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Abstract. We discuss the results of Homestake and
Kamioka experiments, showing that — if the results of these
experiments are taken at their face values — one way to
save “conventional neutrinos” is to look for a nuclear
solution decreasing both "Be and ®B neutrino fluxes with
respect to the predictions of the standard solar models.
Recent GALLEX results appear in agreement with such
a conclusion. We discuss the sensitivity of the ®B and "Be
neutrino fluxes to the behaviour of the low energy
SHe + 3He and *He + “He cross sections. We derive ana-
lytically the dependence of the neutrino fluxes on the low
energy nuclear cross sections. This analytical approach
has been supported by numerical experiments based on
a new Standard Solar Model. In the non-resonant case,
reduction of the neutrino fluxes to about 1/3 of the Stan-
dard Solar Model could be obtained if the true value of
S34(0) is three times smaller than the presently accepted
extrapolated value. Alternatively, one should have S33(0)
wrong by a factor nine. A resonance in the *He+ 3He
channel could yield a sufficient reduction of 8B neutrinos
and, furthermore, a suppression of "Be neutrinos larger
than that of ®B neutrinos provided that Ex <21.4 keV, an
energy region so far almost unexplored experimentally.
We show that future experiments in underground laborat-
ories should be able to explore the region down to
Eg =10 keV with a significant sensitivity. We also compare
our Standard Solar Model with the results of previous
calculations.

Key words: Sun: interior — Sun: particle emission — nuclear
reactions — elementary particles

1. Foreword

The status of the solar neutrino problem, with the Home-
stake and Kamioka experiments — (see Davis 1990; Hirata
et al. 1990, 1991) - reporting a neutrino signal significantly
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smaller than the theoretical estimate (Bahcall 1989), seems
to point towards unconventional neutrino properties, as
flavour oscillations (Pontecorvo 1968; Gribov & Pon-
tecorvo 1969; Wolfenstein 1978, 1979; Mikheyev & Smir-
nov 1986a—c), magnetic moment transitions (Voloshin et
al. 1986a,b), neutrino decay (Bahcall et al. 1972; Berez-
hiani et al. 1987). However, preliminary results of the
Soviet American Gallium experiment (Abazov et al. 1991)
supporting this conclusion have been recently challenged
by the result of GALLEX collaboration (1992), which gave
no clear evidence against conventional neutrinos. In such
a situation, since the solar neutrino problem is now ex-
tremely important, we believe that one has to be extremely
critical and not to dismiss any possibility. Thus it appears
worth to investigate the room left to possible errors in the
theoretical estimate of solar neutrino fluxes.

In this respect, it is worth recalling that the values of
the nuclear cross sections adopted in the calculations do
not correspond to directly measured quantities. So far,
they are always obtained by extrapolating experimental
data which are measured at significantly higher energies
than those relevant to the solar interior (see Rolfs & Rod-
ney 1988 for a review on the argument). More in general,
one has to observe that the theoretical values of the neu-
trino fluxes are based on stellar evolutionary codes which
are rather complex from both the physical and numerical
point of view. It is thus extremely desirable to investigate
the model dependence of solar neutrino fluxes, looking for
information which is independent, or very weakly depend-
ent, on the details of the solar model calculations.

In this spirit, the main purpose of this paper is to
examine which space is still left for a “nuclear physics
solution” of the solar neutrino problem. We will try to get
information directly from both Homestake and Kamioka
data, without making assumptions on nuclear cross sec-
tions and by using as little as possible a Standard Solar
Model (SSM). Next we shall discuss how the present
situation can be clarified by experiments which are now in
progress or in preparation. We refer of course to the
Gallium detectors, which are now producing their first
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data, and we also consider the proposed Borexino experi-
ment (Raghavan 1990; Arpesella et al. 1992), which can
add significant information on this point. We will finally
discuss the importance of the LUNA project, the proposal
of a Laboratory for Underground Nuclear Astrophysics
(Arpesella et al. 1991), where it is planned to extend
measurements of the relevant nuclear cross sections down
to significantly lower energies than in any previous experi-
ment.

2. Plan of the paper

It is well known that the total number of emitted neutrinos
is basically determined by Sun energetics only, and there-
fore it is independent of solar model calculations. As
a matter of fact, if solar energy is produced by the burning
of H into He, as long as the solar luminosity remains
~410*3ergs™ !, the number of emitted neutrinos has to
be ~210*®s™! (see Fig. 1). In principle, it is possible to
discuss other aspects of the solar neutrino problem inde-
pendently of solar model calculations.

All in all, provided that neutrinos behave conven-
tionally, the signal in a solar neutrino detector depends on
just a few properties of the Sun, ie. the integrated fluxes
@, corresponding to the neutrinos produced in different
branches of the nuclear reactions chain. By using the
results of a suitable series of experiments it should be
possible, at least in principle, to extract all the ®;’s. The
true ®@;’s can be different from the calculated values of the
SSM, for example because of the difference between true
and estimated nuclear cross sections. However the impor-
tant point is that values of ®;’s extracted in this way have
to be consistent among each others. Otherwise neutrinos
are unconventional and/or experiments are wrong. The
confidence level at which this consistency is established is
an indication of the plausibility of an “astro-nuclear” solu-

Table 1. For the ith component of the neutrino flux we present:

(1) the predicted flux of our Standard Solar Model
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tion, which would be completely independent of the solar
model calculations.

We will show that by using the Homestake and
Kamioka results it is already possible to get information
which is only weakly dependent on the Standard Solar
Model. Since we have just two experimental data, we can
at most determine two ("Be and ®B) neutrino fluxes. We
will show that one can extract consistent values of ®("Be)
and ®(®B), however only with a rather small probability.
In other words, data indicate a solar neutrino problem,
even without assuming the SSM to be correct. We will try
to discuss quantitatively this point, which has already been
noticed (see for example Bethe & Bahcall 1991).

As expected, it comes out that both the "Be and 8B neu-
trino fluxes derived in this way are substantially smaller
than those predicted by the Standard Solar Model calcu-
lations. How far this difference can be ascribed to a wrong
estimate of some nuclear cross section? One can try to turn
the question to the realm of nuclear astrophysics, parti-
cularly in connection with the new, low background and
high sensitivity experiments which are being planned at
the underground Gran Sasso laboratory (Arpesella et al.
1991). Assuming that the extrapolations used so far are
wrong, there are values of the nuclear cross sections able to
account for the observed deficit of both "Be and ®B neu-
trino fluxes?

