IMucem B DYAS. 2011. T. 8, Ne7(170). C.1141-1170

OU3UKA BJIEMEHTAPHBIX YACTUIl U ATOMHOI'O SAJPA. TEOPUA

SOLAR NEUTRINOS. ASTROPHYSICAL ASPECTS
V. A. Naumov !

Joint Institute for Nuclear Research, Dubna

This paper is a short pedagogical introduction to some aspects of the solar neutrino problem. The
basic attention is concentrated on a qualitative consideration of the pp and CNO reactions responsible for
hydrogen burning in the Sun, starting from an elementary derivation of the formula for the nonresonant
thermonuclear reaction rate. We outline the physical content of the standard solar models, the problem
of chemical composition of the Sun, expected neutrino energy spectrum, radial distributions of the
neutrino fluxes in the Sun, and uncertainties in the predicted neutrino event rates.

CT Ths IpEACT BIgeT cOO0M Kp TKOe Iell TorudeckKoe BBeleHHe B IPo0IeMy COTHEUHBIX HEeHTPHHO.
OCHOBHOE BHUM HHE COCPEIOTOYEHO H K YECTBEHHOM p ccMoTpeHuH pp- u CNO-pe Kuwmii, oTBeU 10-
mux 3 mpomuecc ropenus Bogopox B ConlHIE, H YMH S C 3JIEMEHT PHOTO BBIBOL (POPMYIBI I CKO-
pocTeil Hepe30H HCHBIX TEepMOSIEpHbIX pe Kimil. OOCyXn oTcs (pu3nuecKue NPUHLMIIBL, 3 JIOKEHHbIE B
OCHOBY CT HJ PTHBIX COJTHEYHBIX Mofenel, mpobimeM xumudeckoro coct B COJHI , OXHUI eMBblil oHep-
TeTHYECKHIl CHEKTP COJHEYHBIX HEHTPHHO, P A JIbHBIE P CIIpeleleHusl II0TOKOB HelirpuHo B ConHue,
HEOTIPEeNIEeHHOCTH B MPEICK 3 HUAX CKOPOCTH CYET HEUTPHHHBIX COOBITHIL.

PACS: 26.65.-t; 96.60.-j; 96.60.Fs; 96.60.Jw; 96.60.Ly; 26.20.Cd

INTRODUCTION

The life of any star is an unceasing struggle between gravity and pressure. Gravity
tries to compress everything to the star’s core. Pressure acts in all directions, but decreases
with increasing distance from the core, thus pushing stellar layers outward. When gravity
dominates, the star contracts causing the pressure to rise and thus resisting further contraction.
When the outward pressure gradient dominates, stellar layers expand, thus decreasing the
pressure and terminating further expansion. Since a star shines, it loses energy from its
interior. This reduces the pressure and leads to contraction of the star. Without a mechanism
of restoring the energy lost, a typical star cannot live more than some tens of millions of years.
It has long been known that such a mechanism is provided by the reactions of thermonuclear
fusion (the formation of light nuclei from lighter ones) within the star 2.

If the daughter nucleus is more bound than the fusing ones, the reaction releases nuclear
binding energy. The latter rises steeply from zero for 'H to about 7.07 MeV per nucleon for
“He and reaches a peak at about 8.79 MeV per nucleon for the iron-nickel group (*°Fe, ®®Fe,
62Ni) before decreasing for heavier nuclei. If a star initially consisted of pure hydrogen, it
could gain a maximum of about 8.79 MeV per nucleon by fusion to iron or nickel. This

'E-mail: vnaumov@theor jinr.ru
2This source of stellar energy has been originally suggested by Eddington [1] and Perrin [2] in 1920.
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is an extremely complicated and multistage process occurring at very high temperatures and
densities. But most of the available nuclear binding energy (~ 80%) is already released when
“He is built up in the first stage. This stage is the fully dominant energy source for the
present-day Sun. The energy production rate averaged over the solar core does not catch our
fancy: it is as low as ~ 15 W/m3. However, the luminosity of the Sun is about 4 - 1026 W,
equivalent to ~ 10'7 typical nuclear power plants. It is so huge because the Sun converts
~ 7-10® metric tons of hydrogen to helium per second. The hydrogen is consumed at a lower
rate than in any other evolutionary phase of the Sun and thus the central H-burning lifetime
of the Sun is longer than that for other phases. The Sun contains ~ 10°7 atoms (mostly
hydrogen); so it has enough fuel to shine actively for more than 100 y.

A conversion of a proton into a bound neutron is only possible with production of an
electron neutrino through 8% decay or electron capture. The hydrogen-to-helium fusion is
also a rather multistage process which occurs in two key simultaneously running reaction
sequences, the pp (or proton—proton) chains and the CNO (Carbon-Nitrogen-Oxygen) cycle !
and the electron neutrinos are necessarily emitted as a result of some of the pp and CNO
reactions. Since these low-energy neutrinos are extremely penetrating ultrarelativistic particles,
they escape the Sun in two seconds and reach the Earth in about eight minutes from the time
they were produced. By detecting the «solar» neutrinos, we may learn a lot about the
«instantaneous» physical conditions inside the Sun and, as a surprising bonus, about the
neutrinos themselves.

The solar neutrinos were investigated in order to prove that the Sun is actually powered
by thermonuclear fusion. In 1965, Davis and his team began construction of the chlorine
solar neutrino experiment in the Homestake Gold Mine at Lead, South Dakota. According to
the data published in 1968 [5], the detector count rate was substantially smaller than the solar
models of the day predicted [6]. That was the first indication of the so-called «solar neutrino
problem», which has been confirmed by almost 25 years of the Homestake detector operation
and by several further solar neutrino experiments relying on different detection methods. This
gave rise to a number of investigations and worthwhile ideas — some of which are still alive.

Now, after more than forty years of intense multidisciplinary efforts it seems that the
long-standing solar neutrino problem is basically resolved. At least, it is widely believed that
the modern solar neutrino experiments and helioseismic observations, together with comple-
mentary experimental and theoretical studies, have proven that the Sun shines due to nuclear
fusion, while the observed neutrino deficit is explained by neutrino oscillation phenomenon,
as a consequence of finite neutrino masses and flavor mixing 2.

This article is an introductory overview (meant for nonspecialists) to some astrophysical
aspects of the solar neutrino problem. It is primarily focused on a qualitative consideration
of the pp and CNO reactions in the Sun. Because of the limited volume of the article, it
does not touch upon the results of the solar neutrino experiments and the status of the various
solutions to the solar neutrino anomalies. While these items are crucial for understanding the
solar neutrino problem, they are postponed to another paper. The interested reader is referred
to comprehensive recent reviews and monographs (see, e.g., [8—10] and references therein).

