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Helium and heavy-element diffusion are both included in precise calculations of solar models. In addition,
improvements in the input data for solar interior models are described for nuclear reaction rates, the solar
luminosity, the solar age, heavy-element abundances, radiative opacities, helium and metal diffusion rates, and
neutrino interaction cross sections. The effects on the neutrino fluxes of each change in the input physics are
evaluated separately by constructing a series of solar models with one additional improvement added at each
stage. The effective 1o uncertainties in the individual input quantities are estimated and used to evaluate the
uncertainties in the calculated neutrino fluxes and the calculated event rates for solar neutrino experiments.
The calculated neutrino event rates, including all of the improvements, are 9.37}3 SNU for the *'Cl
experiment and 137‘:? SNU for the "'Ga experiments. The calculated flux of ‘Be neutrinos is 5.1
(1.0073%%) % 10° cm™2 s™! and the flux of ®B neutrinos is 6.6(1.0071%)% 10% cm™2 s™!. The primordial
helium abundance found for this model is ¥=0.278. The present-day surface abundance of the model is
Y,=0.247, in agreement with the helioseismological measurement of Y;=0.242+0.003 determined by
Hernandez and Christensen-Dalsgaard (1994). The computed depth of the convective zone is
R=0.712Ry, in agreement with the observed value determined from p-mode oscillation data of
R=0.713%+0.003R found by Christensen-Dalsgaard et al. (1991). Although the present results increase the
predicted event rate in the four operating solar neutrino experiments by almost 1o (theoretical uncertainty),
they only slightly increase the difficulty of explaining the existing experiments with standard physics (i.e., by
assuming that nothing happens to the neutrinos after they are created in the center of the sun). For an extreme
model in which all diffusion (helium and heavy-element diffusion) is neglected, the event rates are 7.01"?:3
SNU for the *’Cl experiment and 126§ SNU for the 7'Ga experiments, while the "Be and *B neutrino fluxes
are, respectively, 4.5(1.001”8:83))( 10° cm™2 57! and 4.9(1.00%51%) % 10° cm™2s™!. For the no-diffusion
model, the computed value of the depth of the convective zone is R=0.726R , which disagrees with the
observed helioseismological value. The calculated surface abundance of helium, Y,=0.268, is also in
disagreement with the p-mode measurement. The authors conclude that helioseismology provides strong
evidence for element diffusion and therefore for the somewhat larger solar neutrino event rates calculated in
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velocity in the solar interior and of the depth of the convec-
tive zone. Unlike the neutrino observations (Hirata et al.,
1991; Davis, 1993; Abdurashitov et al., 1994; Anselmann
et al., 1994), the measured p-mode frequencies are in good
quantitative agreement (typically to much better than one
part in a thousand) with the most accurate solar model cal-
culations, especially when the theoretical uncertainties are
taken into account. The agreement between p-mode frequen-
cies and solar model calculations has been achieved as a
result of iterations involving successive improvements in
both the theory and the observations. One of the earliest
achievements of helioseismology led to more precise calcu-
lations of the depth of the solar convection zone, which now
agrees well with the helioseismological determination (for
discussions of the observed and calculated solar p-mode os-
cillations, see Bahcall and Ulrich, 1988; Libbrecht, 1988;
Elsworth et al., 1990; Christensen-Dalsgaard, Gough, and
Thompson, 1991; Gough and Toomre, 1991; Guenther, Pin-
sonneault, and Bahcall, 1993; Dziembowski, Goode, Pamya-
tanykh, and Sienkiewicz, 1994). In the present paper, we
show that a recent helioseismological determination of the
present-day surface abundance of helium by Hernandez and
Christensen-Dalsgaard (1994) agrees with the results of solar
model calculations that include diffusion but disagrees with
solar model calculations that do not include diffusion.

The neutrino fluxes calculated using different solar model
codes are in good agreement with each other when the same
input parameters are adopted. Typically, the agreement is
better than, or of the order of, 2% (Bahcall and Pinsonneault,
1992; Bahcall and Glasner, 1994; Bahcall, 1994). Recently
published calculations of standard solar models and solar
neutrino fluxes include work by Bahcall and Ulrich (1988),
Turck-Chiéze et al. (1988), Sackman et al. (1990), Bahcall
and Pinsonneault (1992), Turck-Chiéze and Lopes (1993),
Bahcall and Glasner (1994), Castellani et al. (1994),
Christensen-Dalsgaard (1994), Kovetz and Shaviv (1994),
and Shi et al. (1994). Earlier models in the present series of
papers, which began in 1963 (Bahcall, Fowler, Iben, and
Sears, 1963), are described in Bahcall (1989).

One of the principal improvements that has been made in
recent years is to include in the calculations the effects of
element diffusion. In the absence of an external field, diffu-
sion smooths out variations. However, in the case of the sun,
the stronger pull of gravity on helium and the heavier ele-
ments causes them to diffuse slowly downward (toward the
solar interior) relative to hydrogen. In a previous paper (Bah-
call and Pinsonneault, 1992), we incorporated an approxi-
mate analytical description (Bahcall and Loeb, 1990) of the
effects of hydrogen and helium diffusion into our stellar evo-
lution code and evaluated the effects of this diffusion on the
calculated neutrino fluxes, the depth of the solar convective
zone, and the primordial helium abundance. In a related pa-
per (Guenther, Pinsonneault, and Bahcall, 1993), the effects
of helium and hydrogen diffusion on the calculated p-mode
oscillation frequencies were evaluated using the same
(Bahcall-Loeb) approximate analytic treatment of diffusion.
The inclusion of helium and hydrogen diffusion somewhat
exacerbated the differences between calculated and observed
neutrino rates while improving the agreement with the
p-mode oscillations (see Christensen-Dalsgaard, Proffitt, and
Thompson, 1993).
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A more accurate numerical solution of the fundamental
equations of diffusion has subsequently been carried out by
Thoul, Bahcall, and Loeb (1994) (hereafter TBL). The prin-
cipal difference between the work of Thoul et al. and earlier
studies (such as the well-known investigation by Michaud
and Proffitt, 1992) is that Thoul et al. solve the Burgers
equations exactly and then represent the numerical results by
simple analytic functions, rather than trying to obtain ana-
lytic solutions by approximations. The results of TBL are
available in a convenient exportable subroutine that can be
included in solar model calculations. The TBL subroutine
includes heavy-element, helium, and hydrogen diffusion. The
number of heavy elements that are diffused by this subrou-
tine can be chosen by the user. In the present paper, we carry
out the first evaluation of heavy-element as well as hydrogen
and helium diffusion using the results of Thoul and her col-
laborators. We also take this occasion to update the input
data for the nuclear reactions, the solar age, the element
abundances, and the radiative opacities. Previous calcula-
tions including the effects of heavy-element diffusion have
been carried out by Proffitt (1994) and by Kovetz and Shaviv
(1994). Although different formulations of the diffusion
equations were used in the Proffitt (1994), the Kovetz and
Shaviv (1994), and the present calculations, and somewhat
different input data were adopted in each case, similar effects
were found in all three calculations.

The primary goal of this paper is to provide accurate pre-
dictions, with well-defined uncertainties, of the solar neu-
trino fluxes in order to compare the expectations based upon
standard physics (standard solar models and standard elec-
troweak theory) with solar neutrino experiments. In order to
orient the reader, we summarize below the results from the
four operating solar neutrino experiments (where 1 SNU
equals 1073 interactions per target atom per sec) and give a
preview of the theoretical results we obtain in this paper.

The measured rate for the chlorine experiment (which is
primarily sensitive to 8B and "Be neutrinos) is (Davis, 1993;
Cleveland et al., 1995)

Rate(chlorine) =2.55+0.17(stat) = 0.18(syst). (1)

We shall show in this paper that the standard model predic-
tion is 9.37 13 SNU including metal and helium diffusion and
7.0793 SNU without any diffusion. The measured rate for
the GALLEX and the SAGE gallium solar neutrino experi-
ments (which are primarily sensitive to p-p and "Be neutri-
nos) are, respectively (Anselmann ef al. 1993, 1994),

Rate(gallium) =79 = 10(stat) * 6(syst) ©))]
and (Abdurashitov et al. 1994; Nico et al., 1995)
Rate(gallium) = 69 10(stat) + 6(syst). 3)

For comparison, the standard model prediction for a gallium
experiment is 137°$ SNU including diffusion and 1267¢
SNU without diffusion. The measured flux (above 7.5 MeV)
of 8B neutrinos found in the Kamiokande water-Cherenkov
experiment is (Suzuki, 1995; Hirata et al., 1991)

Rate(water) =[ 3.0 0.41(stat) £0.35(syst) |
x10% em™ 2571, (4)
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TABLE I. Some important nuclear cross-section factors.?

Reaction No. Recent Refs. BP® This work® Comment
(1992) (1994)
H(p,e*v,)’H 1 c 4.001596x 10722 3.89(1£0.011)x10™% improved matrix element;

vac. polarization

"H(p+e~,v,)’H 2 Eq. (3.17) Eq. (3.17) see note (a)
3He(®He,2p)*He 3 d 5.0(1+0.06) X 10 4.99(1+0.06) % 103 vac. polarization
3He(*He,v) Be 4 0.533(1+0.032) 0.524(1+0.032) vac. polarization
"Be(e”,v,) Li 5 e Eq. (3.18) Eq. (3.18) improved plasma screening
"Be(p,v)*B 6 d.e 0.0224(1*0.093) 0.0224(1+0.093) small vac. polarization
“N(p,y)%0 7 d 3.32(1%0.12) 3.29(1+0.12) vac. polarization

*The tabulated values of S (0) are expressed in keV barn. Other recommended nuclear parameters are given in Tables 3.2 and 3.4 of Bahcall

(1989), which is also the source of “Eq. (3.17)” and “Eq. (3.18).”

5The uncertainties for the cross-section factors are indicated in parentheses; they represent 1o errors in the experimental values (see Parker

and Rolfs, 1991).
°Kamionkowski and Bahcall (1994a).
dKamionkowski and Bahcall (1994b).
¢Johnson et al. (1992).

The observed flux of ®B neutrinos is 0.45 of the standard
model rate including diffusion and 0.61 of the standard
model without diffusion.

The present paper is organized as follows. In Sec. II, we
describe improved input data and compare with the param-
eters that were used in earlier solar model calculations. In
Sec. III, we describe and compare the various prescriptions
for element diffusion. We present our principal results on a
series of solar models in Sec. IV. We describe in Sec. V how
we calculate uncertainties in the predicted fluxes and event
rates and present in this section our best estimates of the
uncertainties caused by each of the most important param-
eters. We summarize and discuss our main conclusions in
Sec. VL.

Il. INPUT DATA

We review in this section some of the important data that
are used in constructing solar neutrino models, emphasizing
the improvements that have been made since our last system-
atic investigation (Bahcall and Pinsonneault, 1992) and the
error estimates for the different parameters. In Sec. IL.A, we
review recent progress in determining nuclear reaction rates
and present a summary table of the cross-section factors and
uncertainties we adopt. We evaluate in Sec. IL.B the total
solar luminosity by averaging the results of several different
satellite measurements over the solar cycle. We analyze in
Sec. II.C and in the Appendix the meteoritic constraints on
the solar age and determine a best estimate, with uncertain-
ties, for the age of the sun. We summarize in Sec. IL.D the
current best estimates for the individual heavy-element abun-
dances and compare the present estimates with values deter-
mined over the past two decades. We describe in Sec. ILE
the OPAL radiative opacities used in our solar models. Fi-
nally, we present in Sec. ILF the improved neutrino interac-
tion cross sections used in the present paper.
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A. Nuclear reaction rates

The principal progress on the nuclear reaction rates since
1992 has been theoretical, including a recalculation of the
nuclear matrix element for the p-p reaction (Kamionkowski
and Bahcall, 1994a) and a self-consistent evaluation of the
effects of vacuum polarization on the rates of the other im-
portant solar nuclear reactions (Kamionkowski and Bahcall,
1994b). Two recent reviews summarize the experi-
mental situation (Parker, 1994) and the theoretical situation
(Langanke, 1994) and discuss the validity of different ways
of obtaining the extrapolated cross-section factors. [In Sec.
VI, we give predicted event rates for two extreme assump-
tions regarding how the average experimental 'Be(p,y)®B
cross section is calculated. The two assumptions give pre-
dicted event rates within the quoted 1o overall uncertain-
ties.]

Table I gives in column five the nuclear reaction rates used
here and compares those rates with the earlier values, listed
in column four, used in Bahcall and Pinsonneault (1992). We
also include in column three of Table I references to some of
the recent papers on individual reactions; column six con-
tains, where appropriate, explanatory comments on the reac-
tions.

B. Solar luminosity

In this subsection, we use the results from a series of re-
cent satellite measurements to determine a best-estimate so-
lar luminosity with an approximate uncertainty that spans all
of the recent determinations of the luminosity.

The absolute luminosity of the sun is known with less
accuracy than one might imagine; in fact, the recognized
experimental uncertainties exceed the errors that are often
quoted in the astrophysical literature. The principal experi-
mental complications are (1) the difficulties in making com-
parisons between the absolute sensitivities of different satel-
lite radiometers; (2) the variability of the solar luminosity
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over the solar cycle; and (3) the systematic uncertainties as-
sociated with long-term solar variability (such as the Maun-
der minimum in the 16th and 17th centuries). In the absence
of a theoretical understanding of the long-term variability,
we do not make here an explicit calculation of its contribu-
tion to the overall uncertainty, although conventional wisdom
suggests that long-term variability would not be as large an
effect as the existing dispersion in absolute measurements
between different satellite experiments.

In recent years, there have been a number of analyses of
measurements of the total solar irradiance that were made
with the aid of space-born electrically-self-calibrating cavi-
ties. Precise measurements have been carried out on a variety
of satellites during the solar cycles 21 and 22, beginning in
the year 1978 with the Earth Radiation Budget Experiment
launched on the Nimbus 7 spacecraft (see, for example,
Hickey et al., 1980). Other important experiments include
the ACRIM I detector on the Solar Maximum Mission (Will-
son et al., 1981) and the Earth Radiation Budget Experiment
instruments on the Earth Radiation Budget Satellite and the
NOAA9 and NOAA10 Satellites (e.g., Hickey ef al., 1982).
Measurements are also available from the second-generation
ACRIM 1II experiment on the Upper Atmosphere Research
Satellite, launched in September 1991 (e.g., Willson, 1993a).
The precise relative measurements as a function of time from
these experiments are in excellent agreement with each other
and reveal a systematic, peak-to-peak variation with epoch in
the solar cycle of order =0.1% of the total irradiance (Lee
et al., 1991; Chapman et al., 1992; Frohlich, 1992; Hoyt
et al., 1992; Willson, 1993a). The average ratio of absolute
irradiances measured by the different experiments on these
satellites has a total dispersion of about *0.35% (cf. Will-
son, 1993a, Table I).

We have integrated the 81-day running means (Frohlich,
1992) of the solar irradiance from November 1978 to Janu-
ary 1991, adopting the absolute calibration given by the
ACRIM experiment. The result for the absolute luminosity is

Lo=(1367+5) Wm™? [47X(A.U.)?]
=3.844(1+0.004) X 10% ergs™!. 5)

Willson (1993b) calculates a weighted mean average of
(1367.2%0.01) Wm™? for all of the ACRIM I results, in
good agreement with the above value.

The most important aspect of Eq. (5) for our purposes is
the systematic uncertainty in the absolute value, which domi-
nates the error estimate. The uncertainty that we have
adopted spans the range of measurements of the total irradi-
ance obtained with different satellite radiometers during so-
lar cycles 21 and 22. The previous value of the solar lumi-
nosity used in this series was (Bahcall efal, 1982)
determined from the early satellite measurements made
in 1980 and 1981 and was Lg=3.86(1=*0.005)X% 10
erg s~ !, which is 0.4% higher than the currently recom-
mended value.

Since the best-estimate value of L has changed over the
past decade by an amount equal to the estimated uncertainty
shown in Eq. (5), we choose to regard the quoted error,
*+0.4%, as a 1o effective uncertainty. The estimated uncer-
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tainty in the luminosity of the sun corresponds (Bahcall,
1989) to less than a =3 % (10) uncertainty in all the solar
neutrino fluxes.

C. Solar age

The solar age is relatively well determined from meteoritic
measurements. A systematic analysis of the current state of
our knowledge is given in the Appendix, which was written
by G. J. Wasserburg. The best-estimate value is

1 age=(4.57£0.02) X 10° yr, (6)

where the quoted uncertainty includes errors of a systematic
character. The previous value of the solar age used in this
series was (Bahcall et al., 1982) 1 p5.=(4.55%20.1) X 10° yr,
which was based upon earlier studies of Wasserburg et al.
(1977) and Wasserburg, Papanastassiou, and Lee (1980). Til-
ton (1988) estimates the age of meteoritic condensation to be
4.56x10° yr. Guenther (1989), without access to all of the
meteoritic information, recommended 4.49%X 10° yr.

Conservatively, we take the error estimate shown in Eq.
(6) to be an effective 20 uncertainty (see Appendix). The
estimated uncertainty of about 0.5% in the age of the sun
corresponds (Bahcall, 1989) to less than a 1% (10) uncer-
tainty in all the solar neutrino fluxes.

A small fraction, less than 1%, of the estimated solar age
is likely spent on pre-main-sequence evolution (see, e.g.,
Iben and Talbot, 1966). Most modern solar models give a
pre-main-sequence lifetime before reaching the zero-age
main sequence of only about 3 107 yr.

All of the solar models constructed in this paper begin on
the zero-age sequence. Different assumed pre-main-sequence
scenarios affect the predicted neutrino fluxes by less than 1%
(see Bahcall and Glasner, 1994).

D. Element abundances

The assumed relative abundances of the heavy elements in
the primordial sun influence significantly the calculated neu-
trino fluxes (see Bahcall and Ulrich, 1971 for an early dis-
cussion). The heavy elements contribute importantly to the
calculated radiative opacities, which in turn affect the tem-
perature gradient in the solar interior model and therefore the
neutrino fluxes. In addition, the assumed heavy-element
abundances affect the calculated mean molecular weight and
therefore the stellar structure and neutrino fluxes.

Two different sources are predominantly used to determine
primordial element abundances, the meteorites (carbon-
aceous CI chondrites) and the solar photosphere. Over the
past several decades, there have been many initial disagree-
ments between abundances determined from meteorites and
abundances determined from the solar atmosphere. In nearly
all cases, as the atomic data were steadily improved and the
measurements made more precise, the atmospheric values
approached the meteoritic values. This trend has resulted in a
consensus view that the meteoritic values correctly represent
the primeval solar abundances (see, for example, Grevesse
and Noels, 1993a, 1993b). Most importantly, the recent
photospheric iron abundances are now in good agreement
with the meteoritic values.

Table II shows the most recent revision by Grevesse and
Noels (1993a) of the element abundances. We adopt their
results for our best solar models. Also shown for comparison
in Table II are the element abundances of Anders and
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TABLE II. Element abundances.?

Species Grevesse and Noels Anders and Grevesse Grevesse Ross and Aller Lambert and Warner
(1993a) (1989) (1984) (1976) (1971)

C 8.55+0.05 8.56 8.69 8.62+0.12 8.55

N 7.97*+0.07 8.05 7.99 7.94%0.15 7.93

(0] 8.87x0.07 8.93 8.92+0.02 8.84+0.07 8.77

Ne 8.08+0.06 8.09+0.10 8.08 7.57%£0.12 7.88

Na 6.33+0.03 6.31+0.03 6.33+£0.03 6.28+0.15

Mg 7.58+0.05 7.58+0.02 7.58%0.05 7.60*+0.15 7.48

Al 6.47+0.07 6.48-0.02 6.47 6.52+0.12

Si 7.55+0.05 7.55+0.02 7.55*+0.05 7.65+0.08 7.55

P 5.45+0.04 5.57£0.04 5.45 5.50+0.15

S 7.21+0.06 7.27%0.05 7.21+0.06 7.2+0.15 7.28

Cl 5.5%0.3 5.27+0.06 5.5

Ar 6.52+0.10 6.56+0.10 6.65 6.0 6.6

Ca 6.36+0.02 6.340.03 6.360.02 6.35+0.10

Ti 5.02%+0.06 4.93+0.02 5.02 5.05%x0.12

Cr 5.67%x0.03 5.68+0.03 5.67%=0.03 5.71%x0.14

Mn 5.39%0.03 5.53+0.04 5.53+0.04 5.42*0.16

Fe 7.50%+0.04 7.51+0.01 7.51%0.01 7.50%0.08 7.56

Ni 6.25+0.04 6.25+0.02 6.25+0.02 6.28

ZIX 0.0245 0.0267 0.0277 0.0288

2The numerical entries are the logarithms of the number abundances, normalized to logN = 12 for hydrogen.

Grevesse (1989), which were used in our previous best solar
models (Bahcall and Pinsonneault, 1992), the element abun-
dances determined by Grevesse (1984), which were used in
the Monte Carlo simulations of Bahcall and Ulrich (1988),
the element abundances of Ross and Aller (1976), which
were used for many of the earlier papers in this series (be-
ginning with Bahcall ef al., 1982), and the Lambert and
Warner abundances (Lambert and Warner, 1968), which were
used in the early discussion of Bahcall and Ulrich (1971).

It is instructive to compare in Table II the numerical val-
ues of the relative abundances that have been determined
over the past quarter of a century. There is good agreement
among the various determinations of nearly all of the heavy-
element abundances that are important for solar neutrino cal-
culations. Judging by the trend indicated in Table II, the er-
rors quoted by the various investigators appear to be reliable
indicators of the actual uncertainties. Neon may be the most
problematic of the heavy elements, since it is estimated to be
rather abundant but it cannot be measured directly in the sun.
The effect of the assumed neon abundance on the solar neu-
trino fluxes will be investigated separately by one of us
(M.H.P).

How uncertain are the primordial abundances of the heavy
elements? This is a difficult question to answer unambigu-
ously, since the most important uncertainties are probably
systematic. If we adopt as the estimator of the likely uncer-
tainty the variation of the measured value of Z/X over the
past decade, from Grevesse (1984) to Grevesse and Noels
(1993a), we find a 1o error of

o(Z/X)=*0.061X(Z/X), )

which is within a few percent of the uncertainty estimated by
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Bahcall and Ulrich (1988). We note in passing that a given
fractional change in the CNO abundances is much less im-
portant for calculating the neutrino fluxes than the same frac-
tional change in the abundances of the heavier elements like
Fe (see, for example, Bahcall and Pinsonneault, 1992).

E. Radiative opacities

The improved radiative opacities (Iglesias and Rogers,
1991; Rogers and Iglesias, 1992, and references cited
therein) computed by the OPAL group at the Lawrence Liv-
ermore National Laboratory have helped to resolve several
long-standing discrepancies between observations and calcu-
lations in the field of stellar evolution and stellar structure
(see Rogers and Iglesias, 1994 for an excellent review of the
recent progress). For all of the solar models discussed in this
paper, we have used OPAL capacities. Our best solar model
was computed using opacities generously prepared by Igle-
sias and Rogers for the most recent determination of heavy-
element abundances by Grevesse and Noels (1993a) (see col-
umn two of Table II).

For uncertainties in solar opacities, we use the estimates
that are given in Bahcall and Pinsonneault (1992). These
estimates were derived by comparing the values obtained for
each neutrino flux from solar models computed with the
older Los Alamos opacities and with the more accurate
OPAL opacities [see Eq. (20) and the discussion in Sec. VIII
of Bahcall and Pinsonneault, 1992].

The ratio of mixing length to pressure scale height, «, that
reproduces the solar radius in a solar model calculation is
strongly influenced by the low-temperature opacities and
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also by the choice of a model atmosphere; neither the low-
temperature opacities nor the choice of a model atmosphere
has a significant effect on the calculated neutrino fluxes. For
completeness, we note that we used the Kurucz (1991a,
1991b) low-temperature opacities and the Krishna Swamy
(1966) empirical solar T-7 relationship (in place of the pre-
viously used Eddington gray atmosphere). These choices for
the input physics improve somewhat the agreement between
the calculated and the observed p-mode oscillation frequen-
cies (Guenther et al., 1992) and lead to larger values of the
mixing length. A more detailed discussion of the relevant
outer-layer physics used can be found in Guenther et al.
(1992).