In order to reduce both ®("Be) and ®(®B) one needs
a mechanism that reduces the production of "Be nuclei in
the Sun (see Fig. 2), i.e. a mechanism that alters the relative
probabilities for the two reactions

*He +*He—*He + 2p,
*He+*He—"Be +7,

2.1)
2.2)

in the direction of reducing the occurrence of the latter.
Basically, there are two possibilities: (i) non resonant
cross sections for the He+ 3He and *He + *He reactions

(2) the error on the predicted fluxes, derived from Bahcall, Table 7.4. Errors to be taken as lo
values (correspondingly the Bahcall estimate has been divided by a factor three)
(3) The M coefficients for the Homestake and Gallium experiments, see Eq. (3.1), from Bahcall

(1989)

ith E,(max) SSM predicted MY M¢
component (MeV) Flux (cm~2s7') . (SNU cm?s) (SNU cm?s)
pp 0.42 (6.140.04)10"° 0 11810710
"Be 0.86 (4.6+0.23) 10° 235107 1° 7.310°°
3N 1.20 (5.4+0.9) 108 1.6410°1° 0.6210°8
pep 1.4 (14+002)10° 14310 211078
150 1.73 (4.5+0.9) 108 5810710 1.1710°8
R 1.74 (4.340.7) 106 581071 1.1510°8
8B 14.06 (5.7+0.7) 108 1.1010°° 2410°°
hep 18.77 (7.5+..)10° 3910°° 0.7910°°%
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with low energy astrophysical S-factors, S35 and S;4, signi-
ficantly different from those so far extrapolated, (ii) a
resonance in the *He + *He channel at very low energy.

Concerning the first case, we will determine analyti-
cally the dependence of the "Be- and ®B-neutrino fluxes on
S3; and Ss4, so that we will be able to explore the depen-
dence of the Homestake and the Kamioka signals on these
nuclear reactions parameters without relying on rather
complex solar evolution codes. For the latter case, firstly
considered in Fowler (1972), we will improve the analytical
approach given by Krauss et al. (1987), producing an
estimate of the resonance parameters (position and
strength) which could account for both the Homestake
and Kamioka data. On this basis we will comment on the
possibility of detecting such a resonance in future experi-
ments.

As already stated, our spirit is to gain physical informa-
tion independently, as far as possible, of the use of complex

stellar evolution codes. The best way to implement such’

a program is actually to have at disposal a stellar evolution
code, as good as possible, and to use it as a theoretical
laboratory, where different hypotheses can be tested and
approximate analytical estimates can be checked. For this
purpose, we have used the FRANEC stellar evolution code
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(see Appendix), developing our Standard Solar Model.
The main results are summarized in Table 1 and Figs.
1 and 2. A comparison with codes and models of other
groups will be given in the Appendix.

The next section will be devoted to the information on
the neutrino fluxes which can be obtained independently,
or almost independently, of stellar evolution codes. In
Sect. 4 we will explore the dependence of the production of
"Be nuclei as a function of the cross sections for *He + *He
and *He +“He reactions. The general results will then be
specialized to the case of non resonant cross section and
the possibility of a resonance in the *He + *He channel will
be also discussed. The main conclusions of the paper are
summarized in the final section. In the Appendix, our
stellar evolution code and our Standard Solar Model are
presented and briefly compared with the work of other
groups.

3. The solar neutrino problem (almost) without
the Standard Solar Model
3.1. Kamioka and Homestake

As mentioned above, let us try to derive from Kamioka
and Homestake data information, the neutrino fluxes,

4p + 2e-
98.5% 1.5%
X <
CNO bi-cycle
by) AN (pal
p-p chain
84.70% 13.78% 0.02% =2*%10-5% 1.49% 0.01%
v v v v
o+2vp Oo+Vp+VBe 0+Vp+VB O+Vp+V hep o+VO+VN o+VOt+VFE

Fig. 1. The terminations of hydrogen burning reactions in the Sun. The probabilities of the different terminations correspond to the
Standard Solar Model developed by using the FRANEC code. v, is a pp or pep neutrino (the relative probabilities being 99.77% and
0.23% respectively), v,, is a neutrino from electron capture in 'Be, and so on
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98.5%

99.77%

p+p — 2H+et +ve

0.23%

p+e-+p — 2H +ve

Ev<0.42 MeV Ev=1.44 MeV
84.7% ~2%10° %
2H+p — 3He+y
13.8%
] 3Het+o. —» 7Be+y
13.78% 0.02%
y
TBe+e- — TLi +1+Ve TBe+p —8B+Y
Ev<0.86 MeV
v JV

3He+3He — a+2p TLi+p - o+l

(l+2Vp a+Vp+V 7Be

Vp = Vpp OF Vpep - Probability vpep respect to vpp = 0.23%

3B — 2a+e* +ve 3H+p — atet +ve

Eyv £14.06 MeV

a+Vp+v 8g +Vp+V hep

Fig. 2. Nuclear reactions in the p—p chain. For a total probability P=98.5% of the pp-chain, we present the calculated probabilities
of the various reactions. For the pp and pep neutrino we show, in italics, the relative probabilities

which are, as far as possible, independent of the solar
model calculations.

Provided that neutrinos behave conventionally, the
signal S¥ in a solar neutrino detector X depends on the
fluxes @; corresponding to the different branches of the
nuclear reactions chain:

SX=Y M¥0,

i

(3.1.1)

where the matrix M¥ specifies the detector, ie. its “re-
sponse function” for a unitary flux of electron neutrinos
with energy spectrum as given by the ith branch of the
nuclear reactions chain. Let us remark that we are con-
sidering conventional neutrinos, i.e. in the calculation of
M¥ it is assumed that there is no change of lepton number,
helicity and energy spectrum during the trip of neutrinos
from Sun to Earth. Note also that the energy distribution
of these fluxes, d(In @,)/dE, is given by well known physics,
provided that neutrinos behave conventionally.
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Table 2. The strength wy of a resonance in the 3He + *He channel, as a function of the
resonance energy Eg. In the second column we present existing experimental upper bounds,
from (Krauss et al. 1987) and in the third column the theoretical estimate of the same
authors. Our analytical estimate, Eq. (4.3.6) is shown in the fourth column. The results of the
calculation by using the FRANEC code are shown in the remaining columns, where

¢, =0("Be)/®("Be)*™™ and similarly for ¢g

Eg wy wy wy wy ¢4 Ps
(keV)  Experimental Krauss et al. Analytical FRANEC
bound (1987) estimate (MeV)
(MeV) (MeV) (MeV)
3.0 — 5.6E—22 45E-22 0.23 0.30
5.0 — — 2.6E—21 23E-21 0.24 0.30
10.0 — — 1.3E—19 1.2E—19 0.25 0.30
15.0 — — 6.0E—18 6.1E—18 0.27 0.30
16.2 <1.7E-17 1.5SE—17 1.5E—17 1.5SE—17 0.27 0.30
19.0 <17E-17 1.LIE—16 1.3E—16 1.3E—16 0.29 0.30
20.0 <47E-17 - 29E—16 28E—16 0.30 0.31
21.5 <14E—16 83E-—16 92E—-16 1.0E—15 0.30 0.30
24.0 <53E—-16 63E—15 6.4E—15 73E—15 0.32 0.31
27.1 <53E—-16 65E—14 7.0E — 14 8.1IE—14 0.34 0.30

In principle, with a suitable series of solar neutrino
experiments it is possible to determine the values of all the
®;’s, by inverting Eq. (3.1.1). The important point is that
values of ®; extracted in this way have to be consistent
among each other, i.e. in the space {®,... ®,} the planes
corresponding to Eq. (3.1.1) have a common crossing point
in the physical region (®;>0). Otherwise, neutrinos are
unconventional (ie. the true MY are different) and/or
experiments are wrong,

