworço-Saivador 

9*1 
free 

COAT 
t*l 

(* 0.2*5) and taa estiaates of its ojalactic 

a&ta a n recant observations (e.a. 

la atad taa various uncertainties 

ar indirect datarBlnation of T to 
P 

nieaast quality results 

i 1 • 0 .2» t 0.005 ( 
>. 0.235* 0-004 ( 

of aatai-aoor extraoaiactic 

i a l . , an). 0.245 * 0.003 (Kuatn and 

0.235*0.013 (Paiaeect et a i . , 1985). A 

nartatstlc {(amoaon and 



Kinaan, 1985). This comparison yields AY - 0.Q5, which is more than expected (see 

aDove) but compatible with the hypothesis of an active phase of star formation in the 

young galaxy (vangioni-Flam, Audouze, and Delbourgo-Salvador 1986, private coaaunica-

tion). Note that the value estimated hy Bahcall et al. (1982), Y * 0.25 ± c.Oi, once 

corrected for galactic production of helium, lea'îs to 0.21 < Y < 0.24 in agreement with 

the nebular data. 

6- O0KLO8XO> 

Using our own version of the standard solar model and recent estimates of 

nuclear reaction rates and heavy element abundances, we derive an initial solar helium 

content Y * 0.285 by mass, close to the Orion value, and neutrino counting rates of 7.4 

SNU on cniorine and ill SNU on gallium (using the capture cross sections of Bahcall et 

al. 1985). From the solar helium abundance and the primordial one, inferred from tne 

observations of metal poor exti agalactic nebulae, we deduce a galactic helium produc

tion from big-bang to tne birth of the sun AY a 0.05. This value sets interesting 

constraints on models of the chemical evolution of tne Galaxy. 
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TULI III 
TIB EVOLDTIOI OF IBB H I M K M H MODEL 

Age 
Gyr 

L_ 
L o 

R 
R o 

*c 

10 6K 
P = - 3 

g.cm 
X c ( 1 H ) X c ( 3 H e ) 

i 
c 

e r g . g ~ * s - 1 

0.078 

0.149 

0.401 

0.858 

1.577 

2.307 

3.059 

3.913 

4 .341 

4.590 

0 .716 

0 .724 

0 .739 

0 .762 

0 .798 

0 .841 

0 .888 

0 .947 

0 .980 

1.000 

0 .888 

0 . 8 9 1 

0 .896 

0 .906 

0.92C 

0 .938 

0 .956 

0 .979 

0 .992 

1 .000 

1 3 . 5 4 

1 3 . 5 5 

1 3 . 6 5 

1 3 . 8 0 

1 4 . 0 6 

1 4 . 3 9 

1 4 . 7 5 

1 5 . 2 2 

1 5 . 4 8 

1 5 . 6 5 

8 0 . 9 1 

8 1 . 7 9 

8 4 . 1 2 

8 8 . 2 7 

9 5 . 5 2 

1 0 4 . 9 

1 1 5 . 9 

1 3 1 . 1 

1 4 0 . 3 

1 4 6 . 2 

0 .6890 

0 .6840 

0 .6660 

0 .6332 

0 .5813 

0 .5267 

0 .4692 ' 

0 .4016 

0 .3666 

0 .3456 

4 .84E-05 

4 .81E-05 

4 .50E-05 

3 .93E-05 

3 .19E-05 

2 .47E-05 

1.85E-05 

1.26E-05 

9 .69E-06 

8 .45E-06 

14.25 

14.35 

14.53 

14 .54 

14 .78 

1 5 . 2 8 

15 .72 

1 6 . 4 5 

1 6 . 8 1 

17 .16 

7 , P , X ( H), X ( He) and c denote the temperature, density, hydrogen mass 
c c c, c c 
fraction, He mass fraction, and energy generation rate at the center of the 
solar model. The first models from t=0 to 0.078 Gyr are excluded Because small 
numerical oscillations occur, due to readjustment of the light element 
abundances. The young sun is less luminous than tne present sun by about 30%. 
The effects of this increase in luminosity on the atmosphere of the Earth and 
of the planets are under study (Cahen, Reeves, Doom and Cassé, 1986, in 
preparation). 