'Both sequences were worked out at the end of the 1930s [3,4], though without mentioning the neutrinos.
21t should be noted that the hypothesis of neutrino mixing was put forward by Pontecorvo in 1957 [7] that is long
before the solar neutrino problem has been recognized.
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1. THE SUN IS A RELATIVISTIC MACHINE
Hereby the net fusion reaction in the Sun is burning hydrogen to make helium:
4'H — “He + 2e* + 2v.,. (1)

This reaction is written taking into account the constraints of conservation of electric charge,
baryon and lepton numbers. The final helium nucleus has less internal energy than the
initial hydrogen nuclei. This is a purely relativistic effect. Since energy is conserved, extra
heat is released as energy of motion of the secondary particles and production of photons
and neutrinos. Several  quanta are created in the various steps of the net reaction (1),
including e™e™ annihilation; they are then degraded due to absorption by the solar plasma
and reemission into many low-energy photons having the same total energy. The neutrinos
promptly shoot out of the Sun, taking away a few percent of the produced energy. As a result,
the solar plasma gets hotter and is enriched with lots of photons!. The energy release is

Q =~ (4-1.007825u — 4.002603u) - 931.5 MeV /u = 26.732 MeV

each time the reaction (1) happens. Here 1.007825w and 4.002603u are the masses of the
hydrogen and helium atoms, respectively, and u = (1/12)m(!?C) ~ 1.660539 - 10727 kg ~
931.494 MeV is the unified atomic mass unit (N4u = 1 g). This is a very efficient mechanism
of energy generation. Although the obtained amount of energy corresponds only to about 0.7%
of the relativistic mass defect, it is almost an order of magnitude larger than that produced in
any other nuclear reaction process occurring in stars.

2. THE SUN IS A QUANTUM MACHINE

The fusion reaction (1) is, of course, a summary and may occur only in several steps,
because the temperature and density in the Sun are too low. Moreover, from the point of
view of classical physics, the temperature is so low that an inelastic collision of even two
nuclei in the Sun is nearly impossible, since the amount of thermal energy, even in the core
of the Sun, is not enough to overcome electric repulsion between the nuclei. Let us illustrate
this statement quantitatively. The two nuclei have to get within r, ~ 1073 cm for the
strong interactions to hold them together. But the nuclei repel each other. For example,
the Coulomb potential between two protons is U = €*/r, ~ 21076 erg &~ 1.2 MeV.
Since T, < 1.5 - 107 K (the helioseismology confirms this), (EX") = (3/2)kT, < 2 keV.
Then by assuming Maxwell-Boltzmann distribution, the fraction of protons with E‘;“ >U
is exp (—E§"/(Ex")) < e %% ~ 10726°. Remembering that the number of protons in
the whole Sun is about 1057, we can conclude that the classical probability of the fusion is
practically zero. An explanation of why the fusion reactions in stars nevertheless occur was
suggested in 1929 by Atkinson and Houtermans [11]. It is based on the quantum tunneling
effect, developed earlier by Gamow [12] and independently by Gurney and Condon [13] in
connection with the theory of o decay.

!'Visible light photons leave the Sun after ~ 10% y and ~ 1022 absorptions and reemissions.
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Let us estimate the quantum probability for two nuclei to collide!. The wave function of
a nonrotating nucleus a can be written in the quasi-classical approximation:

o exp ( / pmdr) ~ exp ( / \/md) |

Here and below we use the natural units, 2 = ¢ = 1. The repulsion energy of two nuclei with
charges Z,e and Zye is U = Z,Zpa/r (where o = €% /hc = e?). The classical turning point
(p(r) = 0) is given by r1 = Z,Zya/ FE and the momentum p(r) is purely imaginary for r < ry.
Thus, the probability of the barrier penetration can be estimated (up to a normalization) as

T1

Y2(r) o exp —2/\/2ma [U(r) — E] dr| ,

To

where o ~ 7, is the radius of nuclear interaction. It has been implicitly assumed here that

the second nucleus b is in rest. To avoid this assumption, one has to replace m, ~ A,m,

with the reduced mass of the colliding nuclei:
mMaMMy

A A
ma>—>M:75A7np7 A~ b

N —— 1/2<A<1.
mq + My Aa+Ab’ / <

Considering that 7, ~ 10~3r1, we may put 79 = 0 as a rough but reasonable approximation.
Then the barrier penetration probability is estimated to be

$2(r) & 1h%(0) oc e 2™ (E), )
where )
_L?ME/ 1 g JFE_ 1 [Ec
n(E) = - . lde=mr 5 =3\ & 3)
0
and
Eg =2 (raZaZ)* p. (4)

The quantities (2), (3) and (4) are usually called the Gamow factor, Sommerfeld parameter
and Gamow energy, respectively.

3. REACTION RATE

Let n, be the number of nuclei a = (A,, Z,) per unit volume in the solar plasma. In
(assumed) thermal equilibrium with the temperature 7' the nonrelativistic particles obey the
Maxwellian distribution over velocities, 1, f (v, )d v,, where

/ 2 Vi
f(va) = (2:1/:T)3 2exp (— T;Z;f) and /f(\v\)dv = 47r/f(v)v2dv =1.
0

'Here we partially follow the simplified approach by Zeldovich et al. [14]. It neglects many essential details, in
particular the electrostatic and dynamic screening effects in the solar plasma which generally lead to an enhancement
of the nuclear reaction rates relative to those in vacuum.