Since at present we have just two experiments, if we
take the experimental results at their face values, we can
try to extract two fluxes from the experimental data. For
the Kamioka experiment, the analysis is particularly
simple. The signal S* is due to 8B neutrinos only:

SX= MK O (®B), (3.1.2)

where the coefficient M§ depends essentially on the
ve+e~ —v.+e” cross section, which is known to a very
high accuracy. The result is generally presented in terms of
the ratio with respect to the prediction of the SSM, as
calculated by Bahcall & Ulrich (1988):

SK/SKSSM - — (.46 +0.05(stat) + 0.06 (syst.). (3.1.3)

Thus Kamioka tell us that the 8B flux is definitely lower
than  expected from SSM. Since  S¥/SKESM
=®(®B)/®S™ (8B) and, according to Bahcall & Ulrich,
OSM (8B)=5810°cm~2s”! one can immediately ex-
tract the “experimental value” of ®(®B). By summing er-

rors in quadrature, one has
®(®B)=(2.7+0.4) 10°cm~?s™ !, (3.1.4

where the quoted error corresponds — here and in the
following — to + 1. We can use Homestake to investigate

whether the deficiency in 8B neutrinos can be ascribed to
the (unexpected) dominance of the "Be+e~ reaction,
lowering the production of 8B neutrinos in favour of "Be
ones.

The signal in the Homestake experiment,

S"=223+0.23 SNU, (3.1.5)

(where 1 SNU = 10"3° captures per atom of chlorine per
second) can be expressed as the sum of several components
of the neutrino flux:

sH=% M@, (3.1.6)
where the coefficients MY are given in Table 1, third
column. We recall that these coefficients do not depend on
solar physics. Basically they are determined from the cross
section of v.+3"Cl—e™~ +37Ar. According to Bahcall, the
lo errors on the M are at the level of 2-3%.

As well known, it is expected that the largest contribu-
tion to the signal originates from ®(®B), a significant con-
tribution arises from ®(’Be) and a small term, S ., COMes
from the other components. As discussed in the Appendix,
theoretical predictions of available SSMs appear rather
similar. From our SSM we find

S$M=6.30(+0.74 SNU), (3.1.7)
S$M=1.09(40.05 SNU), (3.1.8)
Sather =0.6(£0.1 SNU), (3.1.9)

where the estimated uncertainties are from Bahcall (1989),
as derived dividing by a factor 3 the “total theoretical
uncertainty” quoted in Bahcall’s book, since this latter is
assumed to correspond to 3a.
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If only the relative efficiency of the two branches orig-
inated from "Be is varied, Sou, is given by the SSM. Since
the flux of ®B neutrinos is much lower than the flux of "Be

neutrinos one expects from Homestake:
(SH—-SSM)H)x 1.1+ Mi®(®B). (3.1.10)

However, if Syper =SSM | Homestake tell us that

(S — S3ner) = MEO(®B) + M. (" Be)
=1.1 107 5®(*B) +2.35 10~ 1°0("Be)
=(1.63+0.23), (3.1.11)

where the fluxes are in units of cm ™2 s~ 1. Note that the
experimental error is much larger than the uncertainties
on MY and M., so that these latter can be neglected.
We have plotted (see Fig. 3) in the {®(®B), ®("Be)}
plane the regions corresponding to Egs. (3.1.11) and (3.1.4),

6:10°
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at the 1o level. As well known, one easily recognizes that
also the Homestake fluxes are much lower than those
predicted by the SSM. No solution shifting the ®B neu-
trinos in the "Be branch is allowed (point A), since it is
contradicted by Kamioka results. Moreover at lo level,
there is no intersection between the two experiments, i.e.
under the quoted hypothesis on Sy, it is impossible to
determine from the experimental data consistent values of
®(®B) and ®("Be). Nevertheless, if one allows some “flexib-
ility” in the experimental results, there is room for a nu-
clear solution in the region marked by the points B and
C in the Fig. 3: ®('Be)x1/3-1/10 and ®(®B)x~1/3
OSSM(8B). Note that if Sy, is larger than assumed, the
situation becomes even worse. On the contrary, if
Sother <SSM (as expected e.g. if both CNO and pep burn-
ing are totally inefficient) Homestake will progressively
approach Kamioka results. The maximum approach is

410°

® Belcm™? s']

| +10

2.10°

-2-10°

1~ ! |

SSM

24

Fig. 3. The information on the
"Be and ®B neutrinos fluxes, as
derived from the Homestake (H),
the Kamioka (K) and the Gallex
(G) experiment. The dashed lines
correspond to the central value
of the experimental results, full
-1 lines denote the 16 contours. The
point (SSM) is the Standard So-
lar Model prediction, error bars
corresponding again to 1¢. Point
- A corresponds to the solution
shifting the 8B neutrinos in the
"Be branch. The region of abso-

'~ lute highest likelihood is labelled

as C. Point B corresponds to the
'~ highest probability with the con-
~ao straint that "Be and B neutrino
fluxes are equally suppressed.
~4 Dashed and dotted lines show
the central values for both Gallex
and Homestake experiments if
Somer 18 taken zero (see text)

4-10°

6-10°

b 2B [em?s']
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obtained if Sy, =0 as shown by the dashed-dotted line in
Fig. 3. This would increase the probability of a nuclear
solution. As a conclusion, one finds that the only way to
keep a nuclear solution is to look for a substantial decrease
of both "Be and ®B neutrino fluxes with respect to the
predictions of the standard solar model. Data suggest that
the suppression of "Be neutrinos is even larger than that of
8B neutrinos. One may note that we have considered as
Homestake signal the mean value of the experimental
results on 20 years; taking only the last experimental data
the general agreement would be improved.

The Borexino experiment aims towards a measure-
ment of the "Be neutrino flux with a high accuracy, thus
better locating the results in the plane {®(®B), ®("Be)}. It
will be in particular interesting to compare the result with
the solution B ®("Be)~ 1.4 10° cm 2.

The problem arises, how the region B-C is compatible
with our present knowledge of nuclear reactions in stellar
interior? This will be discussed in a following section. In
the next section we will consider how other solar neutrino
experiments can add significant constraints.

3.2. Gallium experiments

As well known, the gallium experiments, mostly sensitive
to pp neutrinos, are also sensitive to all other neutrinos.
We recall that the gallium experiments can really give
information which is absolutely independent of solar model
calculations. It may be worthy to analyze this point in
a way which is more explicit than the discussion currently
given in the literature (Bahcall et al. 1985).

The idea is that the observed solar luminosity provides
a lower bound to the total neutrino flux. The smallest
signal is obtained assuming that all these neutrinos are pp
neutrinos, since the smaller the energy, the smaller is the
detection cross section.