TMU IV 
aniucïUM or THE HIFWCE HOOKL AT t > 4 . » oyr 

1 
K 

r 
M 0 9 

T 

10 6K 

P 

-3 
g.cm 

X( iH) X(3He) 
c 

e r g . g ~ * s - 1 

L r 

0.0000 0 .0000 15 .65 146.2 0.34S6 8.45E-06 1.72E+01 0.0300 

0.OOC1 0 .0099 15 .61 145.6 0.3483 B.67E-06 1.70E+01 0.0009 

0.0007 0 .0189 15.53 142.8 0.3563 9.21E-06 1.67E-KJ1 0.0060 

0.0290 0 .0695 14 .25 108.5 0.4610 2.28E-05 1.19E-KU 0.2079 

0.0618 0 . 0 9 3 1 13 .40 90.61 0.5195 3.88E-05 9.08E*00 0.3842 

0.1348 0 .1289 12 .03 67.21 0.5943 8.95E-05 5.30E+00 0.6488 

C.2062 0 .1566 10 .98 52.63 0.6353 1.75E-04 3.16E+00 0.8019 

0.3035 0 .1904 9 .782 38.59 0.6663 4.03E-04 1.49E+00 0.9145 

0.4256 0 .2314 8 .505 25.72 0.6841 1.13E-03 5 .42E-01 0.9744 

0.5165 0 .2636 7 . 6 6 4 18.33 0.6896 2.48E-03 2 .35E-01 0.9921 

0.6074 0 .2994 6 .853 12.39 0.6926 2.54E-03 5 .27E-02 0.9963 

0.7187 0 .3530 5 . 8 4 2 6.795 0.6948 8.11E-04 1.02E-02 0.9998 

0.8017 0 .4066 5 .027 3.726 0.6953 2.55E-04 2 .34E-03 1.0000 

0.9120 0 .5268 3 .689 1.029 0.6955 8.26E-05 9 . 1 8 E - 0 5 1.0000 

C.9634 0.649C 2 . 7 0 1 0.3099 0.6955 7.59E-05 3 .07E-06 1.0000 

0.9951 0 .3440 1.040 0.0522 0.6955 7.50E-05 3 .17E-09 1.0000 

1.0000 1.0000 0 .058 0.0000 0.6955 7.56E-05 C.OOE+OO 1.0000 

V K 0 i % t n * **** includad in tîia sphart of radius r/RQ, and L f/L tna anargy 
laaving this spnara par sacond. T, P, X( iH), x(3Ha) and t danott tna vaiuas of 
temparatura, dansity, Jiydrogan and 3Ha mass fraction and naat ganaration Dy nuclaar 
reactions raspaetivaly. 



tuu v 

USBRXAL PIRMRBS, BUIB COWOT JUD URRiaO ODUTIK RATES 

OF HOOKJ l»XM KKBR LOS ALAMOS OPACITM 

Authors z Reaction 
rates 

C 3 
Gyr 

e Ï R^Cl) 

SNU SKU 

V 83 0.0169 FCZ 75 4.7 1.5 0.27 8.3 (') 

BHLPU 82 

BCDR 85 

NS6 84 

O-Ol^ 

0.C179 

0.018 

BHLPU 82 

BCDR 85 

FCZ 75 

4.70 

(») 

4.62 

(') 

(») 

(') 

0-25 

<»> 

0.274 

7.6±3.3 

5.812.2 

(») 

1 0C 
Ml? 
(') 

LH 86 0.0189 HFCZ 83 4.6 1.9 0.282 13.3 (') 

NSG 84 

2 

This work 

> 
This work 

0.020 

0.020 

0.020 

FCZ 75 

CFHZ 85 
* F 85 

CTHZ 85 
• F 85 

4.62 

4.62 

4.59 

(») 

1.6 

1.6 

0.282 

0.295 

0.285 

. ..-

( l) 

8.1 

7.4 

(l) 

114 

111 

BHLPU 82 * Bancali «t al. (1982), BCDR 85 * Bancal 1 at al. (1985), CFHZ 8S = 

Caughlan at al. (I98S), F 85 * Filippone (1985). FCZ 75 * Fowlar at al. (1975), 

H 83 » Hampe1 (1983), HFCZ 83 « Harris et al. (1983), LK 86 * LeDreton and 

Kaeder ( 1986 ), NSG 84 * woeis et al. ( 1984 ), v 83 « vandenBergn ( 1983 ). 

( > ) not specif led 

( > ) without Coulomb correction ( to oe compared witn LH results ) 

( > ) with CouloiiiD correction ( reference model ) 

Only models using the recent Los Alamos opacities are quoted (see 

Christensen-Dalsgaaxd and references tnerein for work based on the tables of Cox and 

Stewart (1970). The model of Filippone and Schramm (1982), yielding P (CD » 7.0 s 3 SNU 

and R^Oe) * i n x 13 SHU does not appear in tnis taeie Because the value of Y (and a, if 

any) is not given Dy the authors, neither that of Shibahashi et al. (1983) for which 

important informations are lacking. 



T A U VI 
PRSXCAL COIDXTXOU AT TB CBIBI AID I» TB U»VICTIM BfELOn 

Authors z Y 
T ç_ 
106K 

P<-3 g.cm 
X^H) 

X^He) 

10"6 l05ka 

T BCE 
1C6K 

BHLPU 82 
NSC 84 

0.0179 
0.018 

0.25 
0.274 

15.50 
15.63 

156.3 
150.2 

0.3445 
0.3448 

8.94 
1.72 1.838 

LM 86 0.0189 0.282 15.91 160.3 0.3353 5.76 1.68 1.76 

NSG 84 > This work 
4 

This work 

0.020 
0.020 
0.020 

0.282 
0.295 
0.285 

15.75 
15.71 
15.65 

151.5 
149.2 
146-2 

0.3298 
0.3340 
0.3456 

(') 
7.73 
8.45 

1.75 
1.80 
1.80 

1.917 
1.953 
1.972 

0 * depth of tne convective envelope, 7 * temperature at the base of the 
convective envelope. 
( » ) not specified 
(a) The comparison cannot be made due to the simplified treatment of the 
external layers by Bahcall et al. (1982) 
( * ) witnout coulomb correction ( to be compared with LH results ) 
( » ) with Coulomb correction ( reference model ) 



TABLE VII 

CBLCDUTID lEUTRIWO FLU2BS 
(îo 1 0^" 2.»" 1 «t farta) 

AID COORIHO RMH (SOT) 

Neutrino This work 
source BCDR 85 (Z=0.02) 

PP 6.10 5.95 
pep 0.015 C.012 
7Be 0.40 0.47 

8B 0.00040 0.00053 
1 3N 0.05 0.06 
15o 0.04 0.05 

V C 1 ) 5.812.2 T.4 

V G a ) 107_ 7 111 
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