Solar Neutrinos. Astrophysical Aspects 1145

Most of the nuclear reactions in stars are two-particle collisions which produce a set of other
particles. The mean number of reactions a +b — ¢+ ... per units of volume and time (the
mean reaction rate) is given by

Ra+b—>c+... = NagNyp <O'ab (U)U>7

where 045(v) = 0a4b—ct...(v) is the reaction cross section, which depends on the relative
velocity of the colliding particles v = |v, — v, and

(oap(V)V) = [ o (V)vf(ve) f(vp)dvedvy =4 [ oup(v v) dv. (5)
/ [

The major difficulty in the calculation of the nuclear reaction rates of astrophysics interest is
to determine the cross sections o4,(v). Due to the exponential behaviour for the Coulomb
tunneling, the cross section of the charged-particle induced nuclear reactions drops rapidly for
the energies well below the Coulomb barrier. As a quantum-mechanical interaction between
particles, the nuclear nonresonance reaction probability is proportional to a geometrical factor,
which is inversely proportional to E — the energy in the center-of-mass reference frame of
the colliding particles.
This is the reason for the following parametrization of the cross section:

1
E
The function S, (E), called the astrophysical S factor, incorporates all the nuclear physics
effects (including effects of finite nuclear size, higher partial waves, anti-symmetrization, and
atomic shielding). At low energies relevant for the solar fusion reactions and for many other
astrophysics processes, the reaction cross sections are very small, typically of the order of
10736-10733 ¢m? = 0.001—1 nb and with decreasing energy it becomes increasingly more
difficult to measure them in the laboratory. Since the .S factors are slowly varying, they can
be more reliably extrapolated from the range of energies spanned by experimental data to
the lower energies of astrophysical interest. Comprehensive compilations of the astrophysical
S factors and relevant references can be found in [15-17].
Substituting the definition (6) into (5) yields

12\ T Ec FE

a = —\| 75 b (E _X(E)E ) = G i

o) == (7)) [ SwBre Pz, (B =5+
0

Considering that the .S factor is a smooth function, while the function x has a sharp minimum
(and thus e™X has a sharp maximum — Gamow peak), the integral can be evaluated by the
saddle-point technique. The minimum of y is given by the condition dy/dE = 0. Thence,
the Gamow-peak energy (the root of the equation dy/dE = 0) is given by !

Oab = — Sap(E) e~ 2™1(E) (6)

kT
2Fc

2/3
Eo = Eqg ( ) ~ 0122 (AZ222T2)"* MevV,

'Sometimes this quantity is also called Gamow energy and this may cause a confusion.
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where Ty = T/(10° K). In the vicinity of the Gamow peak the function x(E) can be fairly
well approximated by the parabola:

1 [d*x(Eo) 2 E—Ey\’
FE) ~ v(E — | ——=| (E — E = 4
() 2 x(Eo) + 5 | 2| (B - = a (B
where s s
272
B (Eo\"'_ . (A2
KT kT T
and

TE
A=ay/F S = 0237 (A222215)"° MeV.

Clearly A defines the width of the Gamow window — the energy region where the reaction
a+b— c+ ... mainly operates'. Finally we obtain

2 A .
<0'ab’l)> ~ Iu]{j—T]{j_Tsab(EO)e ~

7.7
~1.3-1071 [ 2222
3-10 (AT92

1/3 (7)
> Sap(Fo)e™™ cm®/(s - MeV - b).

At a given temperature, the factor e~" in (7) is very sensitive to the charges of the interact-
ing nuclei and less sensitive to their neutron content. The approximate formula (7) can be
essentially improved by accounting for the next-order corrections to the saddle-point approx-
imation and for the screening effect of the solar plasma electrons [18]. Then Su,(Ey) in (7)
is replaced with f,;, S, where

ab’

1(5 5
Sl = Sun(Eo) + - | £y Sun(Bo) + 51 B + S (o) B =

T 12
3 ERW 35 L g (10 30
~ Sat(0) (1 + 127_> + 5., (0)Ey (1 + 127_> + 5 WO)ES | 1+ 2

and f,;, is the screening enhancement factor which allows for a partial shielding of the
Coulomb potential of the nuclei, owing to the field of neighbouring electrons (see [16,17] for
detail and further references). There are many other potentially significant physical effects
neglected in (7), e.g., suppression of the reaction rates instead of enhancement [19], bound
electron screening [20], non-Maxwellian tails of particle distributions (caused by plasma
effects, relativistic and quantum corrections) [21], etc. Formally, many of them can be
thought to be included into the factors f,; or SZ%C, but usually they are just ignored in the
standard solar model calculations.
In general a particle a can be affected by many nuclear reactions and decays, which either
create or destroy it. So, the relative mass fraction (weight concentration) of particles a
Xa _ mgeNg ~ mHnaAa _ naAa
p p Nap

"More precisely, A corresponds to the full width of the integrand at 1/e of its maximum, when approximated as
a Gaussian. The full width of the Gamow window at half maximum is therefore given by A/vIn2 ~ 1.2A.
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changes with time (here and below p is the density in units of g/cm®). Then we have

a;i“ - m7 > Roar+ D Boremat = 3 Bae = > Ry, (8)

where «...» denote the sets of particles allowed by the conservation laws, and the summations
extend over all relevant reactions and decays. Equation (8) can be corrected by adding the
triple collision reactions and so on. The reaction rates in (8) are functions of the relative mass
fractions: Rp—q+... X np X Xp, Rptemat... X npne x XpX,, etc. Therefore, the full set of
equations (8) constitute a network of first-order nonlinear differential equations. Solution of
these coupled equations with the proper initial conditions and identity Y X, = 1 defines the

a
chemical evolution of the Sun. The problem can be solved numerically, using, e.g., Runge-
Kutta integration. However, the numerical methods are not always necessary, considering that
many reactions quickly come to «equilibrium» and their rates can be evaluated analytically.

4. THE PP FUSION STEP BY STEP
4.1. The ppI Branch. The proton—proton chain begins by fusing two hydrogen nuclei:
p+p—d+et +ure. )

The energy liberation, (), in this reaction is 1.442 MeV, including in average ~ 0.265 MeV
taking away by neutrinos (F, < 422 keV). Using the results of the previous section, we can
write the deuterium production rate (in units s~1):

% = X4 = CuupX2Ty P exp (—3.38T9_1/3) . O ~4.2.10715, (10)
The magnitude of the dimensionless coefficient C; is defined by the astrophysical S factor
Spp = S11 2 4-10719 eV - b, and its calculation is well beyond the scope of this paper. It is
however easy to understand why Sp,, is so small.

A free proton cannot decay into a neutron because it has less mass, but a proton bound
inside a nucleus may be in a higher energy state than the final neutron, and the inverse 5 decay
(BT decay) can proceed. Therefore, the reaction (9) requires that two protons form a coupled
system ?He («diproton») while flashing past one another and, practically at the same instant,
one of the bound protons must decay by emitting a positron and neutrino. The remaining
proton and neutron are then left together forming a rather fragile deuteron (2.22 MeV binding
energy). This sequence of events is very unlikely since the intermediate nucleus ?He is highly
unstable and much more frequently decays back to two protons .