F. Neutrino interaction cross sections

For nearly all the neutrino interaction cross sections, we
use the values calculated by Bahcall and Ulrich (1988) and
tabulated in Bahcall (1989). The exceptions are (1) the cross
sections for neutrino absorption by the high-energy ®B neu-
trinos incident on 3’Cl, and (2) the neutrino-electron scatter-
ing cross sections. In both cases, the changes are small.

For the ®B-neutrino absorption cross section on ¢, we
use the recent determination by Aufderheide et al. (1994) of
o(®B)=(1.11£0.08) X 10~*? cm? (3 o uncertainty), which is
in good agreement with the Bahcall and Holstein (1986)
value (adopted by Bahcall and Ulrich, 1988) of o/(3B)=
(1.06+0.10) X 1072 cm?. The slightly greater accuracy of
the Aufderheide et al. value is the result of improved mea-
surements of the B-decay strengths in the decay of *’Ca. It is
instructive to note that the original calculation of Bahcall
(1964) gave o(®B)=1.27(1.0+0.25) X 10™*? cm? before any
data on the decay of *’Ca were available and at a time when
very little was known about the characteristics of the nuclear
levels of 3’Ar and %K. The fact that the crudest original
calculation agrees with the most refined existing calculation
to within 13% gives us confidence in the validity of this
important cross section.

An improved calculation of the neutrino scattering cross
sections by Bahcall, Kamionkowski, and Sirlin (1995),
which includes radiative corrections, has led to a net de-
crease in the total v,-e~ scattering cross sections by about
2%, essentially independent of energy. For v, -e~ scattering
cross sections, the total cross sections are increased by about
1.3% relative to the values given in Bahcall (1989).

. ELEMENT DIFFUSION

All of the detailed solar models published by different
stellar evolution groups include modern input data for ele-
ment abundances, nuclear cross sections, radiative opacities,
equation of state, and the solar age, mass, and luminosity.
However, as of this writing, very few stellar evolution mod-
els include element diffusion. The reasons for this omission
are, we believe, twofold: (1) element diffusion occurs on a
long time scale (typically more than 10'3 yr to diffuse a solar
radius under solar conditions), which shows that the effects
on stellar structure are small; and (2) diffusion mixes spatial
and temporal derivatives, which causes complications in
many stellar evolution codes. Nevertheless, the precision re-

Rev. Mod. Phys., Vol. 67, No. 4, October 1995

quired for solar neutrino calculations and for evaluating he-
lioseismological frequencies is so great that element diffu-
sion influences significantly both the computed neutrino
fluxes and the computed helioseismological frequencies (see
Cox, Guzik, and Kidman, 1988, 1989; Bahcall and Loeb,
1990; Bahcall and Pinsonneault, 1992; Proffitt, 1994).

We have used in the present paper three different prescrip-
tions to describe the effects of element diffusion: (1) an ana-
lytic treatment of helium diffusion (Bahcall and Loeb, 1990);
(2) an accurate numerical treatment of helium diffusion
(Thoul, Bahcall, and Loeb, 1994, TBL); and (3) an accurate
numerical treatment of heavy-element and helium diffusion
(TBL).

In Bahcall and Pinsonneault (1992), we made use of the
approximate analytic description of helium diffusion ob-
tained by Bahcall and Loeb (1990). This prescription is used
in the first five solar models we discuss in Sec. IV (and Table
1I0).

The main improvement in diffusion calculations that we
introduce in this paper is to implement (see the last three
models in Table III) the calculations of TBL, which are based
upon exact numerical solutions by Thoul of the fundamental
equations for element diffusion and heat transfer [the so-
called Burgers’ equations (Burgers, 1969)]. These solutions
satisfy exactly the flow equations for a multicomponent fluid,
including residual heat-flow terms. Unlike most previous dis-
cussions, no restriction is placed in Thoul’s analysis upon the
number of elements that can be considered nor upon their
relative concentrations. The diffusion velocities are expected
to be accurate to about 15% for solar conditions (TBL).
Good agreement exists between the diffusion rates computed
by Thoul et al. and the very different numerical treatment of
Michaud and Proffitt (1993; see also Proffitt, 1994).

An export subroutine that calculates the diffusion rates and
that can be incorporated in stellar evolution codes has been
developed by Thoul and is obtainable upon request (to J.N.B.
or A. Thoul). Moreover, Thoul et al. (1994) also provide
simple analytic fits to the numerical results, which are con-
venient to implement within existing stellar evolution codes.
In this paper, we use both the analytic fits and the exact
numerical results.

In Sec. IV, we first implement the Thoul et al. results for
pure helium diffusion and show that the effects on the calcu-
lated neutrino fluxes are essentially identical to those ob-
tained using the analytic approximations derived by Bahcall
and Loeb (1990). We then include the effects of heavy-
element diffusion together with helium diffusion using both
the analytic approximations and the export subroutine of
TBL. The model containing heavy-element diffusion accord-
ing to the numerical calculations of TBL represents our best
standard solar model.

All heavy elements were assumed to diffuse at the same
rate as fully ionized iron, which is a good approximation (see
TBL) since the total effect of heavy-element diffusion causes
only a relatively small change in the stellar properties. For
purposes of calculating the radiative opacity, the total Z was
adjusted only for diffusion; conversion in the CNO cycle was
neglected. The change in the local CNO abundances was
assumed proportional to the change in overall heavy-element
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TABLE III. Neutrino fluxes from different standard solar models.

Model pp pep hep "Be ] BN 50 R Cl Ga
(E10) (E8) (E3) (E9) (E6) (E8) (E8) (E6) (SNU) (SNU)

1) BP Best 6.00 1.43 1.23 4.89 5.69 4.92 4.26 5.39 8.1%19 13277

2) Opacity: 5.99 1.43 1.23 4.85 5.59 4.85 4.18 5.27 8.0119 1311}
Intermediate

3) DH: CG 5.99 1.42 1.24 4.83 5.54 4.81 4.15 5.23 79419 13017

4) Lo=3.844 5.97 1.42 1.24 4.76 5.38 4.71 4.04 5.09 77519 12917

5) tyee=4.57 5.98 1.42 1.24 4.74 5.34 4.68 4.01 5.05 7.65710 129*7

6) Improved 5.96 1.43 1.24 4.81 5.66 4.97 431 5.47 8.057}90 13117
Nuclear

7) Thoul 5.95 1.43 1.24 4.92 5.93 5.20 4.54 5.78 8.40% 13 13277
He diffusion

8) New opacity; 5.96 1.44 1.25 4.84 5.68 4.79 4.13 4.86 8.1% 15 130*]
new abundance

9) Best: Metal and 5.91 1.40 1.21 5.15 6.62 6.18 5.45 6.48 9.3%12 13718
He diffusion

10) Best: No 6.01 1.44 1.27 4.53 4.85 4.07 3.45 4.02 7.0799 12618

diffusion

abundance. The conversion of CNO isotopes has only a
small effect on the overall opacity (see Bahcall and Pinson-
neault, 1992).

In implementing the diffusion of heavy elements, we have
to change the radiative opacity at each spherical shell in the
solar model after each time step. We calculate the effect of
heavy-element diffusion on the opacity by computing a total
heavy-element abundance at each solar radius, Z(r), and
then interpolating for the opacity between opacity tables with
different total heavy-element abundances. We performed a
cubic spline interpolation in opacity as a function of p/ Tg,
T, and Y for two different values of Z. We used linear inter-
polation in Z between these two values to account for metal
diffusion. Our principal approximation is to use the same
Grevesse and Noels (1993a) relative mixture of heavy ele-
ments (see column two of Table II) at each point, although in
fact different ions sink with slightly different velocities (see
Figs. 7 and 9 of TBL). We intend to improve this approxi-
mation in a future paper (Pinsonneault et al., 1995, in prepa-
ration) in which we make use of tables to be calculated by
Iglesias and Rogers which will describe the effect of each
element on the total radiative opacity.

We make a small correction, <1%, to each neutrino flux
to take account of the errors introduced by interpolation in Z
in the opacity table; this interpolation is required when metal
diffusion is included. The correction was computed empiri-
cally by comparing two models run for the same conditions,
both without metal diffusion. For one of the models, an opac-
ity interpolation was artificially introduced, while the other
model was computed using the exact values in the opacity
table.

We estimate conservative uncertainties in the neutrino
fluxes due to element diffusion in the following manner. We
calculate each of the neutrino fluxes assuming that no diffu-
sion (helium or metal) occurs and separately assuming both
metal and helium diffusion occur at the rates given by the
formalism of TBL. These calculations define a set of maxi-
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mum fractional changes, «;, in the calculated values of each
neutrino flux, ¢;, according to the relation

@(without diffusion);= ¢(with diffusion);(1+ «;). 8)

The coefficients «; are determined in Sec. IV by comparing
the neutrino fluxes for Model 9 and Model 10 of Table III.
We follow TBL in estimating the 1¢ intrinsic uncertainty in
element diffusion to be

Aa;/a;=0.15. ©)

How far wrong could we possibly be in the estimated
diffusion coefficients?

The separation of elements by diffusion can be inhibited
by the presence of mixing in the solar interior. Although such
mixing is not present in standard models, it is expected from
some physical processes not usually included in standard
stellar models, including turbulent diffusion (Schatzman,
1969; Lebreton and Maeder, 1987) and rotationally induced
mixing (Pinsonneault et al., 1989; Pinsonneault, Kawaler,
and Demarque, 1990; Chaboyer, Demarque, and Pinson-
neault, 1995a; see also Charbonnel, Vauclair, and Zahn,
1992). The strongest evidence for such mixing is the anoma-
lous lithium depletion pattern seen in solar-type main se-
quence stars. In the sun, there is a factor of 160 difference in
the meteoritic and photospheric lithium abundances.

Lithium is fragile, burning at a temperature of order
2.6X 10% K. There is therefore a well-defined layer in stellar
interiors below which lithium is destroyed. If the surface
convection zone is deeper than this layer, surface lithium
depletion occurs. On the main sequence the convection zone
depth changes slowly with time, and stars of order 0.9 solar
masses and higher are not expected to generate surface
lithium depletion. During the pre-main sequence, higher-
mass stars can experience lithium depletion, but observations
in young clusters such as the Pleiades (Soderblom et al.,
1993) place tight constraints on the allowed degree of pre-
main-sequence depletion. The stellar data show evidence for



788 Bahcall, Pinsonneault, and Wasserburg: Solar models with diffusion

main sequence lithium depletion (Hobbs and Pilachowski,
1988; Christensen-Dalsgaard, Gough, and Thompson, 1992;
Balachandran, 1994, 1995; Pinsonneault, 1994). The time
dependence of the depletion is not simply resolved by
changes in the standard model physics because the depth of
the convection zone is a strong function of mass, and lithium
depletion occurs even in stars that are predicted to have very
thin surface convection zones.

So what is the biggest error we could make? In our uncer-
tainty estimates, we want to take account of the fact that
there may be systematic uncertainties in the diffusion rate
that have been considered. The most drastic assumption we
can make is that the diffusion rates for helium and the heavy
elements are all identically zero; this defines in the sense of
Chapter 7 of Bahcall (1989) a strong 3o lower limit to the
effect of diffusion. This extreme limit applies if some un-
known cause inhibits diffusion so that it does not occur at all.
The asymmetry between the drastic lower-limit uncertainty,
no diffusion, and the smaller upper-limit (intrinsic) uncer-
tainty, Eq. (9), causes our uncertainty estimates for the neu-
trino fluxes and the predicted event rates in solar neutrino
experiments to be asymmetric.

However, the survival of some of the lithium also places
constraints on how much mixing can occur. Proffitt (1994)
estimated that at most one-third of the effect of helium dif-
fusion could be removed, since some lithium survives. Using
an approximate simultaneous treatment of helium diffusion
and rotation, Chaboyer, Demarque, and Pinsonneault (1995a)
estimated that at most one-half of the effect of diffusion
could be removed while preserving the observed amount of
solar lithium. The exact degree of inhibition depends upon
both the unknown time dependence and amplitude of the
mixing and upon the unknown depth dependence of the dif-
fusion coefficients.

IV. SOLAR MODELS

In this section, we calculate solar models using the im-
proved input data described in Sec. II and, for the first time
in this series of papers, include the effects of metal diffusion.
We proceed by a stepwise process: we make one improve-
ment in the input data, calculate a new standard solar model,
then make a further improvement in the input data and cal-
culate a new standard model. The final improvement we
make is to include metal diffusion according to the relatively
accurate prescription of Thoul, Bahcall, and Loeb (1994).

In Sec. IV.A, we describe a series of solar models in which
each successive model contains one new improvement. The
neutrino fluxes and the event rates in solar neutrino experi-
ments are evaluated for each of the models and presented in
Table III. We summarize the principal physical characteris-
tics of each of these models in Sec. IV.B and Table IV. In
Sec. IV.C, we present extensive numerical tables that de-
scribe the run of the physical variables within the sun, in-
cluding the neutrino fluxes produced at each radial shell.

A. Neutrino fluxes in a series of solar models

Table III gives the neutrino fluxes computed for each of
the solar models.
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The first model listed in Table III is the best solar model
presented by Bahcall and Pinsonneault (1992), which in-
cludes helium diffusion and the recommended best values for
all of the input data as of that writing. The second model in
Table III shows the small decrease (~2%) in the predicted
8B neutrino flux and the 3’Cl capture rate that results when
the radiative opacity for iron is calculated using intermediate
coupling rather than LS coupling (Iglesias, Rogers, and Wil-
son, 1992). For the third model, the Debye-Huckel correction
to the pressure was made using the expression given by Cox
and Giuli (1968), rather than the expression given by Bahcall
and Pinsonneault (1992). The two expressions for the Debye-
Huckel correction lead, as expected, to answers for the cal-
culated neutrino fluxes that agree to within about 1%.

The improved solar luminosity and the more precise solar
age are used in the next two models. The decrease in the
adopted solar luminosity to the value given in Sec. IL.B de-
creases the calculated ®B neutrino flux and the chlorine
event rate by about 3%. The use of the solar age given in
Sec. IL.C decreases the ®B flux and the ¥’Cl capture rate by
less than 1%. All the other changes in neutrino fluxes are
even smaller.

The improved nuclear cross-section factors that are de-
scribed in Sec. II.LA and Table I make a somewhat more
substantial change in the event rates. The sixth model in
Table III shows that the improved nuclear data increase the
calculated 8B flux and the 3’Cl event rate by 6%, with
smaller changes in the other entries in Table I.

The numerical treatment of helium diffusion by Thoul
et al. (1994; Sec. III) was implemented in the model repre-
sented in row seven of Table III. The net effect on the cal-
culated neutrino fluxes of the numerical improvements is a
little more than 4% compared to the analytic treatment of
Bahcall and Loeb (1990).

The improved OPAL opacities (Sec. ILLE) and the most
recent heavy-element abundances determined by Grevesse
and Noels (1993a; Sec. IL.D) are used in constructing the
model in row eight of Table III. The combined effect of these
two changes is to decrease the "Be flux by 2%, the ®B flux
by about 4%, and the *’Cl and 7'Ga event rates by about 4%
and 1.5%, respectively.

The largest single change in the solar models is due to the
inclusion of metal diffusion (see Sec. III). The model that
includes metal and helium diffusion as well as all of the
other improvements mentioned above is shown in row nine
of Table III. The inclusion of metal diffusion increases the
"Be neutrino flux by 6%, the 3B flux by 17%, the 3’Cl event
rate by 15%, and the "'Ga rate by 5%.

We determine the overall effect of hydrogen, helium, and
heavy-element diffusion by calculating a model with the
same input parameters as used in our best model, row nine,
but with no element diffusion (hydrogen, helium, or heavy
elements). This no-diffusion model is presented in row ten.
By comparing the results given in rows nine and ten we see
that the overall effect of element diffusion is to increase the
calculated "Be flux by 13%, the ®B flux by 34%, the ¥’Cl
event rate by 30%, and the 7'Ga event rate by 8%.

B. Principal physical characteristics

Table IV presents some of the distinguishing physical
characteristics of the computed solar models. The successive
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columns give the model name (same as in Table III), the

M| = o © 0 = o [sa) Q o)
&Eé § § § § § E. § § % § central temperature and density, the heavy-element-to-
~ hydrogen ratio on the surface of the present sun, the initial
s cooowm “ - ° o mass fractions, the present central mass fractions, the ratio of
DO YRY 9 S S = the mixing length to scale height, and the overall character-
¥¥|222s22 2 g g 8 istics of the solar convective zone (the depth, the total mass,
and the temperature at the base of the convective zone).
352838238 s S a 8 The series of physical characteristics given in Table IV can
cE|SSSSSa S S S S be used to evaluate the sensitivity of each of these character-
istics to the set of input parameters that are varied in Table
. S==SE3838 = = 8 ¥ III and Table IV. For example, the computed depth of the
—adadda A A = convective zone is different if one includes diffusion or ne-
ggTeSe Q 2 2 glects diffusion entirely. As can be seen from the third from
o eewnny 9 B ¢ o l‘ast column of Table IV, the depth .of the comput?,d convec-
AAAA QA S IS} Q Q tive zone for our best model, which includes diffusion, is
eceeceee = < < R=0.712Rs, in agreement with the observed value deter-
2588 SY 5 2 5 % mined from p'—mode oscillation data of R=0.713
. O¥IINIL Q g v = +0.003R ‘(Chnstensen-Dalggaafd etal, 1991). On the
SS5555 5 5 5 5 other hand, if one neglects diffusion, the depth of the con-
vective zone is R=0.726Ry, in disagreement with the
[I-ogeys 8 2 % 8 p-mode oscillation data.
8O megeIgdn Q@ L 9 I Table V gives the computed surface properties of our best
SEsELEsE & = % S solar models with and without diffusion, Model 9 and Model
10 of Table III. The luminosity of the solar model increases
2XEIEER 2 2 2 = by about 31% (or 32%) over the course of its main sequence
oy FLILES T I Q3 lifetime. Note that the depth of the convective zone is sig-
Qgsgegzss 2o 2 g nificantly deeper in the early solar lifetime, particularly in
the model that includes diffusion.
. |znszss ¥ 8 8 9
NE g % cé % gj % % g § E C. Numerical solar models
[= =il =] S o (=] (==}
o6 &~ ~ o o o o Tables VI and VII present, respectively, a detailed numeri-
2 S22z E c g 2 2 cal description of the solar interior both with and without
> SS8888 § § & 8§ element diffusion. These details should be sufficient to per-
e 2 2 <2 S mit accurate calculations of the effects of various proposed
NO oW <+ e =~ = modifications of the weak interactions on the predicted neu-
= S S A trino fluxes. The first six columns of Table VI and Table VII
< ERRRERRER R B B R give the physical variables that together help to define the
°eceeeee 2 2 e © model: the integrated mass and luminosity up to the center of
w 0 00 0 % 0o %o oo each zone, and the radius, the temperature (in degrees K), the
S|l & ceLerLsse ¢ g % =2 density, and the pressure, all at the indicated integrated mass
3 E 888888 & g2 2 2 value. We use cgs units for the density and pressure. The last
gll = eeceee=s < five columns of Table VI and Table VII give the principal
g —~ isotopic abundances by mass, except for helium. The helium
% T’E abundance is determined by the relation Y=10—X—-Z,
Sl ,°|19¥99LX¥QLe 8 8 @ I where the heavy-element abundance Z is given in Table IV.
S Blovwnnan v v v W Table VIII and Table IX present, for models with and
§ = without diffusion, the neutrino fluxes produced in a given
g ~ spherical shell, as well as the temperature, electron number
3 glowarnox - - - © density, fraction of the solar mass, and the 7Be.abundance. by
%‘ ghs l% l% § § § § g % % ﬁ mass in the shel_l. The. mass 1nc11}ded in a given spherical
~ S S22 023 = p n p shell i is dM()=[M({+1)—M@G—1)]/2.
Q
= & V. UNCERTAINTIES
g g
3 E i § - The interpretation of solar neutrino experiments in terms
> E R . ~§ '§ - S of ei§h6.r limit.s on the allowgble range of solar interior cl}ar—
Ml = 8 ol % 5_ S & ,§ R é’ acteristics or in terms of particle phys%cs'pargmeters requires
all = BexUILESEE B 2 ER: S quantitative estimates of the uncertainties in the predicted
gl =S nSAS FEEESZ B3 2 neutrino fluxes and neutrino interaction cross sections. Pre-
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TABLE V. Some surface properties of solar models as a function of time. The results are given for our best models with and without

element diffusion, Models 9 and 10 of Table III.

Time Radius Luminosity Depth of convective
(10 yr) (Ro) (Lo) zone (M)
Diffusion No diffusion Diffusion No diffusion Diffusion No diffusion

0.00 0.868 0.880 0.673 0.686 0.0329 0.0280
0.04 0.874 0.886 0.698 0.709 0.0310 0.0262
0.27 0.883 0.895 0.724 0.733 0.0300 0.0258
0.50 0.889 0.900 0.736 0.745 0.0291 0.0254
1.00 0.900 0.910 0.763 0.770 0.0282 0.0245
1.50 0912 0.921 0.792 0.797 0.0282 0.0239
2.50 0.937 0.943 0.850 0.853 0.0268 0.0226
3.50 0.965 0.968 0.916 0.918 0.0252 0.0212
4.57 1.000 1.000 1.000 1.000 0.0240 0.0199

vious papers in this series (e.g., Bahcall e al., 1982; Bahcall
and Ulrich, 1988; and Bahcall and Pinsonneault, 1992) have
described how the error estimates are derived. Historically,
the theoretical uncertainty estimates played a major role in
defining the solar neutrino proBlem, since there was no other
way to judge the seriousness of the discrepancy between
theoretical solar calculations and experimental neutrino mea-
surements (see, e.g., Bahcall and Davis, 1982).

Chapter 7 of Bahcall (1989) contains a systematic discus-
sion of the procedures used to establish the uncertainties in
the calculated neutrino fluxes and gives a large number of
specific examples. We present here only a summary of the
main ideas and present the specific results that follow from
the uncertainties adopted in the present paper. Chapter 8 of

Bahcall (1989) presents the calculated neutrino cross sec-

tions and their estimated uncertainties. We use these values
except as explicitly noted in Sec. ILF.

In this paper, we have finally succumbed to pressure from
many of our experimental colleagues and are now quoting
effective 1o errors on all of the calculated quantities. We are
not claiming that each of the error distributions is normally
distributed with the errors given here, but rather that the
1o values we quote are, for theoretical quantities, a reason-
able approximation to what an experimentalist usually means
by a 1o error.

Previously, in this series of papers, we gave what we
called “total theoretical errors,”” which translated into simple
English meant we used 3 ¢ input uncertainties for all mea-
sured quantities and, for theoretically calculated quantities,
the total range of published values to determine the (gener-
ally smaller) theoretical uncertainties. The 1 ¢ theoretical un-
certainties given here are equivalent to one-third the previ-
ously quoted total theoretical errors. In some sense, we had
no choice in this matter; our total theoretical uncertainties
were already being divided by three and quoted as effective
10 errors by experimentalists.

Table X contains the calculated effective 10 uncertainties
in each of the principal solar neutrino fluxes from the ten
most important input parameters. Columns three through
seven of Table X give the uncertainties in neutrino fluxes
caused by uncertainties in the low-energy nuclear cross-
section factors. The last five columns give the uncertainties
in the neutrino fluxes caused by lack of knowledge of the
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primordial heavy-element-to-hydrogen ratio, the solar lumi-
nosity, the solar age, the radiative opacity, and the rate of
element diffusion.

Nuclear physics uncertainties are taken from the experi-
mental papers and are summarized in Table I and in Sec.
IILA. Some authors have adopted larger errors than those
given in the published experimental nuclear physics papers,
but the practice of using personal judgment to replace pub-
lished errors removes much of the objective basis for the
uncertainty estimates. The relatively small uncertainty,
quoted here, in the cross-section factor for the theoretically
calculated rate of the p-p reaction is based upon the large
number of experimental data available for the nuclear two-
body system and extensive numerical calculations of the al-
lowed range of cross-section factors that are consistent with
these experimental data (see Kamionkowski and Bahcall,
1994a).

