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Abstract. We determine the structure of the solar radiative zone with the
imposition of the sound speed profile and the depth of the convection zone
obtained from helioseismic analysis. We discuss the neutrino fluxes and cap-
ture rates using the resultant seismic solar model. We find that the seismic
solar model cannot resolve the solar neutrino problem. The hydrogen and he-
lium profiles of the Sun are obtained as a part of the solutions. We find that
hydrogen is reduced in the core as expected in the theory of stellar evolution.

1. Introduction

The solar neutrino problem is a long-standing problem in astrophysics and physics.
The detected solar neutrino fluxes are substantially less than the theoretical predic-
tions. This discrepancy implies either (i) the physics of neutrinos is not fully under-
stood, or (ii) something is wrong with the solar modelling. The theoretical predictions
have been made by using the “standard” solar models. However, these models have
the following problems. (1) They are not completely consistent with the results of he-
lioseismology. (2) They are constructed with the assumptions concerning the history
of the Sun, which may not be fully justified. (3) They are constructed by adjusting effi-
ciency of the convective energy transport as a free parameter, which is not determined
uniquely in the current theory of convection. In this paper, we depart from the stan-
dard construction of a solar model and construct a solar model by using as many of the
experimentally well measured quantities, including the seismically determined sound
speed profile (Takata and Shibahashi, 1997), as possible. We compute the neutrino
fluxes based on the resultant solar model and compare them with the observations.
First, we determine the sound speed profile of the Sun from the observations of solar
oscillations. We then construct a solar model by solving the basic equations governing
the stellar structure with the imposition of the determined sound-speed profile and
with a constraint of the depth of the convection zone, which is also determined from
the sound-speed profile. This method has the following advantages. (1) The model is
consistent with helioseismology. (2) The model is a snapshot model of the present-day
Sun so that we need few assumptions about the past history of the Sun. (3) We do
not care about the treatment of convection since we treat only the radiative core by
setting the outer boundary at the base of the convection zone.
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Figure 1. Inverted squared sound speed (left) and hydrogen (right) profiles.

2. Making a Seismic Solar Model

We perform an asymptotic inversion to determine the sound speed profile using the
data from LOWL (Tomczyk et al., 1995), GONG (Hill et al., 1996), VIRGO on SOHO
(Frohlich et al., 1997), BISON (Elsworth et al., 1994), HLH (Bachmann et al., 1995),
and the observation carried out in 1990 at the South Pole (Jefferies et al., 1995). To
eliminate the possibility of spurious results, we calibrate the results of the inversion
of the observed frequencies using the inverted results of the theoretical frequencies of
the same modes of a solar model. Both the statistical error and the systematic error
are as low as 0.1% for r/Rg > 0.3 and 0.3% for r/Rg < 0.3. The sound speed profiles
determined from various combinations of these data are shown in the left panel of fig-
ure 1. The ordinate is the relative difference between the determined squared sound
speed and that of the model S of Christensen-Dalsgaard et al. (1996). Almost all the
curves are consistent each other except that the results deduced from the GONG +
SP90 (South Pole 1990) data show peculiar behaviour near the center. A conspicu-
ous feature is a hump near r ~ 0.65Rg. The general feature of the present results
are almost consistent with the recent inversions made by other groups (e.g. Basu et
al. 1996, Kosovickev et al. 1997). The location of the base of the convection zone is
determined from the fact that the function W = r2/(GMpg) dc?/dr becomes almost
constant in the convection zone. The present results are consistent with Gough et al.
(1996)’s estimate, Tcony = 0.709Rg. Once the sound speed profile is determined, we
solve the basic equations governing the stellar structure with the imposition of the
determined sound speed profile. The hydrogen and helium profiles are obtained as a
part of solutions as well as other thermodynamical quantities. We assume, as the first
step, that Z is constant through the whole Sun. Note that recent evolutionary solar
models including metal diffusion (e.g. Bahcall and Pinsonneault 1995, Christensen-
Dalsgaard et al. 1996) are found to be more consistent with the sound speed profile
obtained by helioseismology than those without metal diffusion. We will try inhomo-
geneous Z profiles later. The inner boundary conditions are L, = M, = 0at r = 0.
The outer boundary conditions are set at the base of the convection zone, and they
are (1) L, = Lg and (2) Viaqa = Vaq. The latter means that the neutral stability
against convection holds at the base of the convection zone. We also impose that the
relative abundance of heavy elements to hydrogen is equal to the photospheric value,
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TABLE 1. Neutrino capture rates and fluxes.