To reach such a conclusion one has only to assume
that solar energy originates from hydrogen burning:

2¢” +4p—oa+2v.. (3.2.1)

If the two neutrinos originate from the ith and jth
branch, carrying away energy E; and E; respectively, the
energy released in the Sun and available to be radiated

away is AE=(Q—E;—E;, with Q=2m.+m,—4m,
=26.7 MeV. The radiated energy flux,
Ko=136 KWm~™?2 is thus

Ko=3 (02— <ED) ;. (322)

where <E;) is the average energy carried away by neu-
trinos of the ith branch. Since (E;) > (E,,», one can derive
from Eq. (3.2.2) a bound on the total neutrino flux:

Ko
Ou=Y > 2
L= o Ey

The (positive) coefficients M relating the Ga-signal with

(3.2.3)
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neutrino fluxes,

$°=Y MFa,

i

(3.2.4)

are ordered according to the average neutrino energy, as
a straightforward consequence of the fact that weak inter-
action cross sections increase with energy, see Table 1. The
smallest energy being that of the p—p reaction, one has
then

SG> MS.D,. (3.2.5)

By using Eq. (3.2.3), one gets a lower bound to the signal:

K
G>pmG 0
5= Mo (02— (]
The bound corresponds to about 79 SNU for the value of
M gp given in Table 1, similar to the result of Bahcall et al.
(1985).

Note that for deriving this bound we did not even
specify which is the cycle relevant for hydrogen burning in
the Sun. We only assumed that Sun burns hydrogen into
helium, energy is carried out from the Sun at the same rate
as it is produced, weak interactions cross sections raise
with energy and, of course, we made the hypothesis that
neutrinos are conventional.

In addition, one can try to get from gallium ex-
periments further informations, weakly dependent on the
Standard Solar Model. As in the previous discussion, let us
take from the SSM the (small) contribution of pep, !N,
150 and !F, now totalling to about 14 SNU, i.e. 10% of
the expected signal in the SSM, 132 SNU. If the fluxes of
boron and beryllium neutrinos are different with respect to
the SSM calculation, the number of pp neutrinos has to be
varied so as to keep constant the total neutrino number, as
fixed by the solar luminosity. One can thus isolate the
contribution of "Be and ®B neutrinos in the gallium signal:

§6=(89+2)SNU + M§®(®B)
+ (Mg, —MS,)®("Be).

(3.2.6)

(3.2.7)

Errors on the M; are estimated to be a few percent.
Consistency with the solution B requires a Ga signal of
about 103 SNU, whereas the case C corresponds to about
94 SNU. Equation (3.2.7) gives the signal expected in a gal-
lium experiment if both CNO and pep reactions work as in
the SSM, i.e. for Soune, =SSt If, on the contrary, S5M =0
one finds again the already quoted lower bound of
~79 SNU.

The first results of the SAGE collaboration (Abazov
et al. 1991),

Se<79 SNU at 90% C.L. (3.2.8)

pointed against the “nuclear physics” solution. One has to
observe, however, that the experimental limit is not ter-
ribly severe in this respect, due to the poor statistics
collected so far and — most important — in the absence of
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the Cr- source calibration. As a matter of the fact, GAL-
LEX collaboration has recently presented the result:

S =83+ 19(stat.)+ 8 (syst.). (3.2.9)

Following the previous discussion, this implies that
a nuclear solution cannot be excluded. One can make use
of Eq. (3.2.7) to discuss this result in the {®(®B), ®("Be)}
plane. The fact that if ®("Be)>0, ®(*B)< 0 (or vice versa)
indicates that, taken at its central value, Gallex result gives
too few neutrinos. However, one finds that at 1¢ the B-C
region appears again as the most probable nuclear solu-
tion to the problem of solar neutrinos.

One finally may note that, relaxing the condition on
Sother ONE Would again find a better agreement among the
various experiments, as shown in Fig. 3 by the dashed-
dotted line which discloses the Gallex implication for "Be
and ®B fluxes if Syye, =0.

4. The solar neutrino problem, the He + He
and He + *He reactions in the Sun

4.1. A scaling law for the equilibrium "Be concentration

Differences in the "Be and ®B neutrinos fluxes with respect
to the SSM calculations could be attributed — at least in
principle — to the values of some nuclear cross sections,
which, we recall, have not been measured at the relevant
energies. In this respect, there are (at least) three important
quantities, the {ov);; at low energies corresponding to
*He + *He, *He + “He and p + "Be reactions.

We have already seen that variations of the rate for the
p+7'Be reaction alone cannot account for the experi-
mental neutrino data, so we will not consider them. Thus,
we need to know how the results of the SSM are changed if
the {ov)33 and {ov);, are changed. Power laws have been
derived by numerical experiments (Bahcall 1989), in the
assumption that there are no resonances, i.e. the astro-
physical S-factors are smooth, for small variations of the
S; with respect to STM. These laws cannot be used here,
since large variations of the S; and/or resonant structures
are needed in order to explain the neutrino data in terms of
modified nuclear cross sections.

In order to estimate the dependence of "Be and ®B neu-
trinos fluxes on the nuclear cross sections in the general
case, let us consider the local equilibrium concentration of
the (parent) "Be nuclei, n;. We observe that "Be is created
in the 3He+ “He reaction and destroyed, essentially via
electron capture, with lifetime 7., the proton capture
reaction being very unlikely. Thus, at equilibrium:

@.1.1)

where n; is the number density of the nucleus with mass
number equal to i. The *He equilibrium density is obtained
by equating its creation rate (3 n2{av),;) to the burning
rate. This latter is dominated by the 3He + *He reaction. In
fact, in the SSM the *He + 3He reaction occurs about six
times as often as the *He+*He reaction and in our case

N7 =Te7 N3 N4{OV) 34,
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(we are considering smaller S34 and/or larger Si;) this
number is even larger, so we neglect the *He + “He chan-
nel. In this way we find

n2<‘7V>11.
1<0V>33

We can now express the "Be density, in terms of the H and
“He densities and of the reaction rates:

(ov)7{aV)34
(ov)33

By changing {ov)34 and {ov)3; we only change the termi-
nation of the p—p chain and we expect that n,,n, and the
temperature T are almost unaffected, since the rate of
hydrogen burning (and thus the amount of “He which is
produced) is mainly determined by the constraints on the
Sun age and luminosity.

By defining:

4.1.2)

N

nj=

Ny=Te7N1 Ny

(4.1.3)

= oV) a4
G

the above equation can be written as

(4.1.4)

x
SSM
Ny =P —.
SSM

4.1.5)
Note that {gv)34 and {ov)3; only enter in the combina-
tion given by Eq. (4.1.4) and that Eq. (4.1.5) holds locally,
i.e. point by point, in the solar interior.

Qualitatively, Eq. (4.1.5) is easily understood. Small
values of {ov);, (large values of {ov);;) give a small
probability of producing "Be. In addition, the dependence
on {ov)3; has to be weaker than on the other parameter,
since when {ov); is increased, *He is more easily burnt
and consequently there is less *He available for the
3He + *He reaction.