The uncertainty estimates for the heavy-element-to-
hydrogen ratio, the solar luminosity, and the solar age are
determined in Secs. II.B and II.C of the present paper. The
uncertainties in the solar radiative opacity were determined
by comparing the results for accurate solar models computed
with the older Los Alamos opacities and the much improved
Livermore opacities. The effective 30 uncertainty for the
opacity is therefore

[ Ag¢ _[¢(Livermore) — ¢(Los Alamos)]
"¢ | T “T¢(Livermore) + ¢( LosAlamos)] ’

which spans the entire range between the old and the im-
proved opacity calculations. Similarly, the 3o lower-limit
uncertainties in the neutrino fluxes caused by uncertainties in
the diffusion rates are determined from the full differences in
neutrino fluxes computed in two extreme models, the best
no-diffusion model Model 10 of Table III, and the best model
with diffusion (heavy-element and helium diffusion), Model
9 of Table I1I. The specific prescriptions used to estimate the
lower-limit and upper-limit uncertainties are given, respec-
tively, in Egs. (8) and (9) of Sec. III. The large uncertainty
adopted here for the lower limit to diffusion, requiring that
the results overlap with the no-diffusion model at the 3o
lower limit, causes the total theoretical uncertainties to be
slightly larger in the present paper than in Bahcall and Pin-
sonneault (1992).

(10)

opacity
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TABLE VI. Standard Solar Model with Helium and Metal Diffusion.

M/Me R/Rp

T

P

P

L/Le

X(*H) X(He)

X(12c)

X(14N)

X(*%0)

0.0000298 0.00646
0.0000358 0.00687
0.0000431 0.00730
0.0000518 0.00776
0.0000622 0.00826
0.0000748 0.00878
0.0000899 0.00934
0.0001081 0.00993
0.0001300 0.01056
0.0001563 0.01123
0.0001879 0.01195
0.0002259 0.01271
0.0002716 0.01352
0.0003266 0.01438
0.0003926 0.01529
0.0004721 0.01627
0.0005675 0.01731
0.0006823 0.01842
0.0008204 0.01960
0.0009863 0.02086
0.0011858 0.02220
0.0014256 0.02363
0.0017140 0.02515
0.0020606 0.02678
0.0024774 0.02852
0.0029785 0.03037
0.0035810 0.03236
0.0043053 0.03448
0.0051761 0.03675
0.0062230 0.03918
0.0074817 0.04179
0.0089950 0.04459
0.0108143 0.04759
0.0130017 0.05083
0.0156315 0.05431
0.0184988 0.05773
0.0214547 0.06095
0.0245004 0.06401
0.0276376 0.06695
0.0308689 0.06978
0.0341969 0.07253
0.0376252 0.07522
0.0411573 0.07786
0.0447976 0.08045
0.0485508 0.08301
0.0524222 0.08554
0.0564176 0.08806
0.0605437 0.09057
0.0648076 0.09308
0.0692173 0.09558
0.0737818 0.09810
0.0785111 0.10063
0.0834163 0.10317
0.0885098 0.10575
0.0938057 0.10835
0.0993198 0.11100

1.5683E+07
1.583E+07
1.582E+07
1.582E+4-07
1.582E+407
1.582E+07
1.581E+07
1.581E+07
1.580E+07
1.580E4-07
1.579E+07
1.578E+07
1.578E+07
1.57TE407
1.576E+07
1.575E+407
1.5T4E+07
1.572E+407
1.57T1E+07
1.569E+07
1.567TE+07
1.564E+07
1.562E+4-07
1.559E+07
1.555E+4+07
1.552E+07
1.548E+07
1.543E+407
1.538E+4-07
1.531E+07
1.525E407
1.517E+07
1.509E+07
1.499E+407
1.488E+07
1.477TE+07
1.466E+407
1.456E+07
1.445E+07
1.435E4-07
1.425E+07
1.415E+07
1.405E+07
1.395E+07
1.386E+07
1.376E+07
1.366E+07
1.356E+4-07
1.346E+07
1.336E+07
1.326E+407
1.316E+07
1.306E+07
1.296E+07
1.285E+07
1.274E+07

1.559E+-02
1.558E+02
1.557E+02
1.556E+02
1.555E+02
1.554E+02
1.553E+02
1.552E+02
1.550E+02
1.548E+02
1.546E-+02
1.544E+02
1.541E+02
1.538E+02
1.535E+02
1.531E+02
1.527E+02
1.522E+02
1.517TE+02
1.511E+02
1.504E+02
1.497E+02
1.488E+02
1.479E+02
1.468E+02
1.456E+02
1.443E+02
1.428E+02
1.411E+02
1.393E+02
1.373E+02
1.350E+02
1.325E+02
1.298E+02
1.268E+02
1.239E+02
1.210E+02
1.184E+02
1.158E+02
1.133E+02
1.109E+02
1.086E+02
1.064E+02
1.042E+02
1.020E+02
9.992E+01
9.786E+01
9.583E+01
9.384E+01
9.187E+01
8.993E+01
8.801E+01
8.611E+01
8.421E+4-01
8.233E+01
8.046E+01

2.395E+17
2.394E+17
2.393E+17
2.392E+17
2.391E+17
2.389E+17
2.388E+17
2.386E+17
2.384E+17
2.381E+17
2.379E+17
2.376E+17
2.372E+17
2.368E+17
2.364E+17
2.359E+17
2.353E+17
2.347TE+17
2.340E+17
2.332E+17
2.323E+17
2.313E+17
2.301E+17
2.289E+17
2.274E+17
2.258E+17
2.240E+17
2.219E+17
2.196E+17
2.171E+17
2.142E+17
2.110E+17
2.074E+17
2.034E+17
1.990E+17
1.946E+17
1.903E+17
1.862E+17
1.823E+17
1.784E+17
1.746E+17
1.709E+17
1.673E+17
1.637E+17
1.602E+17
1.567TE+17
1.533E+17
1.499E+17
1.465E+17
1.432E+17
1.399E+17
1.366E+17
1.333E+17
1.300E+17
1.26TE+17
1.234E+17

0.00027
0.00032
0.00039
0.00047
0.00056
0.00068
0.00081
0.00098
0.00118
0.00141
0.00170
0.00204
0.00245
0.00294
0.00353
0.00424
0.00509
0.00610
0.00732
0.00877
0.01052
0.01260
0.01509
0.01806
0.02160
0.02582
0.03084
0.03681
0.04389
0.05229
0.06221
0.07391
0.08769
0.10385
0.12275
0.14275
0.16274
0.18274
0.20274
0.22273
0.24273
0.26273
0.28272
0.30272
0.32272
0.34272
0.36272
0.38272
0.40272
0.42273
0.44273
0.46274
0.48274
0.50275
0.52276
0.54277

0.33330
0.33348
0.33368
0.33391
0.33417
0.33447
0.33481
0.33519
0.33561
0.33610
0.33664
0.33726
0.33796
0.33875
0.33964
0.34064
0.34177
0.34305
0.34449
0.34611
0.34794
0.35000
0.35231
0.35492
0.35785
0.36115
0.36484
0.36898
0.37362
0.37881
0.38461
0.39107
0.39827
0.40626
0.41512
0.42403
0.43255
0.44075
0.44868
0.45637
0.46385
0.47114
0.47827
0.48526
0.49211
0.49884
0.50546
0.51198
0.51841
0.52475
0.53102
0.53721
0.54334
0.54941
0.55542
0.56139

7.04E-06
7.06E-06
7.07E-06
7.08E-06
7.10E-06
7.12E-06
7.15E-06
7.17E-06
7.20E-06
7.23E-06
7.27E-06
7.31E-06
7.36E-06
7.42E-06
7.48E-06
7.55E-06
7.63E-06
7.72E-06
7.83E-06
7.95E-06
8.08E-06
8.24E-06
8.42E-06
8.62E-06
8.86E-06
9.13E-06
9.44E-06
9.80E-06
1.02E-05
1.07E-05
1.13E-05
1.19E-05
1.27E-05
1.36E-05
1.47E-05
1.59E-05
1.71E-05
1.84E-05
1.97E-05
2.10E-05
2.25E-05
2.39E-05
2.55E-05
2.72E-05
2.89E-05
3.07E-05
3.27E-05
3.47TE-05
3.69E-05
3.93E-05
4.18E-05
4.45E-05
4.74E-05
5.05E-05
5.38E-05
5.75E-05

2.42E-05
2.42E-05
2.42E-05
2.41E-05
2.41E-05
2.41E-05
2.41E-05
2.41E-05
2.40E-05
2.40E-05
2.40E-05
2.39E-05
2.39E-05
2.38E-05
2.38E-05
2.37E-05
2.36E-05
2.35E-05
2.35E-05
2.34E-05
2.32E-05
2.31E-05
2.30E-05
2.28E-05
2.27E-05
2.25E-05
2.23E-05
2.20E-05
2.18E-05
2.15E-05
2.12E-05
2.09E-05
2.05E-05
2.02E-05
1.98E-05
1.94E-05
1.90E-05
1.86E-05
1.83E-05
1.80E-05
1.77E-05
1.74E-05
1.71E-05
1.68E-05
1.66E-05
1.63E-05
1.60E-05
1.58E-05
1.55E-05
1.53E-05
1.50E-05
1.47E-05
1.45E-05
1.42E-05
1.40E-05
1.37E-05

5.93E-03
5.93E-03
5.92E-03
5.92E-03
5.92E-03
5.92E-03
5.92E-03
5.91E-03
5.91E-03
5.90E-03
5.90E-03
5.90E-03
5.89E-03
5.88E-03
5.88E-03
5.87E-03
5.86E-03
5.85E-03
5.84E-03
5.83E-03
5.81E-03
5.80E-03
5.79E-03
5.77E-03
5.75E-03
5.73E-03
5.70E-03
5.68E-03
5.65E-03
5.63E-03
5.60E-03
5.57E-03
5.54E-03
5.51E-03
5.47E-03
5.45E-03
5.42E-03
5.40E-03
5.38E-03
5.36E-03
5.35E-03
5.34E-03
5.33E-03
5.32E-03
5.31E-03
5.30E-03
5.29E-03
5.28E-03
5.27E-03
5.27E-03
5.26E-03
5.26E-03
5.25E-03
5.25E-03
5.24E-03
5.24E-03

9.48E-03
9.48E-03
9.48E-03
9.48E-03
9.49E-03
9.49E-03
9.49E-03
9.49E-03
9.50E-03
9.50E-03
9.50E-03
9.51E-03
9.52E-03
9.52E-03
9.53E-03
9.54E-03
9.54E-03
9.55E-03
9.56E-03
9.58E-03
9.59E-03
9.60E-03
9.62E-03
9.63E-03
9.65E-03
9.67E-03
9.69E-03
9.71E-03
9.74E-03
9.76E-03
9.79E-03
9.81E-03
9.84E-03
9.86E-03
9.88E-03
9.90E-03
9.92E-03
9.93E-03
9.94E-03
9.94E-03
9.95E-03
9.95E-03
9.95E-03
9.95E-03
9.95E-03
9.95E-03
9.95E-03
9.95E-03
9.94E-03
9.94E-03
9.93E-03
9.93E-03
9.92E-03
9.92E-03
9.91E-03
9.91E-03
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TABLE VI

Bahcall, Pinsonneault, and Wasserburg: Soiar models with diffusion

. (Continued).

M/Mg

R/Ro

T

P

P

L/Lg

X(*H)

X(3He)

x(lZC)

X(**N)

X(*%0)

0.1050700
0.1110766
0.1173629
0.1239559
0.1308866
0.1381912
0.1459126
0.1541014
0.1628178
0.1721340
0.1821368
0.1929325
0.2046556
0.2174846
0.2316673
0.2475583
0.2656766
0.2868060
0.3084767
0.3299399

0.3511462

0.3720535
0.3926264
0.4128348
0.4326538
0.4520632
0.4710467
0.4895915
0.5076881
0.5253297
0.5425117
0.5592320
0.5754902
0.5912877
0.6066275
0.6215135
0.6359508
0.6499456
0.6635045
0.6766349
0.6893446
0.7016419
0.7135354
0.7250339
0.7361465
0.7468824
0.7572509
0.7672614
0.7769232
0.7862457
0.7952382
0.8039099
0.8122699
0.8203274
0.8280912
0.8355701

0.11369
0.11643
0.11924
0.12212
0.12508
0.12813
0.13129
0.13457
0.13800
0.14160
0.14539
0.14941
0.15369
0.15831
0.16333
0.16887
0.17510
0.18229
0.18958
0.19677

~0.20386
0.21087
0.21779
0.22464
0.23143
0.23817
0.24485
0.25149
0.25810
0.26467
0.27122
0.27774
0.28424
0.29073
0.29722
0.30370
0.31017
0.31665
0.32313
0.32963
0.33613
0.34264
0.34917
0.35572
0.36229
0.36888
0.37550
0.38214
0.38880
0.39550
0.40223
0.40899
0.41578
0.42261
0.42947
0.43637

1.264E-+07
1.252E+07
1.241E407
1.230E+07
1.218E+4-07
1.206E+07
1.193E+407
1.180E+07
1.166E407
1.152E+07
1.138E+407
1.122E+07
1.106E+07
1.089E-+07
1.070E+07
1.050E+07
1.027TE+07
1.002E+07
9.775E+06
9.537E+06
9.309E+06
9.090E+06
8.879E4-06
8.677TE+-06
8.483E+06
8.296E+-06
8.116E4-06
7.942E+406
7.775E+06
7.613E4-06
7.456E4-06
7.305E4-06
7.158E+-06
7.016E+06
6.879E+06
6.745E+406
6.615E+406
6.489E-+-06
6.367TE+06
6.247TE-+06
6.131E406
6.018E+06
5.907E+06
5.800E4-06
5.694E+06
5.592E+06
5.491E4-06
5.393E+-06
5.297E+-06
5.203E+-06
5.111E4-086
5.021E+06
4.933E+06
4.84TE+06
4.762E+06
4.679E+06

7.859E+401
7.672E+401
7.485E4-01
7.297TE+01
7.107TE+01
6.916E+01
6.723E+401
6.528E+-01
6.329E+-01
6.125E4-01
5.917E401
5.703E+01
5.482E+01
5.252E+401
5.011E+401
4.755E+4-01
4.481E+01
4.181E4-01
3.894E+01
3.627TE+01
3.379E4-01
3.148E+01
2.933E+401
2.732E+401
2.545E+01
2.370E401
2.207E+401
2.055E4-01
1.913E+401
1.780E+-01
1.657TE+01
1.542E+4-01
1.434E401
1.334E+01
1.240E+01
1.1563E+01
1.072E+01
9.958E4-00
9.253E4-00
8.597E+00
7.987E+00
7.418E4-00
6.890E-00
6.398E4-00
5.941E4-00
5.516E+00
5.121E4-00
4.754E4-00
4.413E4-00
4.097E4-00
3.802E+00
3.529E4-00
3.275E+00
3.039E+00
2.820E+00
2.617TE+00

1.201E+17
1.168E+17
1.134E+17
1.101E+17
1.067TE+17
1.033E+17
9.981E+16
9.629E-16
9.270E+16
8.905E+16
8.531E+16
8.147TE416
7.751E+16
7.342E+16
6.915E+416
6.46TE+16
5.991E+16
5.478E+416
4.995E+16
4.554E+16
4.152E+16
3.785E+16
3.451E+16
3.147E+16
2.869E+16
2.616E+16
2.385E+16
2.175E+16
1.983E+16
1.808E+16
1.649E+16
1.503E+16
1.371E+16
1.250E+16
1.140E+16
1.039E+16
9.47TTE+15
8.641E+15
7.879E+15
7.185E+15
6.551E+15
5.974E+15
5.44TE+15
4.967TE+15
4.529E+15
4.130E+15
3.766E+15
3.434E+15
3.132E+15
2.856E+15
2.604E+15
2.374E+15
2.165E415
1.97T4E+15
1.800E+15
1.642E+15

0.56278
0.58279
0.60280
0.62281
0.64282
0.66283
0.68285
0.70286
0.72287
0.74288
0.76289
0.78290
0.80290
0.82290
0.84291
0.86291
0.88291
0.90291
0.92021
0.93462
0.94659
0.95652
0.96473
0.97152
0.97712
0.98174
0.98556
0.98872
0.99132
0.99346
0.99516
0.99644
0.99738
0.99804
0.99851
0.99886
0.99912
0.99933
0.99949
0.99962
0.99972
0.99980
0.99986
0.99991
0.99995
0.99998
1.00001
1.00003
1.00004
1.00005
1.00006
1.00006
1.00007
1.00007
1.00007
1.00007

0.56731
0.57318
0.57903
0.58484
0.59062
0.59639
0.60213
0.60787
0.61359
0.61932
0.62505
0.63079
0.63655
0.64236
0.64821
0.65414
0.66016
0.66628
0.67169
0.67630
0.68025
0.68362
0.68651
0.68897
0.69107
0.69287
0.69441
0.69571
0.69681
0.69774
0.69855
0.69930
0.70003
0.70072
0.70138
0.70201
0.70259
0.70312
0.70361
0.70406
0.70446
0.70484
0.70519
0.70552
0.70582
0.70611
0.70639
0.70665
0.70690
0.70714
0.70737
0.70759
0.70781
0.70803
0.70824
0.70845

6.14E-05
6.57TE-05
7.05E-05
7.57E-05
8.15E-05
8.79E-05
9.51E-05
1.03E-04
1.12E-04
1.23E-04
1.35E-04
1.49E-04
1.66E-04
1.86E-04
2.11E-04
2.42E-04
2.83E-04
3.39E-04
4.06E-04
4.86E-04
5.80E-04
6.91E-04
8.21E-04
9.76E-04
1.16E-03
1.37E-03
1.63E-03
1.94E-03
2.29E-03
2.67E-03
2.99E-03
3.12E-03
3.09E-03
2.89E-03
2.61E-03
2.29E-03
1.98E-03
1.71E-03
1.46E-03
1.26E-03
1.08E-03
9.24E-04
7.96E-04
6.87E-04
5.95E-04
5.17E-04
4.51E-04
3.96E-04
3.49E-04
3.10E-04
2.76E-04
2.48E-04
2.25E-04
2.05E-04
1.88E-04
1.74E-04

1.34E-05
1.32E-05
1.29E-05
1.26E-05
1.23E-05
1.21E-05
1.19E-05
1.25E-05
1.63E-05
3.07E-05
7.26E-05
1.72E-04
3.64E-04
6.76E-04
1.11E-03
1.62E-03
2.14E-03
2.62E-03
2.95E-03
3.15E-03
3.27E-03
3.34E-03
3.38E-03
3.41E-03
3.42E-03
3.42E-03
3.42E-03
3.42E-03
3.42E-03
3.42E-03
3.42E-03
3.42E-03
3.41E-03
3.41E-03
3.41E-03
3.41E-03
3.41E-03
3.40E-03
3.40E-03
3.40E-03
3.40E-03
3.40E-03
3.39E-03
3.39E-03
3.39E-03
3.39E-03
3.38E-03
3.38E-03
3.38E-03
3.38E-03
3.38E-03
3.38E-03
3.38E-03
3.37E-03
3.37E-03
3.37E-03

5.23E-03
5.23E-03
5.22E-03
5.22E-03
5.22E-03
5.21E-03
5.21E-03
5.20E-03
5.19E-03
5.16E-03
5.09E-03
4.92E-03
4.60E-03
4.08E-03
3.39E-03
2.63E-03
1.95E-03
1.47E-03
1.23E-03
1.14E-03
1.10E-03
1.08E-03
1.07E-03
1.07E-03
1.07E-03
1.07E-03
1.06E-03
1.06E-03
1.06E-03
1.06E-03
1.06E-03
1.06E-03
1.06E-03
1.06E-03
1.06E-03
1.06E-03
1.06E-03
1.05E-03
1.05E-03
1.05E-03
1.05E-03
1.05E-03
1.05E-03
1.05E-03
1.05E-03
1.05E-03
1.05E-03
1.05E-03
1.05E-03
1.05E-03
1.05E-03
1.05E-03
1.05E-03
1.05E-03
1.05E-03
1.05E-03

9.90E-03
9.89E-03
9.88E-03
9.88E-03
9.87E-03
9.86E-03
9.85E-03
9.85E-03
9.84E-03
9.83E-03
9.82E-03
9.81E-03
9.80E-03
9.79E-03
9.78E-03
9.77E-03
9.75E-03
9.74E-03
9.73E-03
9.71E-03
9.70E-03
9.69E-03
9.68E-03
9.67E-03
9.66E-03
9.65E-03
9.64E-03
9.63E-03
9.62E-03
9.61E-03
9.61E-03
9.60E-03
9.59E-03
9.58E-03
9.57TE-03
9.57E-03
9.56E-03
9.55E-03
9.55E-03
9.54E-03
9.54E-03
9.53E-03
9.53E-03
9.52E-03
9.52E-03
9.51E-03
9.51E-03
9.50E-03
9.50E-03
9.49E-03
9.49E-03
9.48E-03
9.48E-03
9.48E-03
9.47E-03
9.47TE-03
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TABLE VI. (Continued).