The secondary positron created in the reaction (9) very quickly encounters a free electron
in the surrounding plasma, the e™ and e~ annihilate and their energy appears as two 511-keV
~ quanta, but one time in (roughly) 102°, the ete™ annihilation yields a v7 pair instead.

IFor this reason the cross section of the reaction (9) will probably never be measured in a laboratory experiment
and we may rely only on the ab initio theory, which is, however, believed to be as accurate as +0.7% around the
Gamow peak [17].
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The characteristic time of the reaction (9) (that is the mean life of a proton against
destruction by this reaction) can be estimated as

Np _ Np

—n,  2ng’
where the factor of 2 in the denominator appears because each reaction destroys two protons.
Substituting typical values 7 = 1.3 - 107 K, p = 100 g/em® and X, = 0.7, we find that
t11 ~ 1010 y. So, the reaction is very rare. That is why the Sun is still burning after about
4.6-10% y of its life!
The deuterium produced in the first stage of the ppl branch can fuse with another free
proton to form a light stable isotope of helium (helion):

p+d — 3He + 7. (11)

A photon must be emitted to avoid energy-momentum violation. Hence, the reaction goes
via both strong and electromagnetic interactions. This reaction can be considered in a fash-
ion similar to (9). The energy liberation here is much larger, ) = 5.494 MeV, and the
production rate is

Xope = ChopXp XoTy 2/ * exp (—3.72T5 /%),  Cya ~ 3.98 - 10°. (12)

Note that C15/C; =~ 10*®. Deuterium is burned up very rapidly, with the typical reaction
time t12 =~ 6 s. Now a particles can be produced by fusing two *He nuclei:

3He + *He — 2p + *He. (13)

This is the final stage of the branch and sometimes just this reaction is referred to as the ppl
branch. The energy liberation is Q = 12.859 MeV and the *He production rate is given by

Xipe = CagpX2y Ty 2/ exp (—12.28T, /%), Cs3 ~ 1.3-10°. (14)

The coefficient C33 is so huge because the reaction proceeds exclusively via the strong
interaction. The characteristic time is ¢33 ~ 10° y.

A few concluding comments come in order.

For each conversion of four protons to “He, reactions (9) and (11) have to occur twice,
while reaction (13) once. As we see, even at the solar core temperatures, the average
lifetime of a proton against the pp fusion is ~ 10'° y. It is this time scale that sets
the «stellar clock» by determining how long the Sun will remain a stable main sequence
object. In contrast, a deuterium nucleus will last only a few seconds before it hits into
some proton. Therefore, deuterium cannot accrue and its steady concentration is given by
X4 = (t12/t11) X, ~ 10717X,,. A helion will last hundreds thousands years before it hits
another helion which has enough energy to overcome Coulomb’s barrier.

The deuterium is also produced in the extremely rare three-body reaction of electron
capture (called pep)

p+p+e —d+rv. (E,=1442 MeV),

which yields an almost «monochromatic» neutrino. The neutrino energy spread is determined
only by the small Doppler effect and almost negligible energy contributed to the recoil of the
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deuterium nucleus. The characteristic time scale of the reaction is ~ 10'? y, which is much
larger than the age of Universe. So it is insignificant in the Sun as far as energy generation
is concerned. Nevertheless, the pep fusion accounts for about 0.25% of the deuterons created
in the pp chain. Enough pep fusions happen to produce a detectable number of the sharp-
energy-line neutrinos, so the reaction must be accounted for by those interested in the solar
neutrino problem.

4.2. The ppII Branch. The 3He does not always have to hit another *He nucleus. If
“He is sufficiently abundant, >He can hit a “He forming stable "Be which can capture a free
electron. The electron turns one of the beryllium protons into a neutron, changing the "Be
into “Li and emitting a neutrino. The “Li will then quickly fuse with a free proton, resulting
in unstable ®Be which immediately falls apart into two stable “He nuclei. The branch is
summarized in the following table:

*He 4+ “He — "Be 4 y + 1.586 MeV (9.7 -10° y),
"Be +e” — "Li(+7) + v + 862/384 keV (142 d),
"Li+ 'H — *He + “He + 17.348 MeV (9.5 min).

The *He nucleus acts here as a catalyst to the conversion of 3He and proton into “He. Only
about 14% of 3He goes out this way avoiding the ppI branch. Almost all (~ 99.89%) "Be
nuclei go the lithium route. The main part (~ 89.7%) of "Li nuclei is created in the ground
state and thus E, ~ 862 keV. The rest lithium is in an excited state and the corresponding
neutrino energy is only 384 keV. The largest contribution to the uncertainty in the prediction
of the beryllium neutrino flux is caused by the experimental uncertainty in the low-energy
rate of the *He + “He reaction. The fusion with *He is less likely, because there is more *He
around deep inside the Sun’s core.

In heavier stars, where the temperatures exceed ~ 2.4- 107 K, the pp Il branch can compete
with the ppl branch for energy production. This is because at higher temperatures He gets
used up faster, driving down its abundance compared to *He. On the contrary, in low-mass
stars the internal temperature is not high enough to finish the pp cycle. They give rise to the
first stage of the pp fusion up to >He, but are unable to force the fusion of *He with another
helium isotope. This fact is confirmed by the observation that the low-mass stars are often
anomalously rich in 3He compared to “He.

4.3. The ppIII Branch. The "Be has two ways to go — it can either absorb an electron,
as in the ppII branch (99.89%), or absorb a proton (0.11%). Absorbing a proton raises the
nucleus from beryllium to boron, and the “Be becomes ®B. The latter nucleus is unstable
and takes less than a second, fairly independent of temperature, to spit out a positron and a
neutrino to become beryllium again, only this time it is ®Be, which falls apart into two *He
nuclei, thus completing the chain:

"Be +'H — ®B + v+ 135 keV (66 y),
¥B — ®Be* + et + v, + 14.02 MeV (0.9 s),
®Be* — “He + “He + 18.074 MeV (9.7-107'7 s).