4.2. The non-resonant case

Assuming that there are no resonances at the energies of
interest, and only that the low energy astrophysical
S-factors differ from the extrapolation used in the SSM
(5;=s5;5¥M) at any point in the Sun one has

X S34
T , 4.2.1)

and consequently:

ssM_S34
7 .

n,=n

4.2.2)

S33

The "Be and ®B neutrinos fluxes — which are obviously
proportional to n, — scale then in the same way:

q)(BB) — q)(SB)SSM _S34 ]
S33

4.2.3)

®("Be) = ®("Be)™ 2,
$33
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It is also natural to assume that the other neutrino fluxes varied, the chemical composition of the initial Sun was
are insensitive to variations of S3; and Sy4: adjusted (within the existing bounds from the chemical

- SSM composition of the solar envelope) so as to reproduce the
®(other) = ®(other)™. (424) observed solar luminosity for a solar age of 4.6 10° yr. The
We have verified the validity of Egs. (4.2.3) and (4.2.4) by results of the numerical calculations are shown in Figs. 4.
using our stellar evolution codes. As S3, and S;; were Figures 4a,b show the validity of the scaling law in

6e+6 1 [ 1 1 1
— S5e+6 - -
-
7] h 3
(o}
' 4e+6 -
E SSM
& ] I ° § =258
) 33 33
~ 3e+6 - SSM
,,m 1 - B S33=9553
o 2e+6 - u L SSM
] i S33=45,,
SSM
- s + S =
le+6 35" 533
0 v — — — Y I r
0.0 0.2 0.4 0.6 0.8 1.0 1.2
534 /s 33

Fig. 4a. The flux of ®B neutrino as a function of s3,/,/s5, for several values of S, as calculated by using the FRANEC code. The
straight line corresponds to Eq. (4.2.3)

5e+9 L s e e e e S S B A e ma e e
[ o
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E  3e49 N 4 SSM
(5] o S =
oy - 1 33 =28 33
) ! 4 SSM
-] O S.. =95
~_ 2e49 |- E 33 9 33
i ) SSM
] -
e ] S33 =4 S,
- - SSM
le+9 [ ] + 533 =1 833
0 /l P B PR GG I S S
0.0 0.2 0.4 0.6 0.8 1.0 1.2

Fig. 4b. Same as above for the "Be neutrinos

© European Southern Observatory ¢ Provided by the NASA Astrophysics Data System


http://adsabs.harvard.edu/abs/1993A%26A...271..601C

FTOO3ACA - TZ71 7!

610

V. Castellani et al.: Solar neutrinos and nuclear reactions in the solar interior

Fig. 4c. Same as above-for the other neutrino fluxes

Eq. 4.2.3. It is also worth observing that Eq. (4.2.3) agrees
approximately with the dependence estimated by Bahcall
(1989) for small variations, ®(’Be)=®("Be)*M
Sg;;86S3_30'43 and (D(SB) — (I)(SB)SSMS%)L;SIS;;)AO.

Concerning Fig. 4c, we note that 3N, !0 and
7F neutrino fluxes stay almost constant. The same holds
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true for the pp and pep neutrinos, where one notes how-

ever a (weak) dependence on the scaling variable 334/\/; .
This dependence can be easily understood by observing
that the total flux [®,=®(pp)+ @ (pep) +P('Be)] is es-
sentially fixed by the observed solar luminosity, and that
the ratio @(pep)/®(pp) is unaltered as s;3 and s34 are
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varied. If ®("Be) is reduced both ®(pp) and ®(pep) have to
be accordingly increased, thus:

SSM (7
@ (pp) =O5M 41— > L }
(pp) (pp){ +< 535/ [@(pP)+ @(pep) ™™

and similarly for ®(pep). From our calculations
OSM("Be)/[D(pp) + D(pep)]3SM=0.075. A linear fit of the
numerical results yields for this slope the value 0.067 for
both ®(pep) and D(pp).

Clearly, in the case we are discussing, the "Be and ®Be
neutrinos fluxes are reduced in the same way. Following
the discussion of the previous section, the neutrino data
could be accounted for if S34/1/S33 at low energy is about
one third with respect to the present estimate, i.e.
S34 should be wrong by a factor three or S;; wrong even
by an order of magnitude, or some mixed combinations.

By looking at the data taken so far (see Figs. 5 and 6),
this situation looks unlikely, at least as long as the astro-
physical factors have a relatively gentle behaviour.

4.3. A resonance in the SHe+*He channel?

This possibility, first advanced in Fowler (1972), cannot be
completely dismissed, see the discussion in Rolfs & Rod-
ney (1988). Let us analyze this possibility in some detail, as
we expect that future experiment can add significant in-
formation. We consider, of course, a narrow resonance,
otherwise its (higher energy) tail should have been detected
in previous experiments.

60 pr—r——r—r———r——————r—r—r—r——r—r

The starting point for the discussion is again the ex-
pression for the local concentration of "Be nuclei,
Eq. (4.1.5), which we write as:

hq= ”%SM[<0'V>§53M/<UV>33]0'5~

Assuming that the resonance dominates over the back-
ground given by the SSM, ({ov)3s3={ov)§M+
{ov)§5~ {av)53) we can write:

o yom_(BASe)'? | —3Eo(kT)+ Ey
7 7 (2n3/2h2wy)1/2 KT N

where Ep and wy are the resonant position and strength
respectively. Eq(kT) is the Gamow energy for the 3He->He
reaction, S is the effective astrophysical S-factor at the
temperature T (Rolfs & Rodney 1988), E,= A(kT)?*'® with
A=1.804 MeV'/3 (E;=21.97 keV for a central solar tem-
perature T,=15.6 10° K) and the other quantities are de-
fined as usually, see for example Rolfs & Rodney (1988).
The quantity which is mostly sensitive to the temper-
ature T is clearly the exponential term, whereas A and
S.;r are weakly variable. Neglecting the temperature de-
pendence of these quantities, we write Eq. (4.1.5) as

ny =nSM(W/wy)t'? exp[ —3/2AKT) ™ ? +12Ex (kT)~ 1],
(4.3.3)

4.3.1)

(4.3.2)

with
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- ——r——r I T —
E 3 3 :
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F E
— 45 F . 3
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> 40 fF . o ;
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2 a 3
BE * Dwa74 3
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Fig. 5. The available experimental data for S,; as reported in Rolfs & Rodney (1988) and in Krauss et al. (1987). The extrapolated
value used in SSM calculations is S$M(0) = 5.15 MeV b. The shaded area corresponds to the value of S;; which is needed in order to
reduce the neutrino fluxes to about one third of the SSM prediction
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The fluxes of "Be and B neutrinos are obtained by
averaging n, over the respective production regions. As
a simplification, we assume that the fluxes are propor-
tional to n-, calculated in the region of maximal produc-
tion, i.e.

®(®B) n(Tp)
_ , Ty=1510°K, 434
ONMEB)  nF(Ty) ’ 9
®("Be) _ n9(Tse) Tg.=14.5 106 K. (4.3.5)

O*M('Be)  nM(Ty,)

By requiring that the resonant rate is ten times the SSM
prediction for the non resonant component (so that the
8B neutrino flux is 0.3 with respect to the SSM prediction)
we derive from the above equation a relation between the
resonance strength and the resonant energy:

wy=10W e~ 3AKTo) ™+ ExkTy) ™, (4.3.6)

The numbers we find are quite similar to the estimate
of Krauss et al. (1987), see Table 2. By using the FRANEC
stellar evolution code we have found the resonance para-

meters such that ®(®B)/®%M(8B)=0.3. These values agree
with the analytical estimate given above, see again Table 2.
The available experimental results, also reported in
Table 2, seem to exclude a resonance with a sufficient
strength for Ex > 18 keV.