M/Mg R/Rg T P P L/Le X(*H) X(He) X(*?0) X(MN) X(*¢0)

0.8427728 0.44330 4.597TE+406 2.429E+4+00 1.497E+415 1.00007 0.70865 1.62E-04 3.37E-03 1.04E-03 9.46E-03
0.8497076 0.45028 4.517E+06 2.254E+00 1.365E+15 1.00007 0.70886 1.52E-04 3.37E-03 1.04E-03 9.46E-03
0.8563830 0.45729 4.438E+06 2.091E+400 1.245E+415 1.00007 0.70905 1.43E-04 3.37E-03 1.04E-03 9.45E-03
0.8628070 0.46435 4.361E+06 1.940E+00 1.135E+415 1.00006 0.70925 1.36E-04 3.36E-03 1.04E-03 9.45E-03
0.8689876 0.47144 4.285E+06 1.800E+400 1.035E415 1.00006 0.70944 1.31E-04 3.36E-03 1.04E-03 9.45E-03
0.8749326 0.47858 4.210E+06 1.671E+400 9.438E+14 1.00006 0.70964 1.25E-04 3.36E-03 1.04E-03 9.44E-03
0.8806497 0.48576 4.137TE+06 1.550E+4+00 8.607TE+14 1.00006 0.70983 1.21E-04 3.36E-03 1.04E-03 9.44E-03
0.8861461 0.49298 4.064E+06 1.439E+4-00 7.848E+414 1.00005 0.71002 1.18E-04 3.36E-03 1.04E-03 9.44E-03
0.8914292 0.50024 3.993E+406 1.335E+400 7.157TE+14 1.00005 0.71021 1.15E-04 3.36E-03 1.04E-03 9.43E-03
0.8965060 0.50754 3.923E-+06 1.239E+400 6.526E-+14 1.00005 0.71041 1.12E-04 3.36E-03 1.04E-03 9.43E-03
0.9013833 0.51489 3.854E+06 1.150E+00 5.951E+414 1.00005 0.71060 1.10E-04 3.36E-03 1.04E-03 9.42E-03
0.9060679 0.52227 3.786E406 1.067TE+00 5.427E414 1.00004 0.71079 1.08E-04 3.35E-03 1.04E-03 9.42E-03
0.9105661 0.52970 3.719E4+06 9.904E-01 4.949E+414 1.00004 0.71098 1.07E-04 3.35E-03 1.04E-03 9.42E-03
0.9148844 0.53717 3.653E+06 9.193E-01 4.513E+14 1.00004 0.71117 1.06E-04 3.35E-03 1.04E-03 9.41E-03
0.9190288 0.54468 3.588E+06 8.534E-01 4.115E+14 1.00004 0.71136 1.05E-04 3.35E-03 1.04E-03 9.41E-03
0.9230053 0.55223 3.523E+06 7.923E-01 3.752E+14 1.00004 0.71154 1.04E-04 3.35E-03 1.04E-03 9.41E-03
0.9268196 0.55983 3.459E+06 T7.357TE-01 3.422E+414 1.00003 0.71172 1.03E-04 3.35E-03 1.04E-03 9.41E-03
0.9304774 0.56745 3.396E+406 6.832E-01 3.120E+14 1.00003 0.71188 1.03E-04 3.35E-03 1.04E-03 9.41E-03
0.9339841 0.57512 3.334E+06 6.346E-01 2.845E+14 1.00003 0.71204 1.02E-04 3.35E-03 1.04E-03 9.41E-03
0.9373449 0.58282 3.272E+06 5.895E-01 2.595E+14 1.00003 0.71218 1.02E-04 3.35E-03 1.04E-03 9.41E-03
0.9405650 0.59055 3.211E+06 5.477E-01 2.366E+14 1.00003 0.71231 1.01E-04 3.35E-03 1.04E-03 9.41E-03
0.9436491 0.59832 3.150E+06 5.091E-01 2.158E414 1.00002 0.71241 1.00E-04 3.35E-03 1.04E-03 9.41E-03
0.9466022 0.60611 3.090E+06 4.733E-01 1.968E+14 1.00002 0.71249 1.00E-04 3.35E-03 1.04E-03 9.41E-03
0.9494288 0.61393 3.030E+06 4.401E-01 1.794E+414 1.00002 0.71257 1.00E-04 3.35E-03 1.04E-03 9.42E-03
0.9521333 0.62176 2.970E+06 4.094E-01 1.636E414 1.00002 0.71266 1.00E-04 3.36E-03 1.04E-03 9.43E-03
0.9547200 0.62962 2.909E+06 3.810E-01 1.492E+414 1.00002 0.71279 1.00E-04 3.36E-03 1.04E-03 9.45E-03
0.9571931 0.63749 2.849E+06  3.548E-01 1.361E+14 1.00002 0.71301 1.00E-04 3.37E-03 1.05E-03 9.48E-03
0.9595565 0.64537 2.788E+06 3.305E-01 1.241E+14 1.00002 0.71347 1.00E-04 3.42E-03 1.06E-03 9.61E-03
0.9618142 0.65325 2.725E+06  3.081E-01 1.131E+14 1.00002 0.71426 1.00E-04 3.43E-03 1.06E-03 9.63E-03
0.9639697 0.66113 2.662E+06  2.874E-01 1.032E+414 1.00001 0.71543 1.00E-04 3.43E-03 1.06E-03 9.62E-03
0.9660267 0.66900 2.598E+06 2.683E-01 9.409E+413 1.00001 0.71704 1.00E-04 3.41E-03 1.06E-03 9.58E-03
0.9679886 0.67685 2.532E+06 2.506E-01 8.580E+13 1.00001 0.71912 1.00E-04 3.38E-03 1.05E-03 9.48E-03
0.9698587 0.68467 2.465E4+06  2.343E-01 7.824E+13 1.00001 0.72165 1.00E-04 3.32E-03 1.03E-03 9.34E-03
0.9716379 0.69244 2.395E4+06 2.194E-01 7.136E+13 1.00001 0.72461 1.00E-04 3.27E-03 1.01E-03 9.17E-03
0.9719883 0.69401 2.381E+06 2.165E-01 7.004E+413 1.00001 0.72526 1.00E-04 3.25E-03 1.01E-03 9.14E-03
0.9724120 0.69593 2.363E+06 2.131E-01 6.846E+13 1.00001 0.72609 1.00E-04 3.24E-03 1.01E-03 9.10E-03
0.9728306 0.69784 2.346E+06 2.098E-01 6.691E+13 1.00001 0.72695 1.00E-04 3.23E-03 1.00E-03 9.06E-03
0.9732441 0.69976 2.328E+06 2.065E-01 6.540E+13 1.00001 0.72784 1.00E-04 3.21E-03 9.95E-04 9.01E-03
0.9736525 0.70166 2.309E+06 2.033E-01 6.393E+13 1.00001 0.72876 1.00E-04 3.19E-03 9.90E-04 8.96E-03
0.9740558 0.70356 2.291E+06 2.001E-01 6.248E+13 1.00001 0.72971 1.00E-04 3.17E-03 9.84E-04 8.91E-03
0.9744542 0.70546 2.272E4+06 1.971E-01 6.107TE+413 1.00001 0.73069 1.00E-04 3.15E-03 9.78E-04 8.86E-03
0.9748476 0.70735 2.253E+06 1.941E-01 5.969E+13 1.00001 0.73170 1.00E-04 3.14E-03 9.73E-04 8.81E-03
0.9752361 0.70924 2.234E+4+06 1.912E-01 5.835E+13 1.00001 0.73277 1.00E-04 3.12E-03 9.67E-04 8.76E-03
0.9756198 0.71112 2.214E+06  1.884E-01 5.703E+413 1.00001 0.73388 1.00E-04 3.10E-03 9.60E-04 8.69E-03
0.9759986 0.71300 2.194E+06 1.857E-01 5.574E+13 1.00001 0.73507 1.00E-04 3.08E-03 9.57E-04 8.66E-03
0.9763762 0.71489 2.174E+06 1.831E-01 5.447E+13 1.00001 0.73507 1.00E-04 3.08E-03 9.57E-04 8.66E-03
0.9767490 0.71676 2.155E4+06 1.806E-01 5.323E+13 1.00001 0.73507 1.00E-04 3.08E-03 9.57TE-04 8.66E-03
0.9771170 0.71864 2.135E+06 1.781E-01 5.202E+413 1.00001 0.73507 1.00E-04 3.08E-03 9.57E-04 8.66E-03
0.9774803 0.72050 2.116E+06 1.757E-01 5.083E+13 1.00001 0.73507 1.00E-04 3.08E-03 9.57TE-04 8.66E-03
0.9778388 0.72235 2.096E+06 1.733E-01 4.967E+13 1.00001 0.73507 1.00E-04 3.08E-03 9.57E-04 8.66E-03
0.9781926 0.72420 2.077E+06 1.709E-01 4.854E+13 1.00001 0.73507 1.00E-04 3.08E-03 9.57E-04 8.66E-03
0.9785417 0.72603 2.058E+06 1.685E-01 4.744E413 1.00001 0.73507 1.00E-04 3.08E-03 9.57E-04 8.66E-03
0.9788863 0.72786 2.040E+06 1.662E-01 4.636E+13 1.00001 0.73507 1.00E-04 3.08E-03 9.57E-04 8.66E-03
0.9792262 0.72968 2.021E+06 1.639E-01 4.530E+13 1.00001 0.73507 1.00E-04 3.08E-03 9.57E-04 8.66E-03
0.9795615 0.73150 2.003E+06 1.617E-01 4.427TE+413 1.00001 0.73507 1.00E-04 3.08E-03 9.57E-04 8.66E-03
0.9808579 0.73866 1.931E+06 1.530E-01 4.037E+413 1.00001 0.73507 1.00E-04 3.08E-03 9.57TE-04 8.66E-03
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TABLE VI. (Continued).

M/Mg

R/Rg

T

p

P

L/Le

X('H)

X(3He)

X(*?C)

X(**N)

X(*¢0)

0.9820847
0.9832446
0.9843401
0.9853737
0.9863482
0.9872659
0.9881294
0.9889413
0.9897038
0.9904195
0.9910905
0.9917193
0.9923079
0.9928586
0.9933733
0.9938541
0.9943029
0.9947215
0.9951116
0.9954751
0.9958134
0.9961282
0.9964208
0.9966927
0.9969452
0.9971795
0.9973969
0.9975984
0.9977851
0.9979581
0.9981181
0.9982663
0.9984032
0.9985298
0.9986468
0.9987549
0.9988546
0.9989467
0.9990316
0.9991099
0.9991821
0.9992486
0.9993099
0.9993663
0.9994182
0.9994660
0.9995100
0.9995504
0.9995876
0.9996218
0.9996532
0.9996820
0.9997095

0.74569
0.75258
0.75934
0.76596
0.77244
0.77879
0.78500
0.79108
0.79701
0.80282
0.80849
0.81402
0.81943
0.82470
0.82984
0.83486
0.83974
0.84451
0.84915
0.85367
0.85807
0.86235
0.86652
0.87058
0.87452
0.87835
0.88208
0.88570
0.88922
0.89263
0.89595
0.89917
0.90229
0.90533
0.90827
0.91112
0.91389
0.91657
0.91917
0.92169
0.92413
0.92650
0.92879
0.93101
0.93316
0.93524
0.93725
0.93920
0.94109
0.94292
0.94468
0.94640
0.94811

1.861E+06
1.794E+06
1.730E+4-06
1.668E-06
1.608E+06
1.550E+06
1.494E+06
1.440E+-06
1.389E+-06
1.339E+-06
1.290E+06
1.244E+-06
1.199E+06
1.156E+06
1.115E+-06
1.074E+-06
1.036E+-06
9.984E4-05
9.624E4-05
9.277TE+05
8.943E+05
8.620E+-05
8.309E4-05
8.010E+-05
7.721E4-05
7.442E+4-05
7.174E405
6.9156E+4-05
6.666E-+05
6.426E+-05
6.194E4-05
5.971E+05
5.756E4-05
5.548E4-05
5.348E4-05
5.156 E+4-05
4.970E+05
4.792E+4-05
4.619E+05
4.453E+4-05
4.293E4-05
4.139E+-05
3.990E4-05
3.847TE4-05
3.709E+05
3.577TE4-05
3.449E4-05
3.325E4-05
3.207E+05
3.092E+05
2.982E+-05
2.876E4-05
2.770E+-05

1.448E-01
1.370E-01
1.296E-01
1.226E-01
1.160E-01
1.098E-01
1.039E-01
9.833E-02
9.305E-02
8.806E-02
8.333E-02
7.885E-02
7.462E-02
7.061E-02
6.682E-02
6.322E-02
5.983E-02
5.661E-02
5.356E-02
5.068E-02
4.795E-02
4.537TE-02
4.293E-02
4.062E-02
3.843E-02
3.636E-02
3.440E-02
3.255E-02
3.080E-02
2.914E-02
2.757TE-02
2.609E-02
2.469E-02
2.336E-02
2.210E-02
2.091E-02
1.979E-02
1.872E-02
1.771E-02
1.676E-02
1.586E-02
1.500E-02
1.420E-02
1.343E-02
1.271E-02
1.202E-02
1.137E-02
1.076E-02
1.018E-02
9.632E-03
9.112E-03
8.620E-03
8.136E-03

3.681E+13
3.357TE+13
3.062E+13
2.792E+13
2.546E+13
2.322E+13
2.117E+13
1.931E+13
1.761E+13
1.606E+13
1.465E+13
1.336E+13
1.218E+13
1.111E+13
1.013E+13
9.239E+12
8.425E+412
7.684E+12
7.007TE+12
6.390E+12
5.828E+12
5.315E+12
4.847TE+12
4.420E+12
4.031E+12
3.677TE+12
3.353E+12
3.058E+12
2.789E+12
2.543E+12
2.319E+12
2.115E+12
1.929E+12
1.759E+12
1.605E+12
1.463E+12
1.335E+12
1.217TE+12
1.110E+12
1.012E+12
9.232E+11
8.420E+11
7.679E+11
7.003E+11
6.387E+11
5.825E+11
5.312E+11
4.845E+11
4.418E+11
4.029E+11
3.675E+11
3.351E+11
3.045E+11

1.00001
1.00000
1.00000
1.00000
1.00000
1.00000
1.00000
1.00000
1.00000
1.00000
1.00000
1.00000
1.00000
1.00000
1.00000
1.00000
1.00000
1.00000
1.00000
1.00000
1.00000
1.00000
1.00000
1.00000
1.00000
1.00000
1.00000
1.00000
1.00000
1.00000
1.00000
1.00000
1.00000
1.00000
1.00000
1.00000
1.00000
1.00000
1.00000
1.00000
1.00000
1.00000
1.00000
1.00000
1.00000
1.00000
1.00000
1.00000
1.00000
1.00000
1.00000
1.00000
1.00000

. 0.73507
0.73507
0.73507
0.73507
0.73507
0.73507
0.73507
0.73507
0.73507
0.73507
0.73507
0.73507
0.73507
0.73507
0.73507
0.73507
0.73507
0.73507
0.73507
0.73507
0.73507
0.73507
0.73507
0.73507
0.73507
0.73507
0.73507
0.73507
0.73507
0.73507
0.73507
0.73507
0.73507
0.73507
0.73507
0.73507
0.73507
0.73507
0.73507
0.73507
0.73507
0.73507
0.73507
0.73507
0.73507
0.73507
0.73507
0.73507
0.73507
0.73507
0.73507
0.73507
0.73507

1.00E-04
1.00E-04
1.00E-04
1.00E-04
1.00E-04
1.00E-04
1.00E-04
1.00E-04
1.00E-04
1.00E-04
1.00E-04
1.00E-04
1.00E-04
1.00E-04
1.00E-04
1.00E-04
1.00E-04
1.00E-04
1.00E-04
1.00E-04
1.00E-04
1.00E-04
1.00E-04
1.00E-04
1.00E-04
1.00E-04
1.00E-04
1.00E-04
1.00E-04
1.00E-04
1.00E-04
1.00E-04
1.00E-04
1.00E-04
1.00E-04
1.00E-04
1.00E-04
1.00E-04
1.00E-04
1.00E-04
1.00E-04
1.00E-04
1.00E-04
1.00E-04
1.00E-04
1.00E-04
1.00E-04
1.00E-04
1.00E-04
1.00E-04
1.00E-04
1.00E-04
1.00E-04

3.08E-03
3.08E-03
3.08E-03
3.08E-03
3.08E-03
3.08E-03
3.08E-03
3.08E-03
3.08E-03
3.08E-03
3.08E-03
3.08E-03
3.08E-03
3.08E-03
3.08E-03
3.08E-03
3.08E-03
3.08E-03
3.08E-03
3.08E-03
3.08E-03
3.08E-03
3.08E-03
3.08E-03
3.08E-03
3.08E-03
3.08E-03
3.08E-03
3.08E-03
3.08E-03
3.08E-03
3.08E-03
3.08E-03
3.08E-03
3.08E-03
3.08E-03
3.08E-03
3.08E-03
3.08E-03
3.08E-03
3.08E-03
3.08E-03
3.08E-03
3.08E-03
3.08E-03
3.08E-03
3.08E-03
3.08E-03
3.08E-03
3.08E-03
3.08E-03
3.08E-03
3.08E-03

9.57E-04
9.57E-04
9.57E-04
9.57E-04
9.57E-04
9.57E-04
9.57E-04
9.57E-04
9.57E-04
9.57E-04
9.57E-04
9.57E-04
9.57E-04
9.57E-04
9.57E-04
9.57E-04
9.57E-04
9.57E-04
9.57E-04
9.57E-04
9.57E-04
9.57E-04
9.57E-04
9.57E-04
9.57E-04
9.57E-04
9.57E-04
9.57E-04
9.57TE-04
9.57E-04
9.57E-04
9.57E-04
9.57E-04
9.57E-04
9.57E-04
9.57E-04
9.57E-04
9.57E-04
9.57E-04
9.57E-04
9.57E-04
9.57E-04
9.57E-04
9.57E-04
9.57E-04
9.57E-04
9.57E-04
9.57E-04
9.57E-04
9.57E-04
9.57E-04
9.57TE-04
9.57E-04

8.66E-03
8.66E-03
8.66E-03
8.66E-03
8.66E-03
8.66E-03
8.66E-03
8.66E-03
8.66E-03
8.66E-03
8.66E-03
8.66E-03
8.66E-03
8.66E-03
8.66E-03
8.66E-03
8.66E-03
8.66E-03
8.66E-03
8.66E-03
8.66E-03
8.66E-03
8.66E-03
8.66E-03
8.66E-03
8.66E-03
8.66E-03
8.66E-03
8.66E-03
8.66E-03
8.66E-03
8.66E-03
8.66E-03
8.66E-03
8.66E-03
8.66E-03
8.66E-03
8.66E-03
8.66E-03
8.66E-03
8.66E-03
8.66E-03
8.66E-03
8.66E-03
8.66E-03
8.66E-03
8.66E-03
8.66E-03
8.66E-03
8.66E-03
8.66E-03
8.66E-03
8.66E-03
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TABLE VII. Standard Solar Model Without Diffusion.

M/Mg R/Re T p P L/Lg X(*H) X(®He) X(*?C) X(M*N) X(*¢0)

0.0000298 0.00651 1.554E4+07 1.519E+402 2.363E+17 0.00026 0.36131 9.00E-06 1.89E-05 4.80E-03 7.96E-03
0.0000358 0.00693 1.554E+07 1.518E402 2.362E+17 0.00031 0.36148 9.02E-06 1.89E-05 4.80E-03 7.96E-03
0.0000431 0.00736 1.554E+07 1.518E+02 2.361E+17 0.00037 0.36168 9.03E-06 1.89E-05 4.80E-03 7.97E-03
0.0000518 0.00783 1.554E407 1.517TE+02 2.360E417 0.00045 0.36191 9.05E-06 1.89E-05 4.79E-03 7.97E-03
0.0000622 0.00833 1.553E407 1.516E+02 2.359E4+17 0.00054 0.36216 9.07E-06 1.89E-05 4.79E-03 7.97E-03
0.0000748 0.00886 1.553E+07 1.515E+02 2.357E+17 0.00065 0.36245 9.09E-06 1.88E-05 4.79E-03 7.97E-03
0.0000899 0.00942 1.553E+07 1.514E+02 2.356E+17 0.00078 0.36277 9.12E-06 1.88E-05 4.79E-03 7.97E-03
0.0001081 0.01002 1.552E+407 1.512E+02 2.354E+17 0.00094 0.36314 9.15E-06 1.88E-05 4.79E-03 7.97E-03
0.0001300 0.01065 1.552E+07 1.511E+4+02 2.352E+17 0.00113 0.36355 9.18E-06 1.88E-05 4.79E-03 7.98E-03
0.0001563 0.01133 1.551E407 1.509E402 2.349E417 0.00136  0.36402 9.22E-06 1.88E-05 4.79E-03 7.98E-03
0.0001879 0.01205 1.551E+07 1.507E+402 2.347E+17 0.00163 0.36455 9.26E-06 1.87E-05 4.78E-03 7.98E-03
0.0002259 0.01282 1.550E+407 1.505E+02 2.344E+17 0.00196 0.36515 9.31E-06 1.87E-05 4.78E-03 7.99E-03
0.0002716 0.01363 1.549E4-07 1.503E+402 2.341E+417 0.00236 0.36582 9.36E-06 1.87TE-05 4.78E-03 7.99E-03
0.0003266 0.01450 1.549E-407 1.500E+02 2.337TE+17 0.00283 0.36659 9.43E-06 1.87E-05 4.77E-03 8.00E-03
0.0003926 0.01543 1.548E+07 1.497E+402 2.333E+17 0.00340 0.36745 9.50E-06 1.86E-05 4.77E-03 8.00E-03
0.0004721 0.01641 1.547E+07 1.493E+02 2.328E+17 0.00408 0.36842 9.58E-06 1.86E-05 4.76E-03 8.00E-03
0.0005675 0.01746 1.545E+407 1.489E+402 2.322E+17 0.00490 0.36951 9.67E-06 1.85E-05 4.76E-03 8.01E-03
0.0006823 0.01857 1.544E+07 1.485E+02 2.316E+17 0.00588 0.37075 9.77E-06 1.85E-05 4.75E-03 8.02E-03
0.0008204 0.01976 1.543E+407 1.480E+02 2.309E4+17 0.00705 0.37214 9.89E-06 1.84E-05 4.75E-03 8.02E-03
0.0009863 0.02103 1.541E+07 1.474E+02 2.302E+17 0.00846 0.37371 1.00E-05 1.83E-05 4.74E-03 8.03E-03
0.0011858 0.02238 1.539E+407 1.468E4+02 2.293E+17 0.01014 0.37548 1.02E-05 1.83E-05 4.73E-03 8.04E-03
0.0014256 0.02383 1.537E+07 1.460E+02 2.283E+17 0.01215 0.37747 1.04E-05 1.82E-05 4.72E-03 8.05E-03
0.0017140 0.02536 1.534E+07 1.452E+02 2.272E417 0.01456 0.37971 1.06E-05 1.81E-05 4.71E-03 8.06E-03
0.0020606 0.02700 1.532E+07 1.443E+402 2.260E+17 0.01744 0.38223 1.08E-05 1.80E-05 4.70E-03 8.08E-03
0.0024774 0.02875 1.528E+07 1.433E+02 2.246E+17 0.02088 0.38506 1.10E-05 1.79E-05 4.69E-03 8.09E-03
0.0029785 0.03062 1.525E+07 1.422E+402 2.230E+17 0.02498 0.38824 1.14E-05 1.77E-05 4.68E-03 8.10E-03
0.0035810 0.03262 1.521E+07 1.409E+02 2.212E+17 0.02986 0.39181 1.17E-05 1.76E-05 4.66E-03 8.12E-03
0.0043053 0.03476 1.517E+407 1.395E402 2.193E+17 0.03567 0.39581 1.21E-05 1.75E-05 4.65E-03 8.13E-03
0.0051761 0.03704 1.511E+407 1.380E4+02 2.170E+17 0.04258 0.40033 1.26E-05 1.73E-05 4.64E-03 8.15E-03
0.0062230 0.03949 1.506E+07 1.362E+02 2.145E+17 0.05078 0.40534 1.31E-05 1.71E-05 4.62E-03 8.17E-03
0.0074817 0.04212 1.499E+407 1.343E+02 2.118E+17 0.06049 0.41095 1.38E-05 1.69E-05 4.60E-03 8.19E-03
0.0089950 0.04493 1.492E+07 1.322E+02 2.087E+17 0.07196 0.41719 1.45E-05 1.67E-05 4.59E-03 8.21E-03
0.0108143 0.04796 1.484E+07 1.298E+02 2.052E+17 0.08548 0.42414 1.54E-05 1.64E-05 4.57E-03 8.23E-03
0.0130017 0.05121 1.475E+07 1.272E4+02 2.013E+17 0.10138 0.43185 1.64E-05 1.61E-05 4.55E-03 8.25E-03
0.0156315 0.05471 1.464E+407 1.244E+02 1.971E+17 0.12001 0.44048 1.76E-05 1.59E-05 4.53E-03 8.27E-03
0.0185329 0.05819 1.454E+07 1.215E4+02 1.927E+17 0.13999 0.44918 1.89E-05 1.56E-05 4.52E-03 8.29E-03
0.0215201 0.06145 1.443E+07 1.188E+4+02 1.885E+17 0.15997 0.45749 2.03E-05 1.53E-05 4.51E-03 8.30E-03
0.0245945 0.06454 1.433E+407 1.162E+402 1.845E+17 0.17995 0.46546 2.17TE-05 1.50E-05 4.49E-03 8.32E-03
0.0277581 0.06751 1.423E+07 1.138E+02 1.806E+17 0.19994 0.47315 2.31E-05 1.48E-05 4.49E-03 8.33E-03
0.0310134 0.07037 1.413E+407 1.114E+402 1.768E+17 0.21993 0.48064 2.46E-05 1.46E-05 4.48E-03 8.34E-03
0.0343627 0.07314 1.404E+07 1.091E+02 1.731E+17 0.23992 0.48798 2.62E-05 1.44E-05 4.47TE-03 8.35E-03
0.0378097 0.07584 1.394E+407 1.069E+02 1.695E+17 0.25991 0.49502 2.79E-05 1.41E-05 4.47E-03 8.35E-03
0.0413588 0.07849 1.385E+07 1.047E+402 1.659E+17 0.27991 0.50191 2.96E-05 1.39E-05 4.46E-03 8.36E-03
0.0450143 0.08109 1.375E+407 1.026E402 1.625E+17 0.29990 0.50866 3.15E-05 1.37E-05 4.46E-03 8.36E-03
0.0487808 0.08366 1.366E+07 1.006E4+02 1.590E+17 0.31990 0.51527 3.34E-05 1.35E-05 4.45E-03 8.37E-03
0.0526639 0.08620 1.356E+07 9.853E+01 1.556E+17 0.33990 0.52176 3.54E-05 1.33E-05 4.45E-03 8.37E-03
0.0566691 0.08872 1.34TE+07 9.655E+01 1.523E+417 0.35990 0.52819 3.76E-05 1.31E-05 4.45E-03 8.38E-03
0.0608025 0.09123 1.337TE+07 9.459E+01 1.490E+17 0.37990 0.53456 3.99E-05 1.29E-05 4.44E-03 8.38E-03
0.0650714 0.09373 1.328E+07 9.267TE+01 1.457TE+17 0.39991 0.54080 4.23E-05 1.27E-05 4.44E-03 8.38E-03
0.0694842 0.09624 1.318E+07 9.078E+401 1.424E+17 0.41991 0.54690 4.49E-05 1.25E-05 4.44E-03 8.38E-03
0.0740500 0.09875 1.308E+07 8.891E+01 1.392E+17 0.43992 0.55293 4.76E-05 1.23E-05 4.44E-03 8.39E-03
0.0787788 0.10127 1.299E+07 8.706E+01 1.359E+17 0.45993 0.55890 5.06E-05 1.21E-05 4.44E-03 8.39E-03
0.0836816 0.10381 1.289E+407 8.523E4+01 1.327E+17 0.47994 0.56479 5.37E-05 1.19E-05 4.44E-03 8.39E-03
0.0887708 0.10638 1.279E+07 8.340E+01 1.295E+17 0.49995 0.57063 5.72E-05 1.17E-05 4.44E-03 8.39E-03
0.0940603 0.10898 1.268E+07 8.159E+01 1.263E+17 0.51996 0.57641 6.08E-05 1.15E-05 4.44E-03 8.39E-03
0.0995656 0.11161 1.258E+07 T7.978E+401 1.230E+17 0.53998 0.58214 6.48E-05 1.13E-05 4.44E-03 8.39E-03
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TABLE VII. (Continued).