Only ~ 0.11% of "Be goes this route. The so-called boron neutrinos produced in this chain
have a rather high mean energy, (E,) ~ 6.74 MeV, and their energy spectrum spreads up to
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14.02 MeV. This makes it possible to detect the boron neutrinos, despite of their relatively
small flux. The boron neutrino flux @B is highly responsive to the quality of the solar
modelling; in particular, it is extremely sensitive to the central temperature T, as it varies as
T18. For comparison, the central temperature dependence of the pp and beryllium neutrino
fluxes are ®LP o< T2 and B¢ oc T, respectively. These dependences correspond to the
neutrino fluxes from each source integrated over the relevant region of emission. Just for
the central conditions in the Sun, the 7, dependences for the three major neutrino fluxes can
be expressed in the following way: ®PP o T2, &8¢ oc TI5 @B oc T245  Another very
significant source of ambiguity in the prediction of the boron neutrino flux is caused by the
uncertainty in the laboratory measurements of the "Be(p,~)®B S factor Si7. The present-day
resulting uncertainty of Si7 in the solar Gamow window is +7.5% [17].
4.4. The pp IV Branch (hep Reaction). This branch comprises the only fusion process

3He + '"H — “Li — *He + et + v, + 19.795 MeV.

The low-energy cross section of this «hep reaction» is very uncertain (£30% according
to [17]). This ambiguity is not important from the point of view of the solar energy production,
since the relative probability of the pp IV branch is estimated to be as small as (2—3)-1075%.
However, the hep reaction produces the highest-energy solar neutrinos ' ((E,) ~ 9.625 MeV,
E, < 18.778 MeV), which can at some level influence the electron energy spectrum produced
by the solar neutrino interactions and measured in the high-threshold detectors like Super-
Kamiokande and SNO.

4.5. The Full pp Chain. The diagram in Fig. 1 summarizes the full pp chain. The neutrinos
export 3%, 4%, and 28% of the energy in, respectively, pp1, ppIl, and ppIIl. The ppII and
pplll chains have an output of two “He nuclei, but require an input of one “He. The net

(He, pp)

“He

85%

Beryllium neutring
(862 or 384 keV)

pp neutrino
(<420 keV)

02 ()
Iy ~ (e7,v,) - »,a) .
99.6% 5% Li He
ep neutrino ®.7) (@,y) Boron neutrino
l(vl 44 MeV) H 1007 | He "Be (<14.06 MeV)

(e p.v,)

15% \
®.7) (e*,v,) (@)
8 ! € 8Rat 4
o027 | B 1 He
0.44% i :
pneutrmo j/}/
(<18.77 MeV)
“~

p.etv)
0.00003%

“He

Fig. 1. The full pp chain responsible for production of about 98.4% of the solar energy

'The maximum neutrino energy is equal to the maximum energy of the *Li 3 decay.
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effect is the fusion of one “He nucleus per reaction sequence and hence one of the “He nuclei
acts only as a catalyst which allows "Be production. In any hydrogen-burning star containing
significant “He abundance, all the four pp chains are active simultaneously. The Sun is a
perfect example of such a star.

4.6. Is the pp Chain Complete? One can invent many other reaction embedded into
the pp chain, some of which will produce neutrinos. But careful analysis shows that the
corresponding contributions to both energy production and neutrino production are very small.
Let us consider several illustrations (see [22,23] for other examples).

Tritium Neutrinos and Antineutrinos. The neutrinos can be produced in the rare endother-
mic electron capture reaction [24]

SHe+e™ —*H+v, (E.>18.6keV, t~1.4-10'"Yy). (15)

The chain is completed with the fusion reaction *H + p — “He + v (E, ~ 19.8 MeV).
However, the energies of the tritium neutrinos are within the range from 2.5 to 3 keV and
there is no good idea about how to detect such low-energy neutrinos. Moreover, the flux of
these neutrinos at the Earth is only 8.1-10* cm=2.s71,

The capture (15) can be followed by the tritium 5~ decay with production of antineutrinos
with energies up to about 18.6 keV. Their flux at the Earth is estimated in [24] to be about
103 ecm=2 - y~!. Alas! Both the energy and the flux are very small. This does not allow
detecting the tritium antineutrinos in the foreseeable-future experiments.

The ppV Branch (heep Reaction). It was mentioned above that neutrinos with maximum
energy (B ~ 18.8 MeV) are produced in the hep reaction. But, in fact, the most energetic
solar neutrinos are produced in the so-called heep reaction [23]

SHe4+e¢ +p—*He+v. (E,~19.8MeV). (16)
Unfortunately, the estimated flux is only 2.5-10~% cm~2-s~! [24], which is about four orders
of magnitude less than the flux of the hep neutrinos near the end of their spectrum.
Electron Capture on 8B. Very high-energy neutrinos are also produced in the e-capture
reaction [22,25]
SB+e~ — ®Be* 4+ 1., °Be* — *He + *He.

The neutrino energy spectrum from this reaction peaks near 15.5 MeV and has a full
width at half maximum of about 1.4 MeV. The neutrino flux is estimated to be (1.3 £
0.2) em~2-s~1 [25]. Though it is almost four orders of magnitude larger than that of the
heep neutrinos, it is still too small to be detected in the current experiments.

5. THE CNO CYCLE

The matter that formed the Sun had already been cycled through one or more generations
of stars and, as a result, it is contaminated with all the stable elements of the periodic table
(see Subsec. 6.3). The presence of these ashes of deceased stars in the solar core opens
possibility for the fusion reaction sequences, which require certain heavy elements as catalytic
agents. The next in importance (after the pp chain) is the CNO polycycle responsible for as
much as 1.6% of the energy production in the Sun.
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5.1. Cycle I (CN). The main CNO reaction sequence («cycle I» or «CN cycle») ! is

+1H — BN+ 4 +1.944 MeV (1.3 107 y),
BN — 13C 4 et + v, 4 2.221 MeV (7 min),

13C +'H — "N + v + 7.551 MeV (2.7-10° y),
N +1H — 150 + v + 7.293 MeV (3.2- 108 y),
150 — N + et + v, +2.761 MeV (82 s),

N + 1H —[12C | +4He + 4.966 MeV (1.1-10% y),

(17a)

This sequence is clearly a cycle since the last reaction restores the initial 12C. The cycle (17a)
becomes even more apparent being rewritten in the compact astrophysical notation:

2C (p,7) N (e*we) *C(p,7) "N (p,7) 10 (eve) "N (p, ) *C. (17b)

The cycle uses carbon, nitrogen and oxygen isotopes as catalysts to suck up four protons
and build a *He nucleus out of them. The relative abundances of C, N, and O do not
change. The cycle does not start until the pp fusion has begun, and provides the energy
necessary to allow a low level of proton fusions onto the heavier nuclei. The timescale of the
CN cycle is determined by the slowest reaction (**N + 'H), while the approach to equilibrium
is determined by the second slowest reaction (*2C + 'H).