We remark that, as the production regions correspond
to different (effective) temperatures, the suppressions of
"Be and ®B neutrinos with respect to the SSM prediction
can be different. As already noted, data indicate that the
suppression of ®("Be) is larger than that of ®(®B). Thus the
function in the exponential of (4.3.3) has to be decreasing
as the temperature decrease from Ty to T, By defining
¢, =D ("Be)/®M("Be) and similarly ¢ and expanding the
exponential around T, one has

kTg—kTg, Ey(kTg)—Ex
- 12
52_7 —e kT, P,
8

By requiring ¢, < ¢g one gets a condition on the resonance
energy:

Er < A(kTg)*?=21.4keV.

(4.3.7)

(4.3.8)
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Thus only a very low energy resonance can account for the
fact that "Be neutrinos are more suppressed than °B
neutrinos.

The (relative) suppression of ¢, with respect to ¢g can
be calculated by using Eq. (4.3.7). (We show in Table 2 also
the values of ¢, and ¢4 calculated by using the FRANEC
code, which are in good agreement with the analytical
estimate). Note that ¢»,/¢4 is maximal for Egx =0 where one
has ¢,/¢pg=0.76.

In conclusion, the experimental study of the lowest
energy region is most important. We note that the experi-
mental upper bound wy<1.7107!"MeV at the lowest
region so far accessible, E~ 18 keV is mainly due to the
natural background in the laboratory. Preliminary esti-
mates show that this background can be reduced by a fac-
tor about 100 by working in an underground laboratory.
One expects that the limiting wy is correspondingly de-
creased. In conclusion, see Fig. 7, experiments in under-
ground laboratory will have sufficient sensitivity so as to
explore the region of resonance down to Er=10keV,
which represents a substantial improvement with respect
to the present situation.

Note, however, that ¢,/¢g cannot be reduced below
0.76 due to the resonance effect. In this respect the direct
measurement of ¢-, as planned in the Borexino experi-
ment, and the comparison with ¢g, as given by the
Kamioka experiment, can be a crucial test for the reson-
ance mechanism.

5. Conclusions

(i) With the aim of estimating which space is still left for
a nuclear physics solution of the solar neutrino problem,

10-13|....|....|....4....
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we have discussed the data of the Kamioka and Home-
stake experiments, assuming only that (a) the SSM gives
the correct prediction for the (small) signal corresponding
to 1*N, 3O and pep neutrinos and (b) neutrinos behave
conventionally. We find that it is not easy to extract from
the data consistent values of both the ®B and "Be neutrino
fluxes, see Fig. 3. Consistency can only be obtained — how-
ever with a small probability — provided that both ®B and
"Be neutrino fluxes are reduced by a substantial factor
with respect to the predictions of the SSM. Furthermore,
the data suggest that the suppression of "Be neutrinos is
even larger than that of ®B neutrinos.

(ii) In order to study the sensitivity of the ®B and "Be
neutrino fluxes to the behaviour of the *He+ *He and
3He+*He cross sections, we have analytically derived
a scaling law for the local "Be equilibrium concentration,

{OV)34
nsoC <0'V 0.5°

33

which can be used for a large range of the extrapolated
astrophysical factors and/or in the presence of resonances.

(iil) In the non-resonant case, reduction of the neutrino
fluxes to about 1/3 of the SSM could be obtained if the true
value of S34(0) is three times smaller than the presently
accepted extrapolated value, a situation which looks un-
likely, see Fig. 6, although some inconsistency among
experimental values exists. Alternatively, one should have
S33(0) wrong by a factor nine, which looks as extremely
unlikely, see Fig. 5.

(iv) A resonance in the *He + *He channel could yield
a suppression of "Be neutrinos larger than that of ®B neu-
trinos provided that E; <21.4 keV, an energy region essen-
tially unexplored in previous experimental searches.

10 '14

10-15

10‘16

[MeV]

10'17

wy

10-18
s
1020
1021

10 '22

Fig. 7. The strength wy of the
3He + *He resonance as a function of
resonance energy, such as to obtain
@(®B)=0.30 ®5M(8B), as derived from
the analytical estimate (full line, see
Eq. 43.6) and from the FRANEC
code (squares). The arrows corres-
pond to the experimental upper
bounds on the strength, from (Krauss
et al. 1987). The dashed line corres-
ponds to the sensitivity which can be
obtained in underground experiments
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(v) Provided that the background can be reduced by a
factor hundred with respect to sea level — as indicated by
preliminary estimates (Arpesella et al. 1991) — future ex-
periments in underground laboratories can explore the
region down to Eg =10 keV with a significant sensitivity.

(vi) Our scaling laws and other analytical estimates
have been verified by using the FRANEC stellar evolution
code. The solar neutrino fluxes corresponding to our Stan-
dard Solar Model are quite similar to the values calculated
by Bahcall & Ulrich (1988) and by Sackmann et al. (1990),
seec Table A6 for a comparison. As all other authors, we
used the Los Alamos opacity tables. Recently the opacity
values of Livermore (Iglesias & Rogers 1991) became
available to us. By using these inputs, the 8B and "Be
neutrino fluxes increase by 20% and 10% respectively (see
Appendix), leaving the problem of solar neutrinos practi-
cally unaltered.

After this paper was completed, we received a preprint
by Bahcall & Pinsonneault (1992), where several Standard
Solar Models are compared, and the effect of the Liver-
more opacities is also considered. We fully agree with that
paper. Moreover from Table A3 one may notice that our
neutrino fluxes tend to be a bit lower of the fluxes given by
Bahcall (1988). However comparison with new data in the
preprint where the adopted equation of state (EOS) has
been improved by including Coulomb interactions of the
plasma or intermediate screening, shows a better agree-
ment. Comparison of our SSM with Livermore opacities
with models given by Bahcall & Pinsonneault (1992)
shows a general good agreement with our fluxes tending to
be a bit larger. Also our evaluation of the original helium
abundance appears larger by about AY=0.02. In our
opinion the origin of such differences should be likely
attributed to the different equation of state and may be to
differences in the range of temperature covered by the
adopted Livermore opacities. Further comparison about
the origin of such differences can be interesting in the
future. However one has to remind that we are still waiting
to be able to compute a SSM with an EOS fully com-
patible with the adopted opacity tables.
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Appendix: the standard solar model
A.l. The code

To obtain a standard solar model one needs evaluate the
structure of a new-born Sun, thus following the time evolu-
tion of this structure for the canonical 4.6 billion years. To
perform such evolutionary computations we adopted the
Frascati Raphson Newton Evolutionary Code (FRANEC)
which has been already successfully tested for a long time
and over a very large range of both stellar masses and
evolutionary stages (see e.g. Chieffi & Straniero 1989;
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Castellani et al. 1991, 1992). This makes us rather confi-
dent both in the code and in the adequacy of the physical
inputs. As a matter of fact, the advanced phases of stellar
evolution become progressively more and more dependent
on even minor variations either in the computational
scheme or in.the evaluation of physical quantities. The
success of the quoted tests suggests that the code can be
safely used to follow a rather simple evolution as the solar
evolution is.