M/Mg R/Rg T p P L/Le X(*H) XCHe) X(*?C) X(MN) X(*°0)

0.1053046 0.11429 1.248E407 7.797TE+01 1.198E+17 0.55999 0.58782 6.91E-05 1.11E-05 4.44E-03 8.39E-03
0.1112973 0.11702 1.237E+407 7.617TE401 1.166E+17 0.58001 0.59346 7.39E-05 1.09E-05 4.44E-03 8.39E-03
0.1175666 0.11981 1.226E407 7.435E401 1.133E+417 0.60002 0.59907 7.90E-05 1.07E-05 4.44E-03 8.39E-03
0.1241392 0.12267 1.215E4+07 7.253E4+01 1.100E417 0.62004 0.60463 8.47E-05 1.04E-05 4.44E-03 8.39E-03
0.1310455 0.12561 1.203E407 7.070E4+01 1.067E+417 0.64006 0.61017 9.10E-05 1.02E-05 4.44E-03 8.39E-03
0.1383212 0.12864 1.192E407 6.885E+01 1.033E+17 0.66008 0.61568 9.80E-05 1.01E-05 4.44E-03 8.39E-03
0.1460082 0.13178 1.179E+407 6.698E+01 9.992E+16 0.68010 0.62118 1.06E-04 1.03E-05 4.44E-03 8.39E-03
0.1541559 0.13503 1.167E4+07 6.508E4+01 9.646E+16 0.70012 0.62665 1.15E-04 1.22E-05 4.43E-03 8.39E-03
0.1628229 0.13843 1.154E4+07 6.315E401 9.294E+16 0.72014 0.63211 1.24E-04 1.95E-05 4.42E-03 8.39E-03
0.1720793 0.14199 1.140E+407 6.117E4+01 8.935E+16 0.74016 0.63755 1.36E-04 4.20E-05 4.38E-03 8.39E-03
0.1820094 0.14574 1.126E407 5.915E+01 8.567E+16 0.76017 0.64300 1.49E-04 9.76E-05 4.29E-03 8.39E-03
0.1927174 0.14970 1.111E407 5.707E+01 8.190E+16 0.78019 0.64845 1.64E-04 2.12E-04 4.10E-03 8.39E-03
0.2043358 0.15393 1.095E4-07 5.492E4+01 7.801E+16 0.80020 0.65391 1.82E-04 4.11E-04 3.77E-03 8.39E-03
0.2170410 0.15848 1.078E407 5.268E+01 7.398E+16 0.82022 0.65940 2.04E-04 7.06E-04 3.29E-03 8.39E-03
0.2310750 0.16342 1.060E4+07 5.033E+401 6.979E+16 0.84023 0.66491 2.30E-04 1.09E-03 2.70E-03 8.39E-03
0.2467788 0.16887 1.041E407 4.784E+01 6.538E+16 0.86024 0.67047 2.64E-04 1.51E-03 2.09E-03 8.39E-03
0.2646439 0.17498 1.019E407 4.517E4+01 6.069E+16 0.88026 0.67606 3.07E-04 1.94E-03 1.57E-03 8.39E-03
0.2854062 0.18198 9.948E+406 4.226E+01 5.565E+16 0.90027 0.68171 3.65E-04 2.32E-03 1.22E-03 8.39E-03
0.3073710 0.18932 9.701E4+06 3.937E+01 5.074E+4+16 0.91816 0.68682 4.38E-04 2.58E-03 1.04E-03 8.39E-03
0.3291227 0.19655 9.464E406 3.669E+01 4.626E+16 0.93304 0.69113 5.24E-04 2.75E-03 9.72E-04 8.39E-03
0.3506095 0.20367 9.236E4+-06 3.419E+01 4.218E+16 0.94539 0.69476 6.26E-04 2.85E-03 9.45E-04 8.39E-03
0.3717880 0.21069 9.018E+406 3.187E+01 3.846E+16 0.95562 0.69781 7.46E-04 2.91E-03 9.35E-04 8.39E-03
0.3926211 0.21763 8.809E4+06 2.970E401 3.507TE+16 0.96406 0.70038 8.87E-04 2.94E-03 9.30E-04 8.39E-03
0.4130781 0.22449 8.608E406 2.768E+401 3.197E+16 0.97103 0.70252 1.05E-03 2.96E-03 9.29E-04 8.39E-03
0.4331334 0.23128 8.414E+406 2.579E4+01 2.915E+16 0.97678 0.70431 1.25E-03 2.97E-03 9.28E-04 8.39E-03
0.4527663 0.23801 8.228E+406 2.403E4-01 2.658E+16 0.98152 0.70580 1.49E-03 2.98E-03 9.28E-04 8.39E-03
0.4719601 0.24468 8.049E+06 2.238E+401 2.424E+16 0.98543 0.70703 1.77E-03 2.98E-03 9.27E-04 8.39E-03
0.4907020 0.25131 7.876E+06 2.085E4+01 2.210E+16 0.98866 0.70802 2.10E-03 2.99E-03 9.27E-04 8.39E-03
0.5089824 0.25790 7.709E4+06 1.941E+4+01 2.015E+416 0.99133 0.70883 2.49E-03 2.99E-03 9.27E-04 8.39E-03
0.5267945 0.26444 7.548E+406 1.808E+4+01 1.837E+16 0.99350 0.70949 2.89E-03 2.99E-03 9.27E-04 8.39E-03
0.5441340 0.27096 7.393E+4-06 1.683E+01 1.675E+16 0.99521 0.71005 3.19E-03 2.99E-03 9.27E-04 8.39E-03
0.5609990 0.27745 7.242E+06 1.566E+401 1.528E+16 0.99648 0.71057 3.27E-03 2.99E-03 9.27E-04 8.39E-03
0.5773896 0.28392 7.096E406 1.457TE+01 1.393E+4+16 0.99740 0.71108 3.19E-03 2.99E-03 9.27E-04 8.39E-03
0.5933074 0.29038 6.955E+06 1.356E401 1.270E+16 0.99804 0.71155 2.95E-03 2.99E-03 9.27E-04 8.39E-03
0.6087557 0.29682 6.818E4+06 1.261E+01 1.158E-+16 0.99851 0.71200 2.63E-03 2.99E-03 9.27E-04 8.39E-03
0.6237389 0.30325 6.686E4-06 1.172E+01 1.056E+16 0.99885 0.71239 2.29E-03 2.99E-03 9.27E-04 8.39E-03
0.6382627 0.30967 6.557E+06 1.090E4+01 9.631E+15 0.99911 0.71274 1.98E-03 2.99E-03 9.27E-04 8.39E-03
0.6523334 0.31610 6.431E4+06 1.013E4+01 8.782E+15 0.99932 0.71303 1.70E-03 2.99E-03 9.27E-04 8.39E-03
0.6659582 0.32253 6.309E406 9.417E+400 8.008E+415 0.99948 0.71328 1.45E-03 2.96E-03 9.27E-04 8.39E-03
0.6791449 0.32896 6.191E+06 8.751E+00 7.302E+15 0.99961 0.71349 1.24E-03 2.99E-03 9.27E-04 8.39E-03
0.6919017 0.33540 6.076E+06 8.132E400 6.659E+15 0.99971 0.71367 1.06E-03 2.99E-03 9.27E-04 8.39E-03
0.7042374 0.34184 5.963E+06 7.555E+400 6.072E+15 0.99979 0.71382 9.12E-04 2.99E-03 9.27E-04 8.39E-03
0.7161609 0.34830 5.854E+06 7.019E+00 5.537E+415 0.99986 0.71395 7.84E-04 2.99E-03 9.27E-04 8.39E-03
0.7276816 0.35478 5.747TE+06 6.519E+4+00 5.049E+415 0.99991 0.71406 6.76E-04 2.99E-03 9.27E-04 8.39E-03
0.7388089 0.36127 5.643E+06 6.055E4+00 4.604E+15 0.99995 0.71415 5.85E-04 2.99E-03 9.27E-04 8.39E-03
0.7495525 0.36778 5.541E+06 5.623E+00 4.198E+15 0.99998 0.71423 5.08E-04 2.99E-03 9.27E-04 8.39E-03
0.7599219 0.37431 5.441E406 5.221E+4+00 3.828E+15 1.00000 0.71429 4.43E-04 2.99E-03 9.27E-04 8.39E-03
0.7699271 0.38086 5.344E+06 4.848E+400 3.491E+15 1.00002 0.71435 3.89E-04 2.99E-03 9.27E-04 8.39E-03
0.7795776 0.38744 5.249E+06 4.501E+00 3.183E+15 1.00004 0.71439 3.42E-04 2.99E-03 9.27E-04 8.39E-03
0.7888834 0.39404 5.156E4+06 4.179E4+00 2.903E+15 1.00005 0.71443 3.04E-04 2.99E-03 9.27E-04 8.39E-03
0.7978540 0.40067 5.065E+06 3.879E4+00 2.647TE+15 1.00005 0.71447 2.71E-04 2.99E-03 9.27E-04 8.39E-03
0.8064990 0.40733 4.976E+06 3.601E4+00 2.414E+15 1.00006 0.71449 2.44E-04 2.99E-03 9.27E-04 8.39E-03
0.8148279 0.41401 4.888E4-06 3.342E4+00 2.201E+15 1.00006 0.71452 2.21E-04 2.99E-03 9.27E-04 8.39E-03
0.8228501 0.42073 4.803E+06 3.102E+00 2.007TE+15 1.00007 0.71454 2.01E-04 2.99E-03 9.27E-04 8.39E-03
0.8305748 0.42748 4.719E+406 2.879E4+00 1.830E+15 1.00007 0.71455 1.85E-04 2.99E-03 9.27E-04 8.39E-03
0.8380110 0.43427 4.636E406 2.672E+400 1.669E+15 1.00007 0.71457 1.71E-04 2.99E-03 9.27E-04 8.39E-03
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TABLE VII. (Continued).

M/Mg R/Rg T p P L/Le X(*H) X(®He) X(*2c) X(*N) X(%0)

0.8451678 0.44109 4.556E+406 2.480E4+00 1.522E+15 1.00007 0.71458 1.60E-04 2.99E-03 9.27E-04 8.39E-03-
0.8520538 0.44794 4.476E+06 2.302E400 1.388E+15 1.00007 0.71459 1.50E-04 2.99E-03 9.27E-04 8.39E-03
0.8586776 0.45483 4.399E+4+06 2.136E4+00 1.266E+15 1.00007 0.71459 1.42E-04 2.99E-03 9.27E-04 8.39E-03
0.8650476 0.46175 4.322E+406 1.982E+00 1.154E+15 1.00006 0.71460 1.35E-04 2.99E-03 9.27E-04 8.39E-03
0.8711720 0.46871 4.247E+06 1.839E+4+00 1.052E+15 1.00006 0.71461 1.29E-04 2.99E-03 9.27E-04 8.39E-03
0.8770589 0.47571 4.173E+406 1.707TE400 9.597E+14 1.00006 0.71461 1.24E-04 2.99E-03 9.27E-04 8.39E-03
0.8827161 0.48275 4.101E+06 1.584E+00 8.751E+14 1.00006 0.71462 1.20E-04 2.99E-03 9.27E-04 8.39E-03
0.8881512 0.48983 4.030E+06 1.470E+00 7.980E+14 1.00006 0.71462 1.17E-04 2.99E-03 9.27E-04 8.39E-03
0.8933716 0.49694 3.959E+406 1.364E+00 7.277TE+14 1.00005 0.71462 1.14E-04 2.99E-03 9.27E-04 8.39E-03
0.8983846 0.50409 3.890E+4+06 1.266E400 6.636E+14 1.00005 0.71462 1.12E-04 2.99E-03 9.27E-04 8.39E-03
0.9031972 0.51128 3.822E+06 1.175E4+00 6.052E+14 1.00005 0.71463 1.10E-04 2.99E-03 9.27TE-04 8.39E-03
0.9078164 0.51851 3.755E+-06 1.091E+00 5.518E+4+14 1.00005 0.71463 1.08E-04 2.99E-03 9.27E-04 8.39E-03
0.9122486 0.52578 3.689E+06 1.012E+00 5.032E+14 1.00004 0.71463 1.07E-04 2.99E-03 9.27E-04 8.39E-03
0.9165005 0.53309 3.624E+06 9.397E-01 4.589E+14 1.00004 0.71463 1.06E-04 2.99E-03 9.27E-04 8.39E-03
0.9205782 0.54043 3.560E+06 8.723E-01 4.185E+14 1.00004 0.71463 1.05E-04 2.99E-03 9.27E-04 8.39E-03
0.9244880 0.54781 3.497E+406 8.098E-01 3.816E+14 1.00004 0.71463 1.04E-04 2.99E-03 9.27E-04 8.39E-03
0.9282356 0.55523 3.434E+06 7.519E-01 3.480E+14 1.00004 0.71463 1.03E-04 2.99E-03 9.27E-04 8.39E-03
0.9318269 0.56268 3.373E+4+06 6.981E-01 3.173E+14 1.00004 0.71463 1.03E-04 2.99E-03 9.27E-04 8.39E-03
0.9352675 0.57017 3.312E4+06 6.483E-01 2.894E+14 1.00003 0.71463 1.02E-04 2.99E-03 9.27E-04 8.39E-03
0.9385626 0.57769 3.252E+406 6.022E-01 2.639E+14 1.00003 0.71464 1.02E-04 2.99E-03 9.27TE-04 8.39E-03
0.9417175 0.58525 3.192E406 5.594E-01 2.406E+14 1.00003 0.71464 1.01E-04 2.99E-03 9.27E-04 8.39E-03
0.9447374 0.59283 3.133E+4+06 5.197E-01  2.194E+14 1.00003 0.71464 1.00E-04 2.99E-03 9.27E-04 8.39E-03
0.9476270 0.60044 3.074E+406 4.829E-01 2.001E+14 1.00003 0.71464 1.00E-04 2.99E-03 9.27E-04 8.39E-03
0.9503910 0.60808 3.016E4+06 4.488E-01 1.825E+14 1.00003 0.71464 1.00E-04 2.99E-03 9.27E-04 8.39E-03
0.9530342 0.61574 2.959E-+4+06 4.172E-01 1.664E+14 1.00003 0.71464 1.00E-04 2.99E-03 9.27E-04 8.39E-03
0.9555608 0.62343 2.901E+406 3.880E-01 1.517E+14 1.00002 0.71464 1.00E-04 2.99E-03 9.27TE-04 8.39E-03
0.9579752 0.63113 2.844E+406 3.609E-01 1.384E+14 1.00002 0.71464 1.00E-04 2.99E-03 9.27E-04 8.39E-03
0.9602815 0.63885 2.787E+06 3.358E-01 1.262E+14 1.00002 0.71464 1.00E-04 2.99E-03 9.27E-04 8.39E-03
0.9624836 0.64658 2.730E+406 3.126E-01 1.151E+14 1.00002 0.71464 1.00E-04 2.99E-03 9.27E-04 8.39E-03
0.9645855 0.65431 2.674E+06 2.912E-01 1.049E+14 1.00002 0.71464 1.00E-04 2.99E-03 9.27E-04 8.39E-03
0.9665907 0.66205 2.616E+06 2.713E-01 9.570E+13 1.00002 0.71464 1.00E-04 2.99E-03 9.27E-04 8.39E-03
0.9685028 0.66978 2.559E+406 2.530E-01 8.727E+13 1.00002 0.71464 1.00E-04 2.99E-03 9.27E-04 8.39E-03
0.9703254 0.67750 2.501E+406 2.360E-01 7.958E+13 1.00002 0.71464 1.00E-04 2.99E-03 9.27E-04 8.39E-03
0.9720616 0.68521 2.442E+406 2.205E-01 7.25TE+13 1.00002 0.71464 1.00E-04 2.99E-03 9.27E-04 8.39E-03
0.9737146 0.69288 2.382E+406 2.061E-01 6.618E+13 1.00002 0.71464 1.00E-04 2.99E-03 9.27E-04 8.39E-03
0.9752875 0.70051 2.320E+406 1.930E-01 6.035E+13 1.00002 0.71464 1.00E-04 2.99E-03 9.27E-04 8.39E-03
0.9770162 0.70930 2.246E+06 1.791E-01 5.422E+13 1.00001 0.71464 1.00E-04 2.99E-03 9.27E-04 8.39E-03
0.9773638 0.71112 2.230E+406 1.764E-01 5.303E+13 1.00001 0.71464 1.00E-04 2.99E-03 9.27E-04 8.39E-03
0.9777071 0.71294 2.214E+406 1.738E-01 5.186E+13 1.00001 0.71464 1.00E-04 2.99E-03 9.27E-04 8.39E-03
0.9780462 0.71475 2.198E+406 1.712E-01 5.072E+13 1.00001 0.71464 1.00E-04 2.99E-03 9.27E-04 8.39E-03
0.9783810 0.71656 2.182E+406 1.687E-01 4.960E+13 1.00001 0.71464 1.00E-04 2.99E-03 9.27E-04 8.39E-03
0.9787116 0.71836 2.165E+06 1.663E-01 4.850E+13 1.00001 0.71464 1.00E-04 2.99E-03 9.27E-04 8.39E-03
0.9790381 0.72016 2.148E+06 1.639E-01 4.744E+13 1.00001 0.71464 1.00E-04 2.99E-03 9.27E-04 8.39E-03
0.9793605 0.72194 2.130E+4+06 1.616E-01 4.639E+13 1.00001 0.71464 1.00E-04 2.99E-03 9.27E-04 8.39E-03
0.9796788 0.72373 2.113E+4+06 1.594E-01 4.537TE+13 1.00001 0.71464 1.00E-04 2.99E-03 9.27E-04 8.39E-03
0.9799931 0.72550 2.095E+06 1.572E-01 = 4.437TE+13 1.00001 0.71464 1.00E-04 2.99E-03 9.27E-04 8.39E-03
0.9803034 0.72727 2.077TE+06 1.551E-01 4.339E+13 1.00001 0.71464 1.00E-04 2.99E-03 9.27E-04 8.39E-03
0.9806200 0.72909 2.058E+06 1.530E-01 4.240E413 1.00001 0.71464 1.00E-04 2.99E-03 9.27E-04 8.39E-03
0.9809325 0.73091 2.039E+06 1.509E-01 4.143E+13 1.00001 0.71464 1.00E-04 2.99E-03 9.27E-04 8.39E-03
0.9812407 0.73271 2.020E+406 1.488E-01 4.049E+413 1.00001 0.71464 1.00E-04 2.99E-03 9.27E-04 8.39E-03
0.9815449 0.73451 2.002E+406 1.467E-01 3.957TE+13 1.00001 0.71464 1.00E-04 2.99E-03 9.27E-04 8.39E-03
0.9818449 0.73629 1.984E-+406 1.447E-01 3.867TE+13 1.00001 0.71464 1.00E-04 2.99E-03 9.27E-04 8.39E-03
0.9821408 0.73807 1.966E+06 1.427E-01 3.779E+13 1.00001 0.71464 1.00E-04 2.99E-03 9.27E-04 8.39E-03
0.9824327 0.73984 1.948E+406 1.408E-01 3.692E+13 1.00001 0.71464 1.00E-04 2.99E-03 9.27E-04 8.39E-03
0.9827206 0.74161 1.930E+06 1.388E-01 3.608E+13 1.00001 0.71464 1.00E-04 2.99E-03 9.27E-04 8.39E-03
0.9830045 0.74336 1.912E+406 1.369E-01 3.526E+13 1.00001 0.71464 1.00E-04 2.99E-03 9.27E-04 8.39E-03
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TABLE VII. (Continued).