5.2. Cycle II (ON). The second minor branch («cycle II» or «<ON cycle») is a similar type
of cycle which joins onto the first one. Starting with 4N, the process steps through two of
the last three reactions (17) until 5N is produced. It then proceeds to convert 5N back into
14N, with the production of '“F occurring in one of the steps:

+1H — 150 4 7 + 7.203 MeV,
B0 — BN + e+ + v, + 2.761 MeV,
5N+ 'H — 160 + v + 12.128 MeV,

160 4+ 'H — 17F 4 ~ + 0.601 MeV, (182)
TR 5170 + et + v + 2.726 MeV,
170 4 1H — | N | +4He + 1.193 MeV.
The same can be written as
YN (p,7) 0 (e*ve) N (p,7) %0 (p,7) '"F (e*re) 17O (p, ) N. (18b)

The third reaction of the cycle has a probability of about 4 - 10~* relative to the last reaction
of the cycle (17). As a result, the ON cycle is about 25 times less frequent than the CN cycle.

5.3. The Full CNO Polycycle. The diagram in Fig.2 shows the full CNO bicycle. The
fractions of the nuclear energy loss from the core through neutrino emission in the first and
second branches of the CNO process are 6 and 4%, respectively. In fact, there are two extra
CNO chains:

"N (p,7) 0 (p,7) ""F (eTve) 'O (p,7) "°F (e*ve) O (p, ) °N (19)

Other names are «simple CN cycle», «carbon(ic) cycle», and «Bethe cycle».
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Fig. 2. The full CNO bicycle responsible for
production of about 1.5-1.6% of the solar
energy. Cycle I dominates

Fig. 3. The stellar energy production vs. tempera-
ture for the pp chain and CNO bicycle, showing the
dominance of the former at solar temperatures. Solar
metallicity has been assumed

and

%0 (p,v) '"F (e*ve) 170 (p,7) "*F (etve) *0 (p,7) F (p, ) 'O, (20)

and a few accessory reaction chains embedded into the main polycycle [16]:
PN (p,7) 10 (eTre) YN, TTF (p,7) *Ne (7 ve) °F (p, a) 1°0, °F (p, 7) *Ne.

The chain (19) («CNO cycle III» or «ON II cycle») is essential for the hydrogen burning in
massive stars but almost negligible in the Sun. The cycle (20) is very slow and its role for
both energy production and neutrino production in stars is insignificant.

The CNO cycle lacks significance at the low temperatures. For abundances characteristic
of the Sun, the CNO becomes important for core temperatures of roughly 1.5-107 K (1.3 keV),
and it will provide virtually all of the hydrogen-to-helium conversion in the later stages of the
solar evolution when the temperature will exceed ~ 2.5- 10”7 K (2.2 keV), as is seen in Fig. 3
(taken from [17]). The sprocket symbol in Fig.3 denotes the present-day conditions in the
Sun’s center, 7' = 1.57-107 K, showing that the Sun is now powered mainly by the pp chain.

5.4. CNO Electron Capture. As was shown above, the CNO sources of neutrinos are the
BT decays of 13N, 150, and '"F. An additional (minor) contribution to the CNO neutrino flux,
usually not included into the solar models, is electron capture (EC) on those isotopes [23,26].
The relevant reactions are

BN +e” - BC+ Ve, B0 +e” - BN+ Ve, TEyem =10+ v,.
At solar temperatures and densities one must take into account the contribution from both
bound (mainly K-shell) and continuum electrons. The flux of the CNO EC neutrinos is of
the same order as the boron neutrino flux, though at lower neutrino energies. So the rate of
these neutrinos on current detectors is expected to be very small but not fully negligible [26].
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6. SOLAR NEUTRINO FLUX AND SPECTRUM

6.1. Neutrino Flux—Luminosity Relation. The Sun is approximately in a steady state with
the energy production rate that equals its luminosity, hence the total solar neutrino flux at the
Earth is [27]

256

Q—2(Ey,)’
where So = Lo /4md? ~ 1.366 kW/m? is the satellite measured solar constant' which yields

the solar luminosity Lo = 47d% ~ 3.846 - 10°3 erg/s for d, = 1 AU ~ 1.496 - 10*® cm;
(E,) is the mean energy of the solar neutrinos given by

b, ~

1 . .
_ § (1) p(7)
<EV > - dsy : El) ¢1/ )

where the summation extends over all reactions which produce neutrinos, El(,i) and @l(,i) are,

respectively, the mean energy and neutrino flux from the ith reaction. The value of (F,) can
be well approximated by the mean energy of the pp neutrinos (Eﬁp P )> ~ 0.265 MeV, which

dominate the solar neutrino flux. Since (Eﬁp P )> < @, the inaccuracy of this approximation
does not essentially affect the estimation of @,. Finally we obtain

&, ~6.54-10"° cm™2 .57

This is a huge value and it is almost model-independent. Calculation of the neutrino energy
spectrum is a much more difficult, but necessary, task, which requires lots of assumptions.

6.2. The Standard Solar Models. The present-day Sun is a G2-type main-sequence star.
Solar models evolve the Sun over the past 4.56 Gy of the main sequence burning to the
present age, thereby predicting the present-day temperature and composition profiles, the
relative strengths of competing nuclear reaction sequences, and the neutrino fluxes originating
from those sequences. The standard solar models (SSM) share several basic assumptions:

e The Sun is a spherically symmetric object evolving in hydrostatic equilibrium which
implies a local balance between pressure and gravity.

e The thermonuclear reactions are the only source of energy production inside the Sun.
They do not change the abundances of heavy elements but transmute hydrogen to helium and
produce a smooth variation of the remaining physical parameters.

e Energy is diffused by radiative, convective, and neutrino transports. The solar envelope
is convective, while the core region where the thermonuclear reactions take place is dominated
by radiative transport. The opacity of the solar medium sensitively depends on the chemical
composition, particularly, on the heavy-element abundances.

e The Sun was initially highly convective and therefore uniform in composition, when it
first entered the main sequence.

e The mass remains constant throughout the evolution.