The code FRANEC has been already described in
previous papers (see e.g. Chieffi & Straniero 1989); here we
will only recall some general features which can be of
interest for comparison with previous computations of
solar model. Not discussed features are in general as in
Bahcall (1989).

A.1.1. Computational procedures

The number of meshes in mass throughout the structure is
determined by the program under the condition that all
along the evolution of the model neither the physical
quantities nor the chemical composition vary between two
consecutive meshes more than a prefixed percentage
quantity. Our experience shows that a number of meshes
around 220 appears adequate for a detailed description of
the solar structure.

Time steps are again determined by the program,
under the condition of a maximum percentage variation of
the value of both physical and chemical quantities in all
meshes between two successive models. In such a way we
find that about 130 time-steps are needed to follow the
solar evolution till the present Sun.

Time evolution of the chemical composition in radi-
ative layers is followed through a Newton Raphson impli-
cit scheme, working on the network of nuclear reactions
concerning the pp chain and the CN-NO bicycle. During
the convective episode at the beginning of solar evolution
the evolution of nuclear species in the convective core has
been evaluated through a first-order Taylor expansion (see
Chieffi & Straniero 1989).

A.1.2. Physical inputs

For the equation of state (EOS) we consider two separate
region: a high-temperature region (7> 10° K), where mat-
ter can be assumed as completely ionized and a low tem-
perature region (7<10° K) where partial ionization may
take place. In high-temperature region we used the EOS of
Straniero (1988) which include Coulomb interactions
among ions and electrons. In the low temperature region,
the thermodynamical properties of partially ionized mat-
ter are derived from the Saha equation. The partial ioniza-
tion of H is taken into consideration together with He, an
average metal, and the H, molecule; the pressure ion-
ization is included according to the method described by
Ratcliff (1987).
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For the solar composition and the relative evaluation
of radiative opacity coefficient we used two alternative
assumptions. For a better comparison with previous SSM,
the first set of models has been computed on the basis of
Los Alamos Opacity Library (Huebner et al. 1977) assum-
ing the solar composition from Ross & Aller (1976). Since
LAOL opacities do not extend to temperature lower than
10* K, below such a temperature we adopted the Cox
& Tabor (1976) tables. However, our best model has been
finally produced assuming a solar composition as in
Anders & Grevesse (1989) (photospheric mixture), with the
corresponding Livermore opacity evaluations (Iglesias
& Rogers 1991), implemented below (6000 K) with
Kurucz’s ATLASS evaluation. In all case the solar Z/X is
from Grevesse (1984). Z/X =0.0276.

The nuclear reaction rates are as in Bahcall (1989) but
with new values (Caughlan & Fowler 1988) for C!%(p, y)
N*3 C3(p, y) N** and for N'5(p, «) C!2. Table Al com-
pares the nuclear reaction rates used in this paper (CDF)
with the values used in selected previous standard solar
model calculations. The only relevant differences are in the
value of S(0);3 adopted by Sackmann et al. (1990) and
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Turck-Chiéze et al. (1988) and in the value for the
Be(p, y)B® cross section used by Turck-Chiéze et al.
Regarding S(0);3 we follow, according to Bahcall (1989),
the analysis of Parker (1986) and we adopt
S(0)33=5.15+0.09 MeV barns. For S(0);, we adopt the
value suggested by Rolfs & Rodney (1988), which agrees
with the rate published by Caughlan & Fowler (1988).
Electron screenings (including intermediate screening) are
from Graboske et al. (1973) (see also DeWitt et al. 1973).

A.2. The procedure

In order to produce our solar standard model, zero age
main sequence models with solar mass and solar metallic-
ity (Z/X) have been evolved through the phase of central
H burning for various assumptions about the amount of
original helium (Y). The evolutionary sequence producing
the solar model is that reproducing the parameters of the
real Sun: L, =3.826(8) 1033 ergs ™! (Astronomical Alma-
nac for the year 1990), R =(6.960+0.0007) 10'° cm (Allen
1963) at the solar age (t =4.6 10° yr). We made certain that
our models were within about a tenth of a percent of these

Table Al. The low energy astrophysical factors and their first derivatives for the nuclear reactions of
pp chain and CNO bi-cycle adopted in our SSM (CDF), and in selected previous solar standard
models: Bahcall 1989 (Bahcall), Turck-Chieze et al. 1988 (Turck—Chiéze) and Sackmann et al. 1990
(Sackmann). The units of S(0) and S’(0) are respectively MeV barns and barns

CDF Bahcall Turck-Chiéze Sackmann
pp chain
S(0) pp 4.07E-25 4.07E-25 4.07E-25 4.07E —-25
S'(0) pp 4.52E—-24 4.52E—-24 4.52E—-24 4.52E—-24
S(0) 33 5.15E+00 5.15E+00 5.57TE+00 5.57E+00
$'(0) 33 —9.00E —01 —9.00E —-01 — —8.24E +00
S(0) 34 5.40E —-04 5.40E—04 5.40E—04 5.40E —04
S'(0) 34 —3.10E-04 —3.10E—-04 — —
S(0) 17 2.43E—-05 2.43E—-05 2.10E-05 2.40E —05
S'(0) 17 —3.00E-05 —3.00E —-05 — —
CNO cycle
S(0) 12C+p 1.40E —03 1.45E—-03 — 1.40E —03
S'(0) 12C+p 424E-03 2.45E-03 — 4.24E —03
S©0) 13C+p 5.77E—-03 5.50E —03 — 5.77E—-03
S'(0) 13C+p 1.40E—-02 1.34E—-02 — 1.40E —02
S(0) 14N +p 3.32E-03 3.32E-03 — 3.20E-03
S'(0) 14N +p —591E-03 —591E-03 — —591E-03
S(0)
15N +pl160+G 6.40E —02 6.40E — 02 — 6.40E —02
S'(0)
15N +pl160+G 3.00E—-02 3.00E —02 — 3.00E—02
S(0)
ISN+pl2C+A 7.04E +01 7.80E +01 — 7.04E + 01
S'(0)
ISN+pl2C+A 421E+02 351E+02 — 421E+02
S(0) 160 +p 9.40E —03 9.40E —03 — 9.40E —03
§'(0) 160 +p —2.30E-02 —230E-02
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values at the solar age (+5 107 yr). The ratio Z/X of solar
metallicity to solar hydrogen abundance by mass (which
affects the evolution of the Sun mainly owing to his influ-
ence on opacity) is fairly well determined by observations;
our adopted value is taken from Grevesse (1984). Gene-
rally one quotes a standard deviation of about 6% for this
quantity (Bahcall & Ulrich 1988). The fact that Z/X is
fixed for solar models implies that the initial content of

V. Castellani et al.: Solar neutrinos and nuclear reactions in the solar interior

helium and heavy elements cannot be chosen independent-
ly: if the helium content increases, the metallicity must
decrease, for Z/X remaining at his observed value. As well
known, increasing the original content of helium the age of
the model reaching the right luminosity decreases. Tuning
the amount of original helium to obtain the solar luminos-
ity after 4.6 billion years (Bahcall 1989) we found the
correct value of Y. The right solar radius is finally found