M/Mp

R/Re

T

p

P

L/Le

X(*H)

X(3He)

X(*2c)

X(*N)

X(*€0)

0.9832845
0.9843653
0.9853864
0.9863499
0.9872583
0.9881139
0.9889191
0.9896761
0.9903873
0.9910548
0.9916808
0.9922673
0.9928165
0.9933304
0.9938107
0.9942594
0.9946783
0.9950690
0.9954332
0.9957725
0.9960884
0.9963823
0.9966556
0.9969095
0.9971453
0.9973641
0.9975672
0.9977554
0.9979298
0.9980914
0.9982410
0.9983793
0.9985073
0.9986256
0.9987350
0.9988359
0.9989292
0.9990152
0.9990946
0.9991677
0.9992352
0.9992974
0.9993547
0.9994074
0.9994559
0.9995006
0.9995417
0.9995795
0.9996143
0.9996462
0.9996756
0.9997026
0.9997095

0.74511
0.75200
0.75877
0.76539
0.77188
0.77823
0.78445
0.79053
0.79648
0.80229
0.80797
0.81351
0.81892
0.82421
0.82936
0.83438
0.83928
0.84405
0.84871
0.85324
0.85765
0.86194
0.86612
0.87018
0.87413
0.87798
0.88171
0.88534
0.88887
0.89229
0.89562
0.89885
0.90198
0.90502
0.90797
0.91083
0.91361
0.91630
0.91891
0.92143
0.92388
0.92626
0.92855
0.93078
0.93294
0.93502
0.93704
0.93900
0.94089
0.94273
0.94450
0.94622
0.94667

1.895E+06
1.827E+06
1.761E+406
1.698E4-06
1.637TE+-06
1.578E+06
1.521E+06
1.46TE+-06
1.414E+06
1.363E+06
1.314E+06
1.267E4-06
1.221E4-06
1.177E+06
1.135E+406
1.094E+-06
1.055E+406
1.017E+06
9.799E4-05
9.446E+405
9.106E+05
8.777TE405
8.461E+-05
8.156E4-05
7.862E+05
7.57T8E405
7.305E405
7.041E+4-05
6.787E+05
6.543E+405
6.307E4-05
6.079E+05
5.860E4-05
5.649E4-05
5.446E+-05
5.249E405
5.060E4-05
4.878E4-05
4.703E+4-05
4.534E4-05
4.371E4-05
4.214E+405
4.062E+05
3.917TE+05
3.776E+-05
3.641E+05
3.510E+-05
3.385E+405
3.264E+405
3.147TE+405
3.035E+05
2.927E+05
2.898E+4-05

1.351E-01
1.278E-01
1.209E-01
1.144E-01
1.083E-01
1.024E-01
9.694E-02
9.173E-02
8.680E-02
8.214E-02
7.773E-02
7.355E-02
6.960E-02
6.586E-02
6.232E-02
5.897E-02
5.580E-02
5.280E-02
4.995E-02
4.727E-02
4.472E-02
4.231E-02
4.003E-02
3.788E-02
3.584E-02
3.391E-02
3.208E-02
3.036E-02
2.872E-02
2.718E-02
2.571E-02
2.433E-02
2.302E-02
2.178E-02
2.061E-02
1.950E-02
1.845E-02
1.746E-02
1.652E-02
1.563E-02
1.479E-02
1.399E-02
1.324E-02
1.253E-02
1.185E-02
1.121E-02
1.061E-02
1.004E-02
9.495E-03
8.983E-03
8.498E-03
8.039E-03
7.919E-03

3.446E+13
3.142E+413
2.866E+13
2.613E+413
2.383E+13
2.173E+13
1.982E+13
1.807E+13
1.648E+13
1.503E+13
1.371E+13
1.250E+13
1.140E+13
1.040E+13
9.482E+12
8.647TE+12
7.886E-+12
7.192E412
6.558E+12
5.981E412
5.455E+12
4.975E412
4.537TE+12
4.137TE+12
3.7T73E+12
3.441E+12
3.138E+12
2.862E+12
2.610E+12
2.380E+412
2.171E+12
1.980E+12
1.806E+12
1.647TE+12
1.502E+12
1.370E+12
1.249E+12
1.139E+12
1.039E+12
9.474E+11
8.640E-+11
7.880E+11
7.187E+11
6.554E+11
5.97TTE+11
5.451E+11
4.972E+11
4.534E+11
4.135E+11
3.TT1E+11
3.439E+11
3.137TE+11
3.059E+11

1.00001
1.00001
1.00001
1.00001
1.00001
1.00001
1.00001
1.00001
1.00001
1.00001
1.00001
1.00001
1.00001
1.00001
1.00001
1.00001
1.00001
1.00001
1.00001
1.00001
1.00001
1.00001
1.00001
1.00001
1.00001
1.00001
1.00001
1.00001
1.00001
1.00001
1.00001
1.00001
1.00001
1.00001
1.00001
1.00001
1.00001
1.00001
1.00001
1.00001
1.00001
1.00001
1.00001
1.00001
1.00001
1.00001
1.00001
1.00001
1.00001
1.00001
1.00001
1.00001
1.00001

0.71464
0.71464
0.71464
0.71464
0.71464
0.71464
0.71464
0.71464
0.71464
0.71464
0.71464
0.71464
0.71464
0.71464
0.71464
0.71464
0.71464
0.71464
0.71464
0.71464

'0.71464

0.71464
0.71464
0.71464
0.71464
0.71464
0.71464
0.71464
0.71464
0.71464
0.71464
0.71464
0.71464
0.71464
0.71464
0.71464
0.71464
0.71464
0.71464
0.71464

0.71464

0.71464
0.71464
0.71464
0.71464
0.71464
0.71464
0.71464
0.71464
0.71464
0.71464
0.71464
0.71464

1.00E-04
1.00E-04
1.00E-04
1.00E-04
1.00E-04
1.00E-04
1.00E-04
1.00E-04
1.00E-04
1.00E-04
1.00E-04
1.00E-04
1.00E-04
1.00E-04
1.00E-04
1.00E-04
1.00E-04
1.00E-04
1.00E-04
1.00E-04
1.00E-04
1.00E-04
1.00E-04
1.00E-04
1.00E-04
1.00E-04
1.00E-04
1.00E-04
1.00E-04
1.00E-04
1.00E-04
1.00E-04
1.00E-04
1.00E-04
1.00E-04
1.00E-04
1.00E-04
1.00E-04
1.00E-04
1.00E-04
1.00E-04
1.00E-04
1.00E-04
1.00E-04
1.00E-04
1.00E-04
1.00E-04
1.00E-04
1.00E-04
1.00E-04
1.00E-04
1.00E-04
1.00E-04

2.99E-03
2.99E-03
2.99E-03
2.99E-03
2.99E-03
2.99E-03
2.99E-03
2.99E-03
2.99E-03
2.99E-03
2.99E-03
2.99E-03
2.99E-03
2.99E-03
2.99E-03
2.99E-03
2.99E-03
2.99E-03
2.99E-03
2.99E-03
2.99E-03
2.99E-03
2.99E-03
2.99E-03
2.99E-03
2.99E-03
2.99E-03
2.99E-03
2.99E-03
2.99E-03
2.99E-03
2.99E-03
2.99E-03
2.99E-03
2.99E-03
2.99E-03
2.99E-03
2.99E-03
2.99E-03
2.99E-03
2.99E-03
2.99E-03
2.99E-03
2.99E-03
2.99E-03
2.99E-03
2.99E-03
2.99E-03
2.99E-03
2.99E-03
2.99E-03
2.99E-03
2.99E-03

9.27E-04
9.27E-04
9.27E-04
9.27E-04
9.27TE-04
9.27E-04
9.27E-04
9.27E-04
9.27E-04
9.27E-04
9.27E-04
9.27TE-04
9.27E-04
9.27E-04
9.27E-04
9.27E-04
9.27E-04
9.27E-04
9.27E-04
9.27E-04
9.27E-04
9.27E-04
9.27E-04
9.27E-04
9.27E-04
9.27E-04
9.27TE-04
9.27E-04
9.27E-04
9.27E-04
9.27E-04
9.27E-04
9.27E-04
9.27E-04
9.27E-04
9.27E-04
9.27E-04
9.27E-04
9.27E-04
9.27E-04
9.27E-04
9.27E-04
9.27E-04
9.27E-04
9.27E-04
9.27E-04
9.27E-04
9.27E-04
9.27E-04
9.27E-04
9.27E-04
9.27E-04
9.27E-04

8.39E-03
8.39E-03
8.39E-03
8.39E-03
8.39E-03
8.39E-03
8.39E-03
8.39E-03
8.39E-03
8.39E-03
8.39E-03
8.39E-03
8.39E-03
8.39E-03
8.39E-03
8.39E-03
8.39E-03
8.39E-03
8.39E-03
8.39E-03
8.39E-03
8.39E-03
8.39E-03
8.39E-03
8.39E-03
8.39E-03
8.39E-03
8.39E-03
8.39E-03
8.39E-03
8.39E-03
8.39E-03
8.39E-03
8.39E-03
8.39E-03
8.39E-03
8.39E-03
8.39E-03
8.39E-03
8.39E-03
8.39E-03
8.39E-03
8.39E-03
8.39E-03
8.39E-03
8.39E-03
8.39E-03
8.39E-03
8.39E-03
8.39E-03
8.39E-03
8.39E-03
8.39E-03
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R/Ro

T6

log pe

d(Mass)

X("Be)

dé(pp)

d$(°B)

dg(*3N)

de¢(*80)

d¢(*7F)

dg("Be)

dé(pep)

d¢(hep)

0.00646
0.00687
0.00730
0.00776
0.00826
0.00878
0.00934
0.00993
0.01056
0.01123
0.01195
0.01271
0.01352
0.01438
0.01529
0.01627
0.01731
0.01842
0.01960
0.02086
0.02220
0.02363
0.02515
0.02678
0.02852
0.03037
0.03236
0.03448
0.03675
0.03918
0.04179
0.04459
0.04759
0.05083
0.05431
0.05773
0.06095
0.06401
0.06695
0.06978
0.07254
0.07522
0.07786
0.08045
0.08301
0.08555
0.08806
0.09057
0.09308
0.09558
0.09810
0.10063
0.10318
0.10575
0.10836

15.828
15.826
15.824
15.821
15.818
15.815
15.812
15.807
15.803
15.797
15.791
15.785
15.777
15.768
15.759
15.748
15.735
15.721
15.705
15.687
15.667
15.644
15.617
15.588
15.555
15.518
15.476
15.428
15.375
15.315
15.247
15.171
15.085
14.989
14.881
14.770
14.662
14.557
14.454
14.352
14.252
14.152
14.053
13.955
13.857
13.759
13.660
13.562
13.463
13.363
13.263
13.161
13.059
12.955
12.850

2.017
2.017
2.016
2.016
2.016
2.016
2.016
2.015
2.015
2.015
2.014
2.014
2.013
2.013
2.012
2.011
2.010
2.010
2.008
2.007
2.006
2.004
2.003
2.001
1.999
1.996
1.993
1.990
1.986
1.982
1.978
1.973
1.967
1.960
1.953
1.945
1.938
1.931
1.924
1.917
1.909
1.902
1.895
1.888
1.881
1.874
1.867
1.860
1.853
1.845
1.838
1.830
1.822
1.815
1.806

3.281E-05
6.636E-06
7.978E-06
9.591E-06
1.153E-05
1.386E-05
1.667E-05
2.004E-05
2.409E-05
2.897E-05
3.482E-05
4.187E-05
5.034E-05
6.052E-05
7.276E-05
8.747E-05
1.052E-04
1.264E-04
1.520E-04
1.828E-04
2.197E-04
2.642E-04
3.176E-04
3.818E-04
4.591E-04
5.519E-04
6.636E-04
7.978E-04
9.591E-04
1.153E-03
1.386E-03
1.667E-03
2.004E-03
2.409E-03
2.749E-03
2.912E-03
3.002E-03
3.092E-03
3.185E-03
3.281E-03
3.379E-03
3.481E-03
3.587E-03
3.698E-03
3.813E-03
3.935E-03
4.062E-03
4.196E-03
4.338E-03
4.488E-03
4.648E-03
4.819E-03
5.001E-03
5.196E-03
5.407E-03

1.816E-11
1.814E-11
1.813E-11
1.811E-11
1.809E-11
1.807E-11
1.804E-11
1.801E-11
1.798E-11
1.794E-11
1.790E-11
1.784E-11
1.779E-11
1.773E-11
1.766E-11
1.758E-11
1.748E-11
1.738E-11
1.726E-11
1.712E-11
1.697E-11
1.678E-11
1.658E-11
1.635E-11
1.610E-11
1.581E-11
1.548E-11
1.511E-11
1.470E-11
1.422E-11
1.369E-11
1.311E-11
1.246E-11
1.175E-11
1.096E-11
1.019E-11
9.468E-12
8.795E-12
8.162E-12
7.574E-12
7.019E-12
6.499E-12
6.012E-12
5.556E-12
5.127E-12
4.723E-12
4.347E-12
3.994E-12
3.664E-12
3.354E-12
3.065E-12
2.794E-12
2.541E-12
2.306E-12
2.087E-12

2.004E-04
4.055E-05
4.876E-05
5.863E-05
7.051E-05
8.479E-05
1.020E-04
1.226E-04
1.475E-04
1.774E-04
2.134E-04
2.567E-04
3.087E-04
3.714E-04
4.468E-04
5.376E-04
6.469E-04
7.783E-04
9.366E-04
1.127E-03
1.356E-03
1.632E-03
1.964E-03
2.364E-03
2.845E-03
3.423E-03
4.118E-03
4.951E-03
5.951E-03
7.149E-03
8.580E-03
1.028E-02
1.231E-02
1.471E-02
1.663E-02
1.743E-02
1.774E-02
1.803E-02
1.830E-02
1.854E-02
1.878E-02
1.899E-02
1.920E-02
1.939E-02
1.957E-02
1.974E-02
1.990E-02
2.005E-02
2.019E-02
2.032E-02
2.044E-02
2.056E-02
2.067E-02
2.078E-02
2.088E-02

2.520E-03 2.072E-03 2.355E-03 2.415E-03

5.085E-04
6.097E-04
7.309E-04
8.758E-04
1.049E-03
1.256E-03
1.503E-03
1.797E-03
2.147E-03
2.563E-03
3.056E-03
3.642E-03
4.334E-03
5.151E-03
6.111E-03
7.238E-03
8.555E-03
1.009E-02
1.186E-02
1.391E-02
1.624E-02
1.888E-02
2.187E-02
2.520E-02
2.887E-02
3.284E-02
3.706E-02
4.146E-02
4.586E-02
5.010E-02
5.399E-02
5.726E-02
5.958E-02
5.752E-02
5.118E-02
4.436E-02
3.843E-02
3.327E-02
2.880E-02
2.489E-02
2.149E-02
1.853E-02
1.595E-02
1.370E-02
1.174E-02
1.004E-02
8.563E-03
7.283E-03
6.174E-03
5.218E-03
4.393E-03
3.684E-03
3.076E-03
2.557E-03

4.181E-04
5.012E-04
6.005E-04
7.192E-04
8.610E-04
1.030E-03
1.232E-03
1.472E-03
1.758E-03
2.097E-03
2.498E-03
2.974E-03
3.536E-03
4.196E-03
4.973E-03
5.879E-03
6.939E-03
8.169E-03
9.590E-03
1.123E-02
1.309E-02
1.519E-02
1.757E-02
2.021E-02
2.312E-02
2.628E-02
2.965E-02
3.317E-02
3.675E-02
4.030E-02
4.363E-02
4.661E-02
4.902E-02
4.804E-02
4.351E-02
3.845E-02
3.402E-02
3.014E-02
2.673E-02
2.369E-02
2.102E-02
1.862E-02
1.651E-02
1.461E-02
1.291E-02
1.141E-02
1.005E-02
8.847E-03
7.781E-03
6.814E-03
5.960E-03
5.196E-03
4.516E-03
3.912E-03

4.752E-04
5.696E-04
6.825E-04
8.176E-04
9.787E-04
1.171E-03
1.400E-03
1.673E-03
1.998E-03
2.383E-03
2.840E-03
3.380E-03
4.018E-03
4.769E-03
5.650E-03
6.683E-03
7.887E-03
9.284E-03
1.090E-02
1.276E-02
1.487E-02
1.726E-02
1.996E-02
2.297E-02
2.627E-02
2.986E-02
3.368E-02
3.768E-02
4.175E-02
4.578E-02
4.959E-02
5.296E-02
5.568E-02
5.459E-02
4.943E-02
4.368E-02
3.866E-02
3.425E-02
3.037E-02
2.692E-02
2.388E-02
2.117E-02
1.875E-02
1.660E-02
1.468E-02
1.296E-02
1.142E-02
1.006E-02
8.844E-03
7.748E-03
6.777E-03
5.909E-03
5.138E-03
4.452E-03

4.872E-04
5.842E-04
7.002E-04
8.389E-04
1.004E-03
1.202E-03
1.438E-03
1.719E-03
2.053E-03
2.450E-03
2.921E-03
3.479E-03
4.139E-03
4.916E-03
5.829E-03
6.900E-03
8.150E-03
9.603E-03
1.129E-02
1.322E-02
1.543E-02
1.793E-02
2.076E-02
2.391E-02
2.738E-02
3.114E-02
3.515E-02
3.933E-02
4.358E-02
4.773E-02
5.159E-02
5.495E-02
5.752E-02
5.603E-02
5.035E-02
4.412E-02
3.869E-02
3.395E-02
2.978E-02
2.613E-02
2.291E-02
2.007E-02
1.756E-02
1.536E-02
1.340E-02
1.168E-02
1.016E-02
8.821E-03
7.639E-03
6.598E-03
5.683E-03
4.880E-03
4.175E-03
3.559E-03

1.006E-03
2.034E-04
2.442E-04
2.932E-04
3.520E-04
4.225E-04
5.070E-04
6.082E-04
7.294E-04
8.744E-04
1.048E-03
1.255E-03
1.503E-03
1.799E-03
2.151E-03
2.571E-03
3.070E-03
3.662E-03
4.364E-03
5.194E-03
6.172E-03
7.319E-03
8.663E-03
1.024E-02
1.206E-02
1.418E-02
1.660E-02
1.937E-02
2.250E-02
2.598E-02
2.981E-02
3.397E-02
3.841E-02
4.300E-02
4.514E-02
4.383E-02
4.141E-02
3.910E-02
3.687E-02
3.478E-02
3.277E-02
3.085E-02
2.903E-02
2.729E-02
2.564E-02
2.405E-02
2.255E-02
2.112E-02
1.976E-02
1.846E-02
1.723E-02
1.605E-02
1.493E-02
1.388E-02
1.287E-02

3.170E-04
6.411E-05
7.707E-05
9.264E-05
1.114E-04
1.339E-04
1.609E-04
1.934E-04
2.325E-04
2.794E-04
3.358E-04
4.035E-04
4.849E-04
5.826E-04
7.000E-04
8.409E-04
1.010E-03
1.213E-03
1.456E-03
1.748E-03
2.098E-03
2.517E-03
3.018E-03
3.618E-03
4.334E-03
5.188E-03
6.205E-03
7.413E-03
8.845E-03
1.054E-02
1.253E-02
1.486E-02
1.758E-02
2.072E-02
2.308E-02
2.381E-02
2.388E-02
2.391E-02
2.392E-02
2.390E-02
2.385E-02
2.379E-02
2.371E-02
2.360E-02
2.349E-02
2.335E-02
2.320E-02
2.304E-02
2.286E-02
2.268E-02
2.247E-02
2.226E-02
2.203E-02
2.179E-02
2.154E-02

7.993E-05
1.618E-05
1.947E-05
2.344E-05
2.822E-05
3.398E-05
4.092E-05
4.929E-05
5.938E-05
7.155E-05
8.626E-05
1.040E-04
1.255E-04
1.514E-04
1.828E-04
2.208E-04
2.669E-04
3.228E-04
3.905E-04
4.730E-04
5.732E-04
6.952E-04
8.439E-04
1.026E-03
1.248E-03
1.520E-03
1.853E-03
2.262E-03
2.765E-03
3.381E-03
4.138E-03
5.070E-03
6.219E-03
7.628E-03
8.872E-03
9.564E-03
1.000E-02
1.043E-02
1.084E-02
1.126E-02
1.166E-02
1.206E-02
1.247E-02
1.287E-02
1.327E-02
1.367E-02
1.407E-02
1.448E-02
1.489E-02
1.530E-02
1.573E-02
1.616E-02
1.659E-02
1.705E-02
1.751E-02
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TABLE VIII.

Bahcall, Pinsonneault, and Wasserburg: Solar models with diffusion

(Continued).

R/Ro

T6

log pe

d(Mass)

X("Be)

dé(pp)

d4(*B)

dg(*3N)

dg(180)

dg(*"F)

d¢("Be)

d¢(pep)

dg(hep)

0.11100
0.11369
0.11644
0.11924
0.12212
0.12508
0.12813
0.13129
0.13458
0.13801
0.14160
0.14539
0.14941
0.15370
0.15831
0.16333
0.16887
0.17511
0.18229
0.18959
0.19678
0.20387
0.21087
0.21779
0.22465
0.23144
0.23817
0.24486
0.25150
0.25810
0.26468
0.27122
0.27774
0.28425
0.29074
0.29722
0.30370
0.31018
0.31666
0.32314
0.32963
0.33613
0.34265
0.34918
0.35573
0.36230
0.36889
0.37550
0.38214
0.38881
0.39551
0.40224
0.40900

12.744
12.635
12.525
12.412
12.296
12.177
12.055
11.930
11.800
11.665
11.524
11.377
11.223
11.059
10.886
10.700
10.498
10.274
10.023
9.775
9.537
9.309
9.090
8.879
8.677
8.483
8.296
8.116
7.942
7.775
7.613
7.456
7.305
7.158
7.016
6.879
6.745
6.615
6.489
6.367
6.247
6.131
6.018
5.907
5.800
5.694
5.592
5.491
5.393
5.297
5.203
5.111
5.021

1.798
1.789
1.781
1.772
1.762
1.752
1.742
1.731
1.720
1.708
1.695
1.682
1.667
1.652
1.635
1.616
1.595
1.570
1.542
1.513
1.483
1.453
1.423
1.393
1.363
1.333
1.302
1.272
1.241
1.210
1.179
1.148
1.117
1.086
1.055
1.023
0.992
0.960
0.928
0.897
0.865
0.833
0.801
0.769
0.737
0.705
0.673
0.640
0.608
0.576
0.544
0.511
0.479

5.634E-03
5.880E-03
6.148E-03
6.441E-03
6.764E-03
7.120E-03
7.515E-03
7.957E-03
8.455E-03
9.019E-03
9.662E-03
1.040E-02
1.126E-02
1.228E-02
1.351E-02
1.504E-02
1.701E-02
1.963E-02
2.141E-02
2.157E-02
2.134E-02
2.106E-02
2.075E-02
2.040E-02
2.002E-02
1.962E-02
1.920E-02
1.877E-02
1.833E-02
1.787E-02
1.742E-02
1.696E-02
1.649E-02
1.603E-02
1.557E-02
1.512E-02
1.467E-02
1.422E-02
1.378E-02
1.335E-02
1.292E-02
1.251E-02
1.210E-02
1.170E-02
1.131E-02
1.093E-02
1.056E-02
1.019E-02
9.839E-03
9.495E-03
9.160E-03
8.835E-03
8.518E-03

1.883E-12
1.693E-12
1.518E-12
1.355E-12
1.204E-12
1.066E-12
9.380E-13
8.208E-13
7.133E-13
6.156E-13
5.267E-13
4.464E-13
3.740E-13
3.092E-13
2.517E-13
2.009E-13
1.564E-13
1.179E-13
8.500E-14
6.093E-14
4.388E-14
3.173E-14
2.305E-14
1.682E-14
1.233E-14
9.073E-15
6.713E-15
4.988E-15
3.725E-15
2.786E-15
2.056E-15
1.462E-15
9.735E-16
6.148E-16
3.696E-16
2.139E-16
1.210E-16
6.760E-17
3.752E-17
2.080E-17
1.153E-17
6.396E-18
3.557E-18
1.983E-18
1.108E-18
6.213E-19
3.495E-19
1.974E-19
1.119E-19
6.374E-20
3.649E-20
2.099E-20
1.214E-20

2.097E-02
2.106E-02
2.114E-02
2.122E-02
2.130E-02
2.137E-02
2.143E-02
2.150E-02
2.155E-02
2.161E-02
2.165E-02
2.168E-02
2.170E-02
2.170E-02
2.171E-02
2.174E-02
2.180E-02
2.190E-02
2.027E-02
1.721E-02
1.433E-02
1.189E-02
9.843E-03
8.126E-03
6.694E-03
5.505E-03
4.520E-03
3.706E-03
3.035E-03
2.482E-03
2.028E-03
1.656E-03
1.351E-03
1.101E-03
8.975E-04
7.309E-04
5.949E-04
4.839E-04
3.934E-04
3.196E-04
2.595E-04
2.106E-04
1.708E-04
1.384E-04
1.121E-04
9.078E-05
7.345E-05
5.938E-05
4.798E-05
3.874E-05
3.126E-05
2.521E-05
2.031E-05

2.113E-03
1.738E-03
1.420E-03
1.152E-03
9.281E-04
7.413E-04
5.867E-04
4.594E-04
3.555E-04
2.715E-04
2.041E-04
1.508E-04
1.090E-04
7.694E-05
5.280E-05
3.499E-05
2.221E-05
1.331E-05
6.784E-06
3.138E-06
1.435E-06
6.589E-07
3.041E-07
1.411E-07
6.579E-08
3.083E-08
1.454E-08
6.890E-09
3.286E-09
1.570E-09
7.411E-10
3.372E-10
1.438E-10
5.820E-11
2.243E-11
8.326E-12
3.020E-12
1.083E-12
3.858E-13
1.372E-13
4.882E-14
1.738E-14
6.197E-15
2.214E-15
7.929E-16
2.846E-16
1.024E-16
3.697E-17
1.339E-17
4.863E-18
1.773E-18
6.489E-19
2.384E-19

3.376E-03
2.900E-03
2.481E-03
2.111E-03
1.786E-03
1.502E-03
1.256E-03
1.054E-03
9.330E-04
1.014E-03
1.574E-03
3.041E-03
5.783E-03
9.708E-03
1.401E-02
1.740E-02
1.875E-02
1.766E-02
1.336E-02
8.484E-03
5.043E-03
2.916E-03
1.661E-03
9.384E-04
5.286E-04
2.974E-04
1.673E-04
9.422E-05
5.313E-05
3.000E-05
1.697E-05
9.606E-06
5.446E-06
3.089E-06
1.756E-06
9.985E-07
5.683E-07
3.237E-07
1.844E-07
1.051E-07
5.991E-08
3.415E-08
1.947E-08
1.109E-08
6.314E-09
3.592E-09
2.042E-09
1.159E-09
6.578E-10
3.726E-10
2.108E-10
1.191E-10
6.711E-11