In fact, this «constant», defined as the power per unit area received at the average Sun—Earth distance of one
Astronomic Unit (AU), varies within £0.1% during an 11-year solar cycle.
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Within the framework of these assumptions, the geometry, hydrostatic equilibrium, energy
balance, and its transport are described by the four first-order differential equations of stellar
structure (see, e.g., [28] and [29] for more details and further references),

dM
Continuity equation: TR 4TR?p,
dP GM
Hydrostatic equation: R RQp’
dL d Pd
Energy equation: iR =47 R? {ep — p% (%) + ;d_f] ,
Energy transfer equation: ar _gTdp
& uation: SR =Vhar

Here R = |R] is the distance to the center and ¢ is the time (all variables involved into
the above equations are functions of these two); G is the gravitational constant, P is the
pressure !, M is the mass enclosed in the sphere of radius R («shell mass»), p is the density,
T is the temperature, L is the flow of energy per unit time through the sphere of radius R,
€ is the rate of nuclear energy generation per unit mass and time, and « is the internal energy
per unit volume. The temperature gradient V = dIn7T/dIn P is determined by the mode of
the energy transport.

Apart from the basic equations, one has to specify the auxiliary ones: p = p (P,T,{X,})
(equation of state), k = x (P, T,{X,}) (equation for opacity), and € = ¢ (P, T,{X,}) (equa-
tion for nuclear reaction rate); these link the thermal quantities and the chemical abundances
X,. The opacity « (defined so that 1/(kR) is the mean free path of a photon) enters the stel-
lar structure equations through the temperature gradient V = Viuq + Veond + Veonv, in Which
the terms denote, respectively, the radiative, conductive, and convective contributions. The
radiative contribution, calculated under the assumption of local thermodynamic equilibrium,
is given by

3 kP L
16racG T* M’
where ¢ is the speed of light, a is the radiation density constant. The conductive gradient
is due to the electron plasma thermal motion and the convective gradient is acting only
in the convective region, R 2 0.7Rg. In the regions where V.4 exceeds the adiabatic
gradient (0ln /01n P),, the partial derivative being taken at constant specific entropy s, the
layer becomes unstable to convection. In that case, energy transport is predominantly by
convective motion; the detailed description of convection is highly uncertain [29].

The main source of uncertainty for the opacity is the content of heavy elements in the solar
core, which is out of experimental control. The SSM calculations assume that the surface
abundances of the elements with A > 5 («metals» in astronomical slang) were undisturbed
by the subsequent evolution and thus provide a record of the initial solar metallicity. This
assumption is not quite correct. In fact, the present-day chemical composition of the photo-
sphere must be slightly different from that of the protosolar gas cloud, owing to the combined

vrad =

In general, P is the sum of the gas, radiation and magnetic field B pressures, P = Pyas + Praa + B2/87, but
the last contribution is normally neglected.
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effects of thermal diffusion, gravitational settling, and radiative acceleration over the past
4.56 Gy. Additional, comparatively small changes are due to decay of radioactive isotopes
that contribute to the overall atomic abundance of an element. However, all these effects can
be taken into account as corrections or included into the initial conditions. The remaining
unknown parameter is the initial mass fraction ratio “He/H. The helium content in the core
cannot be directly measured, and thus it must be adjusted until the model reproduces the
today’s luminosity. The resulting value of *He/H in modern SSMs is typically 0.27 & 0.01,
which can be compared to the Big-Bang value of 0.23 £ 0.01. The present-day photospheric
abundance is, of course, different from this value, owing to diffusion of helium over the
lifetime of the Sun. The resulting *He abundance near the surface (typically 0.247) is in
surprisingly good agreement with the value determined from helioseismology (0.242).

In addition to the listed physical approximations, any SSM depends on at least 19 parame-
ters that must be supplied with their assigned uncertainties. The iterative solution of the basic
equations with proper boundary conditions is starting from a zero-age main sequence object,
and the output data are constrained to reproduce today’s solar radius, mass, and luminosity.

We have to recognize that the standard solar models are based on many simplifica-
tions. Of these, one (but not the only one) of the most «fragile» is that the Sun is
assumed to be a spherical star in hydrostatic equilibrium. We know, however, that the
Sun slowly rotates around its axis in about 27 days. This causes a flattening of the
solar surface which breaks the spherical symmetry, resulting in a reduction of the local
gravity in the equatorial region, mixing of the solar atmosphere, and many other effects.
Moreover, since the Sun is not a solid body, the rotation is not uniform. The outer lay-
ers exhibit differential rotation, which extends considerably down into the solar interior.
These bulk motions affect the thermal stratification leading to significant mixing of chem-
ical elements. In particular, fragile elements can be transferred to higher temperature lay-
ers where they are more rapidly destroyed. Traditional SSMs neglect all these details.

6.3. Helioseismology in Short. The solar sur-
face vibrates like a huge drum. This phenom-
enon was discovered by Leighton, Noyes, and Si-
mon [30] from systematic visual study of sets of
«Doppler plates» obtained at the 13-foot spectro-
heliograph of the Mount Wilson Observatory dur-
ing 1960 and 1961. Initially these «five-minute»
oscillations were thought to be a manifestation
of convective motions, but later it was under-
stood that the observed motions are the superpo-
sitions of many global resonant modes of oscilla-
tions of the Sun (see, e.g., [29,31,32] for reviews
and references). Solar oscillations consist of a
reach spectrum of internal acoustic and gravity
waves, stochastically excited by turbulent convec-
Fig. 4. Propagation of sound rays in a cross tjon. Figure 4 schematically shows the propaga-
section of the solar interior tion of sound rays in a cross section of the solar
interior. The ray paths are bent by the increase in sound speed with depth until they reach the
inner turning point (indicated in the figure by the dashed circles), where they undergo total
internal refraction. Near the surface the waves are reflected by the rapid decrease in density.
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The raw data of helioseismology consist of measurements of the photospheric Doppler
velocity or, in some cases, intensity in a particular wavelength band, taken at a cadence of
about 1 min and collected with as little interruption as possible over periods of months or
years [32]. An overview of the observation techniques can be found in [33].

Figure 5 (taken from [32]) shows a typical single Doppler velocity image of the Sun
from one GONG (Global Oscillation Network Group) instrument. The shading across the first
image comes from the solar rotation. After removing the rotation, the mottling associated
primarily with the solar oscillations becomes apparent. The measurements of this kind can
be either imaged or digitalized. The astronomers have learned how to use this information
for studying the thermodynamic properties of the solar inside. Careful helioseismic studies
contributed to the improvement of the determination accuracy of the radial distribution of
sound speed in the Sun, differential rotation and so on.