Seismic Model Experiments

Cl [SNU] 94713 2.28 +0.23"!

69.7 + 6.7(stat.) "33 (syst.)*?

+7
Ga [SNU] 13725 69 + 10(stat.) = 6(syst.)"®

2.80 + 0.19(stat.) & 0.33(syst.)"*

8 P —2 -1 +1.3
B [10° cm™ s7] 6.7°1s 2.5110:14 (stat.) + 0.18(syst.)"®

References. — *! Homestake (Davis, 1993), *> GALLEX (Hampel et al., 1996), ** SAGE
(Abdurashitov et al., 1994), ** Kamiokande (Fukuda et al., 1996), *5 Super-Kamiokande
(Totsuka, 1997)

Z/X = 0.0245 (Grevesse and Noels, 1993), since the matter in the convection zone
is homogeneous due to mixing. We adopt the OPAL equation of state (Rogers et al.,
1996), the OPAL opacity (Iglesias and Rogers, 1996), and the nuclear reaction rates
compiled by Bahcall and Pinsonneault (1995).

3. Results and Discussion

The hydrogen profile of the most likely seismic solar model is shown by the thick solid
curve in the right panel of figure 1. To see the influence of the input physics upon the
results, we vary the value of Z/X, the depth of the convection zone, and the opacity.
The results are also shown in the right panel of figure 1. The central hydrogen is
really reduced in all cases as expected in the standard theory of stellar evolution. We
estimate the age of the present-day Sun (¢g) from the amount of hydrogen which was
converted to helium. Assuming that the average solar luminosity during evolution is
0.85L¢, we obtain tg ~ 5.5 x 10%yr. This is the helioseismic determination of the solar
age and is independent of the conventional meteoritic determination. We also obtain
the helium profile. The estimated surface helium abundance (Ys) is between 0.23
and 0.25. This value is consistent with the other helioseismic results determined from
the variation in the adiabatic exponent in the Hell ionization zone (Degl’Innocenti
et al., 1997). Though the value itself is not very accurate, it should be emphasized
that the present method is a new one of determining Ys. Table 1 lists the neutrino
capture rates and fluxes of the seismic solar model and those of experiments. We
estimated the errors in the theoretical prediction by taking account of the uncertainties
of various input parameters including the sound speed, nuclear reaction rates, opacity,
chemical composition, screening effects, position of the base of the convection zone
and the systematic errors of inversion process. As seen in table 1, the theoretical
values based on the seismic solar model are still significantly larger than the observed
ones. It should be stressed that we are free from the standard evolutionary processes
and have constructed a snapshot model of the present Sun with fewer assumptions.
Nevertheless, the large discrepancy between theory and experiments still exists. Hence,
we conclude that the astrophysical solution to the solar neutrino problem is unlikely.

There is another kind of inversion technique called the non-asymptotic inversion,

https://doi.org/10.1017/50074180900238199 Published online by Cambridge University Press


https://doi.org/10.1017/S0074180900238199

24

which is based on the variational principle. Some of the data used in the present
paper have also been inverted by the non-asymptotic method (e.g., Basu et al. 1996,
Gough et al. 1996). An advantage of non-asymptotic inversion methods is that we get
directly one more physical quantity such as p in addition to the sound speed profile.
The overall features of the non-asymptotically inverted sound speed profile are similar
to the present results. However, the central density obtained in the present study is
higher by several percent than the result of the non-asymptotic inversion. The cause
of this difference is not yet clear. One possibility is the difference in the assumption on
the Z-profile. As a numerical experiment, we depart from the assumption of constant
Z and increase Z in the radiative core while we keep Z/X constant at the base of
the convection zone. We find out how much we need to modify Z so that the inverted
density near the center in our method matches with the non-asymptotically inverted
density. The result is Z. ~ 0.04. This value is much larger than the standard values,
and we think that the difference only in the Z-profile is unlikely to be the cause of
inconsistency in the inverted density profiles. The non-asymptotically inverted density
profile should be independent of the input physics such as the equation of state,
opacity and nuclear reaction rates. On the other hand, the density profile obtained in
our method is dependent on them. The apparent discrepancy of the density profiles
may imply that something is wrong in the input physics.
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