3.843E-03
3.305E-03
2.829E-03
2.409E-03
2.040E-03
1.717E-03
1.435E-03
1.190E-03
9.776E-04
7.940E-04
6.353E-04
4.968E-04
3.749E-04
2.684E-04
1.785E-04
1.083E-04
5.932E-05
2.971E-05
1.313E-05
5.863E-06
2.831E-06
1.436E-06
7.454E-07
3.906E-07
2.061E-07
1.091E-07
5.790E-08
3.083E-08
1.645E-08
8.794E-09
4.711E-09
2.527E-09
1.358E-09
7.309E-10
3.939E-10
2.125E-10
1.148E-10
6.206E-11
3.356E-11
1.817E-11
9.829E-12
5.318E-12
2.879E-12
1.557E-12
8.422E-13
4.548E-13
2.456E-13
1.323E-13
7.122E-14
3.831E-14
2.056E-14
1.102E-14
5.893E-15

3.020E-03
2.552E-03
2.145E-03
1.793E-03
1.489E-03
1.228E-03
1.005E-03
8.147E-04
6.541E-04
5.191E-04
4.065E-04
3.134E-04
2.374E-04
1.760E-04
1.273E-04
8.942E-05
6.049E-05
3.894E-05
2.153E-05
1.081E-05
5.351E-06
2.656E-06
1.322E-06
6.598E-07
3.304E-07
1.659E-07
8.354E-08
4.218E-08
2.136E-08
1.084E-08
5.512E-09
2.810E-09
1.434E-09
7.334E-10
3.758E-10
1.928E-10
9.899E-11
5.089E-11
2.617E-11
1.347E-11
6.936E-12
3.571E-12
1.838E-12
9.460E-13
4.866E-13
2.501E-13
1.284E-13
6.585E-14
3.372E-14
1.725E-14
8.805E-15
4.487E-15
2.282E-15

1.191E-02
1.101E-02
1.015E-02
9.330E-03
8.558E-03
7.825E-03
7.133E-03
6.479E-03
5.858E-03
5.274E-03
4.721E-03
4.201E-03
3.709E-03
3.246E-03
2.815E-03
2.413E-03
2.041E-03
1.696E-03
1.263E-03
8.624E-04
5.804E-04
3.912E-04
2.642E-04
1.788E-04
1.213E-04
8.245E-05
5.624E-05
3.847E-05
2.640E-05
1.812E-05
1.226E-05
7.977E-06
4.857E-06
2.801E-06
1.536E-06
8.105E-07
4.173E-07
2.121E-07
1.071E-07
5.390E-08
2.712E-08
1.365E-08
6.884E-09
3.477E-09
1.760E-09
8.934E-10
4.548E-10
2.323E-10
1.191E-10
6.128E-11
3.168E-11
1.646E-11
8.589E-12

2.128E-02
2.101E-02
2.072E-02
2.042E-02
2.010E-02
1.978E-02
1.944E-02
1.908E-02
1.870E-02
1.830E-02
1.788E-02
1.743E-02
1.694E-02
1.642E-02
1.588E-02
1.530E-02
1.471E-02
1.407E-02
1.230E-02
9.839E-03
7.716E-03
6.029E-03
4.696E-03
3.647E-03
2.826E-03
2.185E-03
1.686E-03
1.298E-03
9.986E-04
7.669E-04
5.882E-04
4.506E-04
3.448E-04
2.636E-04
2.013E-04
1.537E-04
1.172E-04
8.927E-05
6.796E-05
5.170E-05
3.930E-05
2.985E-05
2.266E-05
1.718E-05
1.302E-05
9.862E-06
7.463E-06
5.644E-06
4.265E-06
3.220E-06
2.430E-06
1.832E-06
1.380E-06

1.798E-02
1.848E-02
1.899E-02
1.952E-02
2.008E-02
2.066E-02
2.128E-02
2.193E-02
2.262E-02
2.337E-02
2.416E-02
2.502E-02
2.595E-02
2.696E-02
2.812E-02
2.944E-02
3.105E-02
3.301E-02
3.263E-02
2.964E-02
2.639E-02
2.340E-02
2.069E-02
1.826E-02
1.607E-02
1.413E-02
1.242E-02
1.092E-02
9.603E-03
8.426E-03
7.269E-03
6.021E-03
4.656E-03
3.403E-03
2.362E-03
1.574E-03
1.023E-03
6.554E-04
4.167E-04
2.641E-04
1.673E-04
1.059E-04
6.716E-05
4.265E-05
2.714E-05
1.732E-05
1.109E-05
7.122E-06
4.594E-06
2.976E-06
1.938E-06
1.268E-06
8.346E-07
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Bahcall, Pinsonneault, and Wasserburg: Solar models with diffusion

TABLE IX. Standard Solar Model Without Diffusion: “Be Mass Fraction and Neutrino Production Rates.

801

R/Ro T6 logpe d(Mass) X("Be) do(pp) do(®B) do(*3N) d¢(*%0) do('"F) dé("Be) do(pep)

dg(hep)

0.00651 15.542 2.015 3.281E-05 1.610E-11 2.100E-04 2.563E-03 1.900E-03 2.250E-03 2.357E-03 1.036E-03 3.285E-04
0.00693 15.540 2.014 6.636E-06 1.609E-11 4.247E-05 5.172E-04 3.835E-04 4.539E-04 4.755E-04 2.094E-04 6.643E-05
0.00736 15.538 2.014 7.978E-06 1.607E-11 5.107E-05 6.201E-04 4.598E-04 5.442E-04 5.701E-04 2.514E-04 7.986E-05
0.00783 15.535 2.014 9.591E-06 1.605E-11 6.140E-05 7.432E-04 5.510E-04 6.522E-04 6.834E-04 3.018E-04 9.598E-05
0.00833 15.532 2.014 1.153E-05 1.603E-11 7.383E-05 8.905E-04 6.601E-04 7.814E-04 8.187E-04 3.622E-04 1.154E-04
0.00886 15.529 2.014 1.386E-05 1.601E-11 8.877E-05 1.066E-03 7.901E-04 9.357E-04 9.805E-04 4.347E-04 1.387E-04
0.00942 15.526 2.013 1.667E-05 1.598E-11 1.067E-04 1.276E-03 9.458E-04 1.120E-03 1.174E-03 5.215E-04 1.666E-04
0.01002 15.522 2.013 2.004E-05 1.595E-11 1.284E-04 1.527E-03 1.131E-03 1.339E-03 1.404E-03 6.254E-04 2.003E-04
0.01065 15.518 2.013 2.409E-05 1.592E-11 1.543E-04 1.825E-03 1.352E-03 1.601E-03 1.678E-03 7.499E-04 2.407E-04
0.01133 15.513 2.013 2.897E-05 1.588E-11 1.856E-04 2.180E-03 1.614E-03 1.912E-03 2.005E-03 8.988E-04 2.892E-04
0.01205 15.507 2.012 3.482E-05 1.584E-11 2.232E-04 2.602E-03 1.927E-03 2.281E-03 2.393E-03 1.077E-03 3.475E-04
0.01282 15.501 2.012 4.187E-05 1.578E-11 2.684E-04 3.102E-03 2.296E-03 2.719E-03 2.853E-03 1.289E-03 4.174E-04
0.01363 15.493 2.011 5.034E-05 1.573E-11 3.227E-04 3.695E-03 2.734E-03 3.238E-03 3.398E-03 1.543E-03 5.015E-04
0.01450 15.485 2.011 6.052E-05 1.567E-11 3.881E-04 4.395E-03 3.253E-03 3.850E-03 4.042E-03 1.846E-03 6.024E-04
0.01542 15.476 2.010 7.276E-05 1.560E-11 4.667E-04 5.221E-03 3.862E-03 4.573E-03 4.801E-03 2.207E-03 7.234E-04
0.01641 15.466 2.009 8.747E-05 1.551E-11 5.613E-04 6.191E-03 4.580E-03 5.421E-03 5.695E-03 2.636E-03 8.687E-04
0.01746 15.454 .2.008 1.052E-04 1.542E-11 6.750E-04 7.328E-03 5.419E-03 6.416E-03 6.742E-03 3.145E-03 1.043E-03
0.01857 15.441 2.008 1.264E-04 1.532E-11 8.117E-04 8.655E-03 6.398E-03 7.576E-03 7.965E-03 3.749E-03 1.252E-03
0.01976 15.426 2.007 1.520E-04 1.520E-11 9.762E-04 1.020E-02 7.539E-03 8.928E-03 9.388E-03 4.464E-03 1.502E-03
0.02103 15.409 2.005 1.828E-04 1.507E-11 1.174E-03 1.199E-02 8.863E-03 1.049E-02 1.104E-02 5.309E-03 1.802E-03
0.02238 15.390 2.004 2.197E-04 1.491E-11 1.412E-03 1.404E-02 1.038E-02 1.229E-02 1.293E-02 6.301E-03 2.161E-03
0.02382 15.368 2.003 2.642E-04 1.475E-11 1.697E-03 1.640E-02 1.212E-02 1.435E-02 1.511E-02 7.471E-03 2.591E-03
0.02536 15.344 2.001 3.176E-04 1.456E-11 2.041E-03 1.906E-02 1.410E-02 1.669E-02 1.758E-02 8.836E-03 3.104E-03
0.02700 15.316 1.999 3.818E-04 1.434E-11 2.454E-03 2.206E-02 1.633E-02 1.933E-02 2.036E-02 1.043E-02 3.717E-03
0.02875 15.285 1.997 4.591E-04 1.409E-11 2.949E-03 2.538E-02 1.882E-02 2.228E-02 2.347E-02 1.227E-02 4.448E-03
0.03062 15.250 1.994 5.519E-04 1.383E-11 3.544E-03 2.905E-02 2.156E-02 2.554E-02 2.689E-02 1.441E-02 5.318E-03
0.03262 15.210 1.992 6.636E-04 1.352E-11 4.257E-03 3.301E-02 2.456E-02 2.908E-02 3.062E-02 1.685E-02 6.352E-03
0.03476 15.165 1.988 7.978E-04 1.317E-11 5.111E-03 3.719E-02 2.778E-02 3.288E-02 3.460E-02 1.961E-02 7.579E-03
0.03704 15.115 1.985 9.591E-04 1.278E-11 6.134E-03 4.154E-02 3.114E-02 3.688E-02 3.876E-02 2.274E-02 9.030E-03
0.03949 15.058 1.981 1.153E-03 1.235E-11 7.354E-03 4.590E-02 3.463E-02 4.098E-02 4.300E-02 2.621E-02 1.074E-02
0.04212 14.993 1.977 1.386E-03 1.186E-11 8.809E-03 5.009E-02 3.807E-02 4.507E-02 4.717E-02 3.003E-02 1.275E-02
0.04493 14.921 1.972 1.667E-03 1.133E-11 1.054E-02 5.388E-02 4.136E-02 4.898E-02 5.109E-02 3.414E-02 1.509E-02
0.04796 14.840 1.966 2.004E-03 1.074E-11 1.258E-02 5.706E-02 4.436E-02 5.251E-02 5.453E-02 3.852E-02 1.782E-02
0.05121 14.748 1.959 2.409E-03 1.010E-11 1.500E-02 5.929E-02 4.681E-02 5.543E-02 5.722E-02 4.303E-02 2.095E-02
0.05471 14.644 1.952 2.766E-03 9.407E-12 1.703E-02 5.756E-02 4.640E-02 5.492E-02 5.627E-02 4.538E-02 2.344E-02
0.05818 14.537 1.945 2.945E-03 8.717E-12 1.789E-02 5.132E-02 4.233E-02 5.012E-02 5.088E-02 4.415E-02 2.425E-02
0.06145 14.434 1.937 3.032E-03 8.084E-12 1.814E-02 4.433E-02 3.745E-02 4.434E-02 4.459E-02 4.157E-02 2.424E-02
0.06454 14.332 1.930 3.120E-03 7.492E-12 1.838E-02 3.829E-02 3.320E-02 3.930E-02 3.913E-02 3.912E-02 2.420E-02
0.06751 14.233 1.923 3.210E-03 6.943E-12 1.860E-02 3.309E-02 2.947E-02 3.488E-02 3.436E-02 3.682E-02 2.414E-02
0.07036 14.135 1.916 3.303E-03 6.431E-12 1.880E-02 2.858E-02 2.617E-02 3.098E-02 3.018E-02 3.464E-02 2.406E-02
0.07314 14.038 1.909 3.399E-03 5.953E-12 1.899E-02 2.467E-02 2.326E-02 2.753E-02 2.651E-02 3.257E-02 2.396E-02
0.07584 13.942 1.902 3.499E-03 5.508E-12 1.917E-02 2.128E-02 2.065E-02 2.444E-02 2.328E-02 3.062E-02 2.385E-02
0.07848 13.846 1.896 3.603E-03 5.091E-12 1.933E-02 1.833E-02 1.833E-02 2.171E-02 2.043E-02 2.878E-02 2.372E-02
0.08109 13.751 1.889 3.712E-03 4.701E-12 1.949E-02 1.577E-02 1.627E-02 1.928E-02 1.791E-02 2.702E-02 2.358E-02
0.08365 13.657 1.882 3.826E-03 4.335E-12 1.963E-02 1.354E-02 1.444E-02 1.711E-02 1.569E-02 2.536E-02 2.343E-02
0.08619 13.562 1.875 3.945E-03 3.994E-12 1.977E-02 1.161E-02 1.280E-02 1.516E-02 1.373E-02 2.378E-02 2.326E-02
0.08872 13.467 1.868 4.070E-03 3.673E-12 1.990E-02 9.930E-03 1.133E-02 1.342E-02 1.199E-02 2.228E-02 2.309E-02
0.09122 13.372 1.861 4.202E-03 3.374E-12 2.002E-02 8.473E-03 9.998E-03 1.184E-02 1.045E-02 2.085E-02 2.290E-02
0.09373 13.276 1.854 4.342E-03 3.094E-12 2.013E-02 7.209E-03 8.827E-03 1.046E-02 9.097E-03 1.949E-02 2.270E-02
0.09623 13.180 1.846 4.491E-03 2.833E-12 2.024E-02 6.119E-03 7.778E-03 9.215E-03 7.898E-03 1.821E-02 2.249E-02
0.09874 13.083 1.839 4.649E-03 2.588E-12 2.034E-02 5.175E-03 6.834E-03 8.100E-03 6.841E-03 1.699E-02 2.227E-02
0.10127 12.985 1.832 4.817E-03 2.360E-12 2.044E-02 4.362E-03 5.990E-03 7.101E-03 5.909E-03 1.584E-02 2.204E-02
0.10381 12.886 1.824 4.997E-03 2.148E-12 2.053E-02 3.663E-03 5.236E-03 6.211E-03 5.088E-03 1.474E-02 2.180E-02
0.10638 12.786 1.816 5.191E-03 1.950E-12 2.061E-02 3.064E-03 4.564E-03 5.413E-03 4.367E-03 1.370E-02 2.156E-02

8.971E-05
1.816E-05
2.185E-05
2.629E-05
3.164E-05
3.808E-05
4.584E-05
5.519E-05
6.647E-05
8.005E-05
9.644E-05
1.162E-04
1.401E-04
1.689E-04
2.037E-04
2.458E-04
2.967E-04
3.584E-04
4.330E-04
5.237E-04
6.332E-04
7.669E-04
9.289E-04
1.126E-03
1.366E-03
1.659E-03
2.016E-03
2.452E-03
2.985E-03
3.636E-03
4.432E-03
5.402E-03
6.593E-03
8.042E-03
9.368E-03
1.009E-02
1.050E-02
1.089E-02
1.127E-02
1.164E-02
1.202E-02
1.239E-02
1.276E-02
1.313E-02
1.349E-02
1.387E-02
1.424E-02
1.461E-02
1.499E-02
1.538E-02
1.577E-02
1.617E-02
1.659E-02
1.701E-02
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TABLE IX. (Continued).

R/Ro

T6

log pe

d(Mass)

X("Be)  dé(pp)

dg(*B)  de(**N)

d¢(150)

dg(1"F)  dé("Be)

d¢é(pep)

dé(hep)

0.10897
0.11161
0.11429
0.11702
0.11981
0.12267
0.12561
0.12864
0.13177
0.13503
0.13843
0.14199
0.14573
0.14970
0.15393
0.15848
0.16342
0.16886
0.17497
0.18198
0.18932
0.19654
0.20366
0.21068
0.21762
0.22448
0.23127
0.23800
0.24468
0.25130
0.25789
0.26444
0.27095
0.27745
0.28392
0.29037
0.29681
0.30324
0.30967
0.31609
0.32252
0.32895
0.33539
0.34184
0.34830
0.35477
0.36126
0.36777
0.37430
0.38085
0.38743
0.39403
0.40066

12.685
12.581
12.476
12.369
12.260
12.148
12.033
11.915
11.793
11.667
11.537
11.400
11.258
11.108
10.950
10.782
10.602
10.406
10.190
9.948
9.701
9.464
9.236
9.018
8.809
8.608
8.414
8.228
8.049
7.876
7.709
7.548
7.393
7.242
7.096
6.955
6.818
6.686
6.557
6.431
6.309
6.191
6.076
5.963
5.854
5.747
5.643
5.541
5.441
5.344
5.249
5.156
5.065

1.808
1.800
1.792
1.783
1.774
1.765
1.755
1.745
1.735
1.724
1.712
1.700
1.687
1.672
1.657
1.641
1.622
1.602
1.578
1,551
1.521
1.492
1.462
1.432
1.402
1.372
1.342
1.312
1.281
1.251
1.220
1.189
1.158
1.127
1.096
1.064
1.033
1.002
0.970
0.938
0.907
0.875
0.843
0.811
0.779
0.747
0.715
0.683
0.651
0.619
0.586
0.554
0.522

5.399E-03
5.624E-03
5.867E-03
6.133E-03
6.423E-03
6.741E-03
7.093E-03
7.483E-03
7.920E-03
8.410E-03
8.964E-03
9.596E-03
1.032E-02
1.117E-02
1.217E-02
1.337E-02
1.487E-02
1.679E-02
1.932E-02
2.137E-02
2.186E-02
2.163E-02
2.134E-02
2.101E-02
2.065E-02
2.026E-02
1.985E-02
1.942E-02
1.897E-02
1.852E-02
1.805E-02
1.758E-02
1.711E-02
1.663E-02
1.616E-02
1.569E-02
1.522E-02
1.476E-02
1.430E-02
1.385E-02
1.341E-02
1.298E-02
1.255E-02
1.213E-02
1.173E-02
1.133E-02
1.094E-02
1.056E-02
1.019E-02
9.831E-03
9.481E-03
9.141E-03
8.810E-03

1.765E-12 2.069E-02
1.593E-12 2.077E-02
1.434E-12 2.084E-02
1.286E-12 2.091E-02
1.149E-12 2.097E-02
1.022E-12 2.104E-02
9.056E-13 2.109E-02
7.980E-13 2.115E-02
6.989E-13 2.120E-02
6.086E-13 2.125E-02
5.259E-13 2.129E-02
4.511E-13 2.132E-02
3.830E-13 2.134E-02
3.216E-13 2.136E-02
2.668E-13 2.136E-02
2.177E-13 2.138E-02
1.744E-13 2.141E-02
1.365E-13 2.147E-02
1.034E-13 2.156E-02
7.518E-14 2.031E-02
5.376E-14 1.748E-02
3.863E-14 1.453E-02
2.790E-14 1.204E-02
2.023E-14 9.946E-03
1.474E-14 8.196E-03
1.079E-14 6.741E-03
7.937E-15 5.534E-03
5.865E-15 4.535E-03
4.355E-15 3.712E-03
3.253E-15 3.034E-03
2.427E-15 2.478E-03
1.776E-15 2.021E-03
1.244E-15 1.648E-03
8.129E-16 1.342E-03
5.055E-16 1.092E-03
2.991E-16 8.888E-04
1.711E-16 7.227E-04
9.600E-17 5.873E-04
5.329E-17 4.770E-04
2.947E-17 3.871E-04
1.627E-17 3.140E-04
8.991E-18 2.546E-04
4.974E-18 2.063E-04
2.758E-18 1.671E-04
1.534E-18 1.352E-04
8.555E-19 1.094E-04

4.788E-19 8.841E-05

2.689E-19 7.142E-05
1.517E-19 5.767E-05
8.591E-20 4.653E-05
4.889E-20 3.752E-05
2.797E-20 3.023E-05
1.609E-20 2.435E-05

2.550E-03 3.966E-03
2.112E-03 3.431E-03
1.740E-03 2.959E-03
1.425E-03 2.539E-03
1.159E-03 2.167E-03
9.359E-04 1.840E-03
7.497E-04 1.554E-03
5.950E-04 1.312E-03
4.672E-04 1.143E-03
3.630E-04 1.138E-03
2.782E-04 1.531E-03
2.101E-04 2.729E-03
1.559E-04 5.197E-03
1.133E-04 9.127E-03
8.053E-05 1.407E-02
5.564E-05 1.888E-02
3.718E-05 2.218E-02
2.383E-05 2.297E-02
1.444E-05 2.106E-02
7.605E-06 1.603E-02
3.554E-06 1.021E-02
1.617E-06 6.016E-03
7.394E-07 3.457E-03
3.398E-07 1.960E-03
1.569E-07 1.103E-03
7.290E-08 6.193E-04
3.404E-08 3.473E-04
1.599E-08 1.949E-04
7.552E-09 1.095E-04
3.591E-09 6.154E-05
1.707E-09 3.465E-05
7.971E-10 1.954E-05
3.562E-10 1.103E-05
1.487E-10 6.240E-06
5.908E-11 3.532E-06
2.235E-11 2.001E-06
8.179E-12 1.135E-06
2.936E-12 6.445E-07
1.043E-12 3.662E-07
3.694E-13 2.081E-07
1.306E-13 1.183E-07
4.619E-14 6.729E-08
1.636E-14 3.827E-08
5.804E-15 2.176E-08
2.064E-15 1.237E-08
7.361E-16 7.029E-09
2.632E-16 3.991E-09
9.438E-17 2.265E-09
3.396E-17 1.284E-09
1.226E-17 7.268E-10
4.441E-18 4.110E-10
1.615E-18 2.321E-10
5.901E-19 1.309E-10

4.705E-03
4.074E-03
3.515E-03
3.017E-03
2.578E-03
2.191E-03
1.851E-03
1.553E-03
1.292E-03
1.066E-03
8.683E-04
6.953E-04
5.422E-04
4.066E-04
2.882E-04
1.898E-04
1.144E-04
6.293E-05
3.227E-05
1.509E-05
6.961E-06
3.390E-06
1.725E-06
8.947E-07
4.683E-07
2.463E-07
1.300E-07
6.884E-08
3.653E-08
1.943E-08
1.036E-08
5.532E-09
2.960E-09
1.586E-09
8.512E-10
4.574E-10
2.461E-10
1.326E-10
7.146E-11
3.854E-11
2.080E-11
1.123E-11
6.061E-12
3.272E-12
1.766E-12
9.523E-13
5.133E-13
2.764E-13
1.487E-13
7.993E-14
4.290E-14
2.299E-14
1.230E-14

3.734E-03 1.271E-02
3.179E-03 1.177E-02
2.695E-03 1.088E-02
2.273E-03 1.004E-02

2.130E-02
2.103E-02
2.075E-02
2.046E-02

1.744E-02
1.789E-02
1.835E-02
1.884E-02

1.907E-03 9.238E-03 2.016E-02 1.934E-02

1.590E-03 8.480E-03
1.316E-03 7.763E-03
1.081E-03 7.084E-03
8.806E-04 6.439E-03
7.103E-04 5.833E-03
5.664E-04 5.258E-03
4.459E-04 4.717E-03
3.457E-04 4.204E-03
2.635E-04 3.719E-03
1.968E-04 3.265E-03
1.435E-04 2.840E-03
1.017E-04 2.444E-03
6.944E-05 2.076E-03
4.520E-05 1.731E-03
2.582E-05 1.321E-03
1.313E-05 9.138E-04
6.481E-06 6.138E-04
3.207E-06 4.131E-04
1.592E-06 2.785E-04
7.920E-07 1.882E-04
3.952E-07 1.275E-04
1.978E-07 8.659E-05
9.928E-08 5.898E-05
4.997E-08 4.031E-05
2.521E-08 2.766E-05
1.275E-08 1.893E-05
6.465E-09 1.270E-05
3.284E-09 8.136E-06
1.671E-09 4.860E-06
8.521E-10 2.759E-06
4.351E-10 1.489E-06
2.225E-10 7.758E-07
1.139E-10 3.962E-07
5.837E-11 2.000E-07
2.994E-11 1.005E-07
1.536E-11 5.040E-08
7.886E-12 2.527E-08
4.049E-12 1.268E-08
2.079E-12 6.371E-09
1.067E-12 3.209E-09
5.475E-13 1.620E-09
2.807E-13 8.204E-10
1.438E-13 4.167E-10
7.357E-14 2.125E-10
3.760E-14 1.087E-10
1.919E-14 5.588E-11
9.779E-15 2.886E-11
4.974E-15 1.498E-11

1.985E-02
1.952E-02
1.918E-02
1.883E-02
1.846E-02
1.807E-02
1.765E-02
1.721E-02
1.674E-02
1.624E-02
1.572E-02
1.518E-02
1.460E-02
1.398E-02
1.246E-02
1.011E-02
7.919E-03
6.178E-03
4.805E-03
3.727E-03
2.883E-03
2.226E-03
1.715E-03
1.319E-03
1.013E-03
7.765E-04
5.947E-04
4.549E-04
3.476E-04
2.654E-04
2.024E-04
1.543E-04
1.175E-04
8.938E-05
6.794E-05
5.161E-05
3.918E-05
2.972E-05
2.252E-05
1.706E-05
1.291E-05
9.766E-06
7.380E-06
5.574E-06
4.206E-06
3.172E-06
2.390E-06
1.800E-06

1.987E-02
2.042E-02
2.101E-02
2.162E-02
2.229E-02
2.299E-02
2.375E-02
2.457E-02
2.544E-02
2.643E-02
2.754E-02
2.883E-02
3.037E-02
3.222E-02
3.237E-02
2.982E-02
2.651E-02
2.349E-02
2.074E-02
1.828E-02
1.608E-02
1.413E-02
1.241E-02
1.090E-02
9.586E-03
8.391E-03
7.181E-03
5.857E-03
4.444E-03
3.198E-03
2.184E-03
1.438E-03
9.268E-04
5.899E-04
3.735E-04
2.358E-04
1.488E-04
9.387E-05
5.933E-05
3.757E-05
2.384E-05
1.518E-05
9.694E-06
6.215E-06
4.001E-06
2.587E-06
1.682E-06
1.100E-06
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TABLE X. Neutrino fluxes and theoretical uncertainties for the standard solar model. The unit of flux is 10'© cm™

2571, We also show

the fractional uncertainties associated with each important parameter (e.g., p-p reaction rate, heavy-element-to-hydrogen ratio Z/X, or

opacity).