Table A2. Comparison of our sun (CDF) with some of the most recent standard models given in the literature: Bahcall (1989)
(Bahcall), Turck-Chieze et al. (1988) (Turck-Chiéze) and Sackmann et al. (1990) (Sackmann). p., T, P_, T,, p,, pp and CNO
means, respectively density, temperature and pressure to the centre, temperature, density and pressure to the base of the
convective envelope, fraction of luminosity that originates in the pp chain and in the CNO cycle

~Parameter CDF Bahcall Turck-chieze Sackmann
Y 0.284 0.271 0.276 0.278
z 0.0192 0.0196 0.0197 0.0194
Mg 1.989E+33 g 1.989E+33 g 1.989E+33 g 1.989E+33 ¢
Z/X 0.0276 0.0276 0.0280 0.0277
L, 3.83E+33ergs™! 3.86E+33ergs™! 3.86E+33ergs ! 3.86E+3333s7!
age 4.6E+9 yr 4.6E+9 yr 4.6E+9 yr 454E+9 yr
Rg 6.96E + 10 cm 6.96E+ 10 cm 6.96E+10 cm 6.96E+10 cm
T etective 5768 °K 5772 °K 5770 °K e
e 151 gem ™3 148 gcm 3 148 gcm 3 147 gem ™3
T, 1.56E+7K 1.56E+7K 1.55E+7K 1.54E+7K
P, 234E+17dynecm™2  229E+17dyncm~?  228E+17dyncm™ %2  —
Central hydrogen 0.34 0.34 0.35 0.36
(by mass)
Depth convective 0.016M, 0.015M, 0.019M, 0.017M,

zone

T, 2.11E4+6K 1.92E+6K 204E+6K 1.96E+6 K
P 0.12gem ™3 0.12gcm™3 0.153 gem ™3 0.137 gem ™3
pp 0.986 0.984 — —
CNO 0.014 0.016 — —
o 1.6 — 1.55 21

Table A3. Comparison of our results (CDF) about the predicted flux (cm~2s~!) of neutrinos with
results obtained from the solar model reported in Table A2. The remainder columns give the capture
rates predicted for the *7Cl detector in units of SNU (1 SNU = 10" 3¢ captures per atom of chlorine s ?).
The central temperature (7,) and the age of the models are also indicated. This calculation corresponds to

Los Alamos opacities

(0] (0] (0] (0]

CDF Bahcall Turck-Chiéze Sackmann CDF Bahcall

T.=156E+7K T.=156E+7K T.=155E+7K T,=154E+7K (SNU) (SNU)

Y=0.284, Y=0.271, Y=0.276, Y=0.278,

Z=0.0292 Z=0196 Z=0.0197 Z=0.019%4

Age=46E+9yr Age=46E+9yr Age=46E+9yr Age=4.5E+9yr
PP 6.1IE+10 6.0E + 10 6.0E+ 10 6.0E+ 10 0 0
7Be 4.6E +09 4.7E+09 4.2E+09 4.2E+09 1.1 1.1
13N S54E+08 6.1E +08 — 4.0E +08 0.1 0.1
pep 1.4E +08 1.4E+08 1.3E+08 1.3E+08 0.2 0.2
150 4.5E +08 S2E+08 — 3.1E+08 0.3 0.3
17F 4.3E +06 S.2E+06 — 4.2E +06 0.003  0.004
8B 5.7E +06 S5.8E+06 3.8E+06 5.8E+06 6.3 6.1
hep 7.5E+03 7.6E +03 — 6.5E+03 0.03 0.03
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tuning the mixing length parameter governing the effici-
ency of external convection (the convective envelope of our
standard Sun comprises the outer 1.6% of the solar mass).

A.3. The results

Table A2 compares our Sun with some of the most recent
solar standard models given in the literature. In general all
recent papers indicate a presolar helium content in the
range 0.271<Y<0.285 at the Grevesse (1984) value of
Z/X. We have checked that the slight differences in the
solar age, solar luminosity and Z/X assumed by different
authors (see Table A2) have negligible effect on the Sun
evolution and therefore on the neutrino rate production.
The different values of « are due to the differences in
adopted molecular opacities but this does not seem to
affect conditions at the base of the solar convective enve-
lope (see Sackmann et al. 1990).

Table A3 compares our results about the flux of neu-
trinos with similar results obtained from the solar stan-
dard models shown in Table A2. As a whole one finds
a general agreement among the various computations. In
fact, as well known, the efficiency of nuclear reactions for
a star is determined by the need to compensate the radi-
ation losses; the constraint that a solar model reaches the
solar luminosity at the solar age determines his central
conditions (if the nuclear cross sections are fixed) and
therefore the production of neutrinos from the various
channels. The only sizeable difference is the lower value
predicted by Turck-Chiéze for the ®B neutrinos. As de-
scribed by the same author (1992) this discrepancy was due
to opacity inconsistencies in the calculations (1/3), to the
adopted value of S(0);, (1/3) and to the use of intermediate
electron screening in the computation (the last 1/3).

One may note that our Los Alamos-SSM, though
using intermediate screening factors, is regaining Bahcall’s
value for ®(®B). Analytical evaluations, supported by nu-
merical experiments on our model, fully confirm Turck-
Chieze’s estimates about the influence of §(0);3 and S(0); 5,
so that one may conclude that our fluxes is further in-
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creased by small differences in the physical input, likely in
the EOS.

Table A4 finally compares our previous SSM with
a similar model computed adopting the recent Livermore’s
opacity. Following the already described procedure one
finds for this “revised” SSM: Y=0.295, Z=0.0190,
a=1.87. As shown in the table, the new opacity runs in the
sense of increasing the flux of ®B neutrinos up to about
20%. The reason is rather simple: for the solar interior the
Livermore opacity is larger than the Los Alamos opacity
by a factor of order 10%, this implies a larger gradient of
temperature, shifting the energy production toward the
hotter central region. As a result, one finds that the new
opacities go in the wrong direction, increasing the discrep-
ancy with experiments. The use of “Los Alamos” SSM
throughout all the paper has been suggested to allow
a clear comparison with previous works, handling neu-
trino fluxes usually found in the literature. However, we
present in Table A5 our “Livermore” SSM as the more
up-to-date evaluation of the Sun we can give with present
physics.

Table A4. Neutrino fluxes for our solar standard model
(cm? s~ ') with Los Alamos and Livermore opacity. The central
temperature (7,) and the value of the mixing length parameter (x)
are also reported

(0] (0]
Los Alamos opacity Livermore opacity
T,=1.56E+7K T,=157E+7K
Y=0284,Z=0.0192 Y=0.295, Z=0.0190
a=1.6 oa=1.87

pp 6.06E+ 10 6.03E+10

7Be 4.64E +09 5.06E +09

13N 5.40E + 08 4.81E +08

pep 1.43E+08 1.40E + 08

150 4.54E +08 4.20E +08

17F 4.33E+06 522E+06

8B 5.73E+06 6.93E+06

hep 7.54E +03 7.34E + 03
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