Source Flux p-p 3He-He 3He-*He p-'Be p-“N  z/Xx Lo tae  Opacity Diffusion
(10 cm™25s7 1)

pp 5.91(1.00250D) 0.002  0.002 0.002  0.000 0002 0.004 0.003 0.000 0.003 0.006

pep 1.40X1072(1.00730)  0.003  0.000 0.003 ~ 0.000 0.002 0.009 0.03 0.000 0.005 0.009

"Be 5.15%1071(1.001955)  0.01 0.02 0.03 000 000 003 001 0.0 0.03 0.04

8B 6.62X1074(1.0015319  0.03 0.02 0.03 009 000 008 003 0.01 0.05 0.08

BN 6.18X1072(1.003))  0.03 0.00 0.00 000 010 = 012 002 0.0 0.03 0.11

150 5.45X1072(1.00751)  0.03 0.00 0.00 000 012 014 002 001 0.04 0.12

7g 6.48X1074(1.0071)  0.03 0.00 0.00 000 000 014 003 001 0.04 0.12

No single quantity dominates the uncertainties, given in
Table III, in the individual neutrino fluxes. Therefore it
seems likely that—despite continuing efforts to improve the
input parameters—the net uncertainties in the computed neu-
trino fluxes will not be greatly reduced in the foreseeable
future.

VI. SUMMARY AND DISCUSSION

We present and discuss in this section our principal con-
clusions.

(1) We have calculated improved values, or used recently
established improved values, for some of the most important
input parameters for solar interior calculations and have de-
termined best estimates for their uncertainties. The param-
eters and their uncertainties are given in Sec. II; the quanti-
ties considered include nuclear reaction rates, the solar
luminosity, the solar age (see also the Appendix), heavy-
element abundances, radiative opacities, and neutrino inter-
action cross sections.

(2) The effects of the various improvements in the input
parameters are determined systematically in Sec. IV.A by
calculating a series of accurate solar models, each model
with an additional improvement in the input physics. The
results of these calculations are summarized in Table III,
which gives the neutrino fluxes for each model in the series,
and in Table IV, which describes the principal physical char-
acteristics of each model.

(3) We have included, for the first time in this series of
papers, both heavy-element and helium diffusion. We make
use of an improved calculation of the diffusion coefficients
by Thoul, Bahcall, and Loeb (1994), which is described in
Sec. III. The results obtained here for the neutrino fluxes are
in good agreement with previous calculations by Bahcall and
Pinsonneault (1992), if we restrict ourselves to helium diffu-
sion only, and in good agreement with the results of Proffitt
(1994) for the case in which metal diffusion is also included.

The inclusion of metal diffusion increases the calculated
event rate by about 12% (1.0 SNU), in the chlorine experi-
ment, by about 5% (6 SNU) in the gallium experiments, by
about 14% for the ®B neutrino flux (measured in the Kamio-
kande experiment), and by about 5% for the “Be neutrino
flux (to be measured in the BOREXINO experiment; see
Ranucci, 1993).
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For our best solar model with helium and heavy-element
diffusion, the predicted event rate for the chlorine experi-
ment is 9.37 % SNU. For the gallium experiments, the pre-
dicted event rate is 13775 SNU. The model has a calculated
flux of 5.15(1.00%359)% 10° cm™2s™! for the "Be neutri-
nos, and a flux of 6.6(1.007319)x10° cm™2 s~ ! for the *B
neutrinos. The uncertainties quoted here and elsewhere in
this paper are effective 1o uncertainties, calculated as de-
scribed in Sec. V.

The slightly higher predicted event rates found here for
models that include heavy-element diffusion only slightly
exacerbate the difficulties in accounting for, with conven-
tional physics, the observed neutrino event rates in the four
existing experiments. Almost independent of the detailed re-
sults of solar models, it is difficult to explain the relative
neutrino event rates in different detectors (see Bahcall,
1994).

(4) The results obtained here by including metal diffusion
and by using improved input parameters increase the pre-
dicted event rates by about 10 (theoretical) for the chlorine
and the Kamiokande solar neutrino experiments and by
about 0.50 (theoretical) for the gallium experiments. Since
all four of the operating experiments give rates that are lower
than the predicted rates, one might suppose that the results
given here make it more difficult to explain with conven-
tional physics the solar neutrino results. However, the most
obdurate difficulties are essentially independent of the details
of the solar model physics; they result from comparisons
between the experiments themselves (see, for example, Bah-
call, 1994). We conclude, therefore, that the results presented
here only slightly exacerbate the solar neutrino problem.

(5) Many authors have not yet included diffusion in their
stellar evolution codes. In order to facilitate comparisons
with their results, we have calculated a detailed solar model
that uses all of the same physics as is used in our best solar
model except that no diffusion (by helium or heavy ele-
ments) is included. For this no-diffusion solar model (Model
10 in Table III), the predicted event rate for the chlorine
experiment is 7.01“?:3 SNU. For the gallium experiments, the
predicted event rate is 126°¢ SNU. The model has a calcu-
lated flux of 4.5(1.00739%)x 10° cm™2 s™! for the "Be neu-
trinos, and a flux of 4.9(1.00f8}‘7‘)>< 10° cm™ 257! for the
8B neutrinos.
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TABLE XI. Individual neutrino contributions to the calculated event rates in the chlorine and gallium solar neutrino experiments. The
neutrino fluxes are calculated with our best solar model, which includes helium and heavy element diffusion, and with a model that

neglects all diffusion.

Neutrino Cl Ga
source (SNU) (SNU)

Diffusion No diffusion Diffusion No diffusion
pp 0.00 0.00 69.7 70.9
pep 0.22 0.23 3.0 3.1
"Be 1.24 1.09 37.7 33.2
8B 7.36 5.38 16.1 11.8
13N 0.11 0.07 3.8 2.5
50 0.37 0.23 6.3 4.0
Total 93712 7.05%0 13713 1268

Comparing the results obtained by including both metal
and helium diffusion with the results obtained neglecting all
diffusion (Model 9 and Model 10 in Table III), we find that
the "Be and ®B neutrino fluxes computed with models not
including diffusion can be rescaled to take account of diffu-
sion by multiplying the fluxes by, respectively, 1.14 and 1.36.
The calculated event rates for the chlorine and gallium ex-
periments can be rescaled to take account of the effects of
diffusion by multiplying by 1.32 and 1.09, respectively.
These ratios are useful when comparing the results obtained
using solar models that do not take account of diffusion with
results obtained by taking account of diffusion.

Rotationally induced mixing may inhibit to some degree
element diffusion. Indeed, some authors have argued that a
moderate amount of inhibition may be required to explain
the observed depletion of lithium in the solar atmosphere
(see Chaboyer et al., 1995b for a recent summary of these
arguments). There is not yet available a rigorous calculation
of the required amount of mixing that is independent of other
uncertain parameters, such as the radiative opacity at the
base of the solar convective zone. We regard the no-mixing
model as an extreme example and have used this case in Sec.
V to determine effective 3 o lower limits due to uncertainties
in the diffusion rate.

(6) Models that include at least helium diffusion agree
with the helioseismological determinations of the depth of
the convective zone, while neglecting diffusion entirely leads
to disagreement with the helioseismological data (see Table
IV for details). The depth of the convective zone that
is found when both metal and helium diffusion are in-
cluded is R=0.712Ry, in agreement with the observed
value determined from p-mode oscillation data of
R=(0.713%£0.003)Ry . (Christensen-Dalsgaard et al.,
1991). If only helium diffusion is included (Model 8 of Table
II), the computed depth of the convection zone is
R=0.710R , which is within the quoted uncertainties of the
p-mode determination. If diffusion is omitted entirely, the
computed depth of the convective zone is R=0.726R .
Therefore the no-diffusion model disagrees with the p-mode
data.

(7) Similarly, solar models must include at least helium
diffusion in order to obtain agreement with the recent
p-mode determination of the surface abundance of helium,
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which yields Y ;=0.242+0.003 (Hernandez and Christensen-
Dalsgaard, 1994). The surface helium abundance that is
found if just hydrogen and helium diffusion are included is
Y,=0.239. If heavy-element diffusion is also included, then
Y,=0.247. These two solar models, full diffusion or just
helium and hydrogen diffusion, yield surface helium abun-
dances that bracket the observed value and are both within
the measurement uncertainty. If diffusion is neglected en-
tirely, the calculated surface abundance of helium is
Y,=0.268, which disagrees with the observed value.

(8) The primordial helium abundance is determined to an
accuracy of *2% in our set of 10 solar models (see results in
Table IV). For the full-diffusion model (helium plus metal
diffusion), the initial helium abundance is ¥;,;;=0.278. In
our best no-diffusion model, Y;,;=0.270. All 10 solar mod-
els discussed in this paper yield primordial helium abun-
dances in the range 0.270<Y=<0.278.

(9) Diffusion causes the surface abundance of hydrogen to
increase with time and the surface abundance of helium and
the metals to decrease with time. Therefore the heavy-
element abundance in the sun in the models with helium and
metal diffusion, Zgs60n=0.0200, is about 14% larger than
for models without diffusion, Z,, gfusion= 0.01740. If helium
but not metal diffusion is included, then
Zye ditfusion= 0.0182 (see Table IV).

(10)Table XI gives for both our Best Model (Model 9 of
Table III) and for the no-diffusion model (Model 10 of Table
III) the individual neutrino contributions to the calculated
event rates in the chlorine and the gallium experiments. Our
previous best solar model (see Model 1 of Table III or Bah-
call and Pinsonneault, 1992), which included helium diffu-
sion but not heavy-element diffusion, predicts intermediate
event rates, namely, 8.1 SNU for the chlorine experiment and
132 SNU for the gallium experiments.

(11) We present detailed numerical models for the physical
characteristics of the sun calculated for our best solar model,
including full helium and metal diffusion, and for an extreme
model that neglects all diffusion. These numerical solar mod-
els are given in Table VI and Table VII; the corresponding
neutrino production rates at different positions in the sun are
given in Table VIII and Table IX. These tabular results can
be used to evaluate the effects on the neutrinos of the solar
material given a particular particle physics theory, such as
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the resonant conversion of neutrinos in matter, MSW theory
(see Mikheyev and Smirnov, 1986a, 1986b; Wolfenstein,
1978). Copies of these tables may be obtained from the au-
thors in computer-readable form.

(12) The uncertainties in the different neutrino fluxes and
calculated experimental event rates are evaluated quantita-
tively using the prescriptions summarized in Sec. V. The re-
sults are presented in Table X. No single input parameter
dominates the estimated uncertainties.

The theoretical uncertainties are slightly increased because
we have required that the 30 lower limits on the effects of
diffusion include the results of the no-diffusion models. This
new theoretical error affects most the lower limits on the
calculated 8B neutrino fluxes and the neutrino capture rate in
chlorine.

(13) Some workers (e.g., Hata, 1994; Wolfenstein, 1994)
have drawn attention to the approximately 2o difference be-
tween the two measurements of the "Be(p, v)®B low-energy
cross sections that have the smallest quoted uncertainties.
The reanalysis by Johnson et al. (1992) gives 25.2+2.4eV b
for the Kavanagh et al. (1969) measurement and 20.2*2.3
eV b for the Filippone et al. (1983) measurement. In the
work in this paper, we have used the weighted average of
five experimental values, including those of Kavanagh et al.
(1969) and of Filippone et al. (1983), determined by Johnson
et al. (1992) to be 22.4*+2.1 eV b.

If we had used the cross-section factor determined by Ka-
vanagh et al. (1969) (or the cross-section factor determined
by Filippone et al., 1983), the calculated event rate in the
chlorine experiment would have been increased by 0.9 SNU
or 10% (or decreased by —0.7 SNU or 8%), the calculated
event rate in the gallium experiment would have been in-
creased by 2.0 SNU or 1.5% (or decreased by 1%), the ®B
neutrino flux would have been increased by 12.5% (or de-
creased by 10%), and the "Be neutrino flux would have been
unaffected. All of these changes are less than the quoted
effective 10 uncertainties.
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APPENDIX: AGE OF THE SOLAR SYSTEM

A lower bound to the age of the solar system is given by
the age of material that has been melted and crystallized
within the solar system. An upper bound to the age of the
solar system is a time of significant injection of freshly syn-
thesized presolar nucleosynthetic material into the protosolar
nebula. The ‘““age” of the sun refers to the time since the
protosolar mass arrived at some reference state in stellar evo-
lution. Some objects in the solar system were formed as the
result of melting of small planetary bodies, and some other
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objects appear to be melted and crystallized refractory con-
densates (CAI) formed in regions of the solar nebula that
were at elevated temperatures. The melted refractory materi-
als are known to have contained 2°Al (7=1.06X 10° yr) at
their time of formation [see Wasserburg (1985) and Podosek
and Swindle (1988) for a review of short-lived nuclei in the
early solar system]. These objects also show clear isotopic
differences due to nucleosynthetic processes for several ele-
ments as compared to terrestrial material, thereby demon-
strating that they were formed from incompletely mixed
presolar materials. The time interval between a melting and
associated crystallization event and the present is determined
by measurement of the number of parent nuclei that are left
today and the increase in the number of daughter nuclei pro-
duced by the net decay of the parent nucleus over this time
interval. The accuracy of the age depends on the measured
abundances of each of the nuclear species, their initial abun-
dances, and the decay constants. It is necessary that the
samples measured have remained as isolated undisturbed
systems since the time of melting (with isotopic homogeni-
zation) and associated crystallization and the present (see
Wasserburg, 1987). The relations between the ‘“‘age of the
sun” and that of the planetary and solar nebular materials
which have been dated depend on the sequence of formation
and evolution of the sun and that of the planetary objects.
The 26Al originally present in the CAI is considered to have
been produced in presolar stellar sources. It thus follows that
the ages of CAI place the strongest limits on the age of the
sun, since the ratio of 2°Al/2’Al in the nucleosynthetic pro-
cesses in possible stellar sources can be well bounded and
compared with the observed values in CAI. The planetary
objects are most plausibly formed after the sun, but the cor-
responding stellar stage is not evident. There is a third class
of materials, the chondrites, which are almost predominantly
aggregates of processed and reprocessed (e.g., melted) nebu-
lar debris and possibly planetary materials. The chondrites
have all undergone various degrees of recrystallization and
frequently some degree of open system behavior; however,
they also contain preserved presolar interstellar dust grains
and thus have not been completely chemically reprocessed
under either nebular or planetary conditions (see Black,
1972; Anders and Zinner, 1993). It is possible that
3He/*He and D/H gas-rich meteorites and the major planets
may be used to establish bounds on the time of D burning
and the formation of some planetary bodies (see Geiss and
Reeves, 1981).

Samples of ancient nebular condensates and planetary ma-
terials represented by some meteorites are of sufficient mass
to permit the application of a variety of isotopic dating meth-
ods. There are a large number of long-lived radioactive
parent-daughter systems that have been used in dating
meteorite samples. These methods include Z233U-20%Pb,
235U'207Pb, 232Th-208Pb, 4°K—40Ar, 87Rb—87Sr, l47Sm_143Nd’
and '®7Re-'#70s. Each of these systems has different suscep-
tibilities to element redistribution, and their decay constants
(\;) have varying degrees of reliability. The interrelationship
between these chronometers plays a key role in establishing
the evolution of the early solar system. An extensive review
of the age of the solar system has been presented by Tilton
(1988). There is generally good agreement between the dif-
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ferent dating methods for systems with rather simple histo-
ries. For the purpose of focusing on the age of the sun using
a self-consistent time scale with the best precision, we shall
concentrate on the 27Pb-2Pb method. This assumes closed-
system behavior and utilizes the fact that the isotopic ratio of
238U/?33U is known and constant in solar system materials,
so that the isotopic ratio of radiogenic 2’Pb to 2°Pb (which
can in many instances be determined precisely) can be used
as a chronometer. The pair of lead isotopes provides model
ages that are the most precise dating method available. The
207pp-206pb model age uses the fact that these two isotopes
of the element lead are produced by ?*>U and 238U, respec-
tively. The isotope 2%*Pb is unchanged over solar system
history. The parent-daughter relationships are

207 207
207ppk — Pb — Pb (2%Ppb)
204Pb 204Pb PAT
PAT
=25yt~ 1] (Ala)
and
2()6Pb 206Pb
206Pb* = [ ( ZiEPb) - ( 204Pb) (204Pb) PAT
PAT
=238[erassT—1]. (Alb)

Here the asterisk refers to the number of radiogenic nuclei,
Pb and ‘U are the total number of i nuclei in the sample,
and PAT refers to the primordial lead (Patterson, Brown, Til-
ton, and Inghram, 1953). The ratio of these two equations
(27Pb* 2%Pb*) defines the 2°’Pb-2%Pb age and depends
only on the lead abundances, the initial solar system Pb, and
the ratio of 23°U/?*8U today. This method is resilient to any
losses of lead or loss/addition of U in modern times. While
problems exist with establishing closed-system behavior,
there is often evidence of results self-consistent with
238(J.206pp and 235U-27Pb methods. The decay constants for
238U and 23U are also well established (Jaffey et al., 1971),
and the model ages are resilient to some types of open-
system behavior. This Pb-Pb method is one of the oldest
dating methods used for solar system chronology (Nier,
1939; Houtermans, 1947). A broad and historical overview
may be found in Dalrymple (1991). The development of so-
phisticated analytical techniques and superior sampling has
permitted analyses of diverse meteorites and allowed sub-
stantial improvement in the results (see Wasserburg, 1987).
In the following we shall consider highly radiogenic Pb, so
that corrections for initial lead may be made with reliability.
The isotopic composition of the initial solar system lead is
known with good precision (Tatsumoto, Knight, and Allegre,
1973; Chen and Wasserburg, 1983; Gopel, Manhés, and Al-
legre, 1985).

Measurements of coarse-grained CAI give 2°7Pb/2’6Pb
model ages that are in essential agreement and lie within the
range of 4.544+8 to 4.565+5X 10° yr (see, for example,
Chen and Wasserburg, 1981). These samples also show that
26A1 was present in them at the time they crystallized with a
ratio 2°A1/27Al=5X 1077 (Lee, Papanastassiou, and Wasser-
burg, 1977). Assuming that 2A1/*’Al=1 in the stellar source
producing 2°Al, we obtain for the time interval A 7 between
26A1 production and CAI formation 10.7X 10° yr. The pro-
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duction ratio assumes complete conversion of Mg to 26Al
with no destruction and no dilution. As such this value gives
a maximum A7=10.7X10° yr. Decreasing the production
ratio to 0.2 decreases A7 by only 2X 10° yr. It follows that
the age of the sun must be fg 45, <4.581X 10° yr old.

We now consider results on a meteorite (Angra Dos Reis)
formed by melting and crystallization of a small planetary
body (Angra Dos Reis Consortium, 1977). The resulting
207pp-26ph ages range from 4.544 to 4.553X 10° yr (Tatsu-
moto, Knight, and Allegre, 1973; Wasserburg et al., 1977;
Chen and Wasserburg, 1981). Another planetary differentiate
(Ibitira) has been given precise 2°7Pb-?°Pb ages of
(4.556+0.006) billion years (Chen and Wasserburg, 1985).
In addition, we note that, for two samples, the 23817.206pp, 235
U-2Pb, and 2*2Th-2%8Pb ages are concordant within analyti-
cal errors (+0.05X 10° yr). The minimum age for the sun
must thus be ¢ 4.>4.553% 10° yr.

If we consider chondrites that are partially recrystallized
aggregates, and focus on the ages of U-rich, 204Pb—poor phos-
phates, then the range in 2°’Pb-2%Pb analyzed by Chen and
Wasserburg (1981) is 4.551=3 and 4.552+4X10° yr. A
thorough and more extensive study by Gopel et al. (1994) at
higher precision gives a range of 4.5044*5 to
4.5627+7%10° yr. These ages reflect the times of formation
of the phosphate grains that are considered to have grown in
the meteorite after its accretion as a result of metamorphism
and recrystallization. Assuming this to have occurred after
the sun formed implies ?q 45>4.563X 10° yr. A study of
bulk chondrites by Unruh (1982) with corrections for con-
tamination by terrestrial lead gives model 2’Pb-2’Pb ages
of 4.550+0.005% 10° yr. These data appear in good agree-
ment.

In conclusion, we infer from all of these results that
the “age of the sun” is bounded by 4.563X10° yr
<t age<4.576X 10° yr. The question of what stage of solar
evolution this narrow time band represents is not at present
obvious. It might be the very earliest phase or the start of
main sequence behavior. If the 26Al that was present were
produced by T-Tauri behavior of the early sun after blowing
off of residual nebular gases, then the best age estimate
would be 4.567% 10° yr. However, we consider this to be an
unlikely explanation for 2°Al, as it would not explain the
presence of '7Pd (Kelly and Wasserburg, 1978), and for
3Mn (Birck and Allegre, 1985, 1988) it would yield values
of Mn/**Mn that were too high compared to 2°Al/27Al
(Wasserburg and Arnould, 1987). If one considers ejecta
from an asymptotic giant branch star as the source of the
short-lived species, 'SAl, '97Pd, and the recently discovered
0Fe in planetary bodies (Shukolyukov and Lugmair, 1993),
then a dilution factor of MpHop ./ Msy=1.5X10* is deter-
mined and gives A 7=1X 10° yr (Wasserburg ez al., 1994). If
the very short-lived #'Ca(7=1.5X 10° yr) reported by Srini-
vasan, Ulyanov, and Goswami (1994) is from the same
source, then A7=0.5 to 0.7X 10® (Wasserburg ez al., 1995).
This would fix the age of the sun to be
t6=4.566=0.005%X 10° yr.

We note that this discussion has been directed to a re-
stricted problem in order to obtain precise and self-consistent
bounds to the “age of the sun.”
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