Fig. 5. A typical single Doppler velocity image of the Sun (left) and the difference between that image
and the one taken a minute earlier (right) with the colors corresponding to motion away from and
towards the observer

The adiabatic sound speed is a function of temperature and mean molecular weight. The
gradient of the temperature, and hence of the sound speed, is related to the mechanism by
which the heat is transported from the center to the surface. Both temperature and sound
speed are influenced by the opacity of the solar matter to radiation, and the latter is influenced
by the chemical composition of the Sun. The seismically determined sound speed is known
today with a precision of the order of 0.001% for R = 0.4Rg, allowing one to test and
correct the theoretical estimates of the opacity and to cross-check the inputs for the solar
composition. In the regions of the Sun where the neutrinos are generated, the resulting
precision is degraded. Moreover, due to variation of the mean molecular weight with time,
the sound speed slowly changes and has been modified by about 10% in the core during the
life of the Sun [34]. Nevertheless, helioseismic analyses allow one to extract the squared
sound speed in the core with an accuracy on the level of 0.01%. This provides a very useful
benchmark for the solar models and helps to answer several questions (mixing in the solar
core, influence of dynamic effects on the nuclear reaction rates, etc.) critical for determining
the correct neutrino fluxes [35].

6.4. Chemical Composition of the Sun. As was explained above, the elemental abundances
in the Sun is one of the key ingredients of any SSM. The chemical elements involved into
the pp or CNO reactions directly affect the reaction rates and thus the solar neutrino fluxes.
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The heavy elements as a whole are important as they govern radiative opacities, which in
turn affect the density distribution in the outer convection zone and energy transport by the
radiative transfer.

The elements up to and beyond ®°Fe are discovered in the solar atmosphere and in the
pristine meteorites like CI-chondrites and ureilites (assumed to have the same composition
as the Sun, excluding volatile elements) [36-44]. Some twenty years ago astrophysicists
believed they knew the solar composition on the level sufficient for an accurate modeling
of its evolution and inner structure. However, new analyses of absorption lines in the
solar spectrum essentially downward the photospheric abundances of metals, compared to the
previously used values. This is in particular true for the most abundant elements C, N, O,
and Ne, which participate in the CNO polycycle.

The trend is illustrated in Fig. 6, which shows the mass fractions of hydrogen, helium,
and metals (conventionally abbreviated as, respectively, X = Xy, ¥ = Xpg., and Z =
1 — X —Y) as well as the metals-to-hydrogen ratio (Z/X). The data are taken from
the comprehensive compilations [36] (AG89), [37] (GN93), [38] (GS98), [39] (L03), [40]
(AGSO05), [41] (AGSS09), and [43,44] (L10) and plotted as a function of year of publication.
The figure shows the mass fractions for both the present-day photosphere and protosolar
values, necessary as inputs of the solar models. Most of the differences seen in Fig.6 are
due to essential changes in modeling the solar atmosphere, upgrade of atomic and molecular
data and better solar observations. The new solar chemical composition is supported by a
high degree of internal consistency between available abundance indicators, and by agreement
with values obtained in the Solar Neighborhood and from the most pristine meteorites. But,
the SSM predictions based on the old GS98 metallicity were in fantastically good agreement
(within 0.1 to 0.3% for most sophisticated SSM calculations) with the sound speed profiles
precisely measured by helioseismic methods. The AGSO0S5 result completely destroyed this
agreement. The relative sound speed discrepancy for the AGS05-based solar models reaches
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>< 070 9 9 8 3 9 2 2

060 | | | | | | | | | | |
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Fig. 6. Present-day photospheric (open circles) and protosolar (filled circles) mass fractions X, Y, Z
and ratio Z/X taken from compilations [36-41,43,44]. Horizontal axis indicates the publication years.
See text for the abbreviations in the top panel
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Fig. 7. Present-day solar system elemental abundances as function of atomic number normalized
to 10° Si atoms [43]. The insert shows the present-day solar composition (mass %) according
to [38] (GS98), [40] (AGS05), and [43] (L10)

about 1.2% immediately below the bottom of the convection zone. To date, there has been no
fully convincing solution put forward. In the most up-to-date analyses L10 and AGSS09, the
discordance has been alleviated somewhat relative to the AGS05 model, but it nevertheless
remains a significant discrepancy in urgent need of resolution.

One of the modern versions of the present-day elemental abundance curve in the solar
system is shown in Fig.7, taken from the compilation [43]. The data presented in Fig.7
are almost similar to those recommended in [41], but differ in details. The data of [43]
are based on CIl-chondrites, photospheric data, and theoretical calculations. In cases where
solar and meteorite data have comparable accuracy for a given element, the recommended
abundance is the average of these values. For other elements, meteoritic data seem more
reliable. The general trend of the abundance curve is towards ever decreasing abundances as
the atomic number increases. The distinct up-down zig-zag pattern is because the elements
with odd numbers of nucleons (e.g., nitrogen, sodium, fluorine) are less stable, resulting in
one unpaired (odd) proton or neutron. The huge drop in abundance for the Li-Be-B triplet
results from two factors: (i) at the Big Bang, nuclear processes that could fuse the proper H
or He isotopes into Li and/or the other two were statistically very rare and hence inefficient,
and (ii) some of the Li-Be-B nuclei that were formed and survived were destroyed later on
by reactions in stars. A very detailed plot and the tabulated data for the nuclide abundance
distribution at the solar system formation time can be found in [43,44].
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6.5. Neutrino Energy Spectrum. Systematic calculations of the solar neutrino spectrum
were initiated by John Bahcall with coauthors [45], after recognizing the potential possibility
to detect the solar neutrinos at the Earth. A series of papers by Bahcall’s group spans more
than forty years, aiming to provide increasingly more precise calculations of the solar neutrino
spectrum and detection rates, together with the properly evaluated uncertainties. The physical
backgrounds and calculation results were summarized in the classical book by Bahcall [18]
and in many comprehensive reviews, see, e.g., [46]. During the last twenty years, the solar
neutrino energy spectrum has been calculated by many groups [47-74]. The solar models are
continuously being updated by improvements to the input physics used in the computation.

Figure 8 shows the energy spectrum of solar neutrinos from the full pp chain and CNO
bicycle calculated by Bahcall et al. [69] within their standard solar model commonly referred
to as «BSO5(OP)». The model uses the element abundances from [40].
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Fig. 8. The predicted solar neutrino energy spectrum at 1 AU. Line fluxes are in cm~2-s~ ! and spectral
fluxes are in cm~2 - s~! . MeV~!. The pp and spectral CNO fluxes are from [69] and the 3N and
50 + 'F lines are from [26]. Long horizontal arrows and filled areas indicate the detection ranges for
the gallium, chlorine and water-Cherenkov detection methods. The vertical arrows point to the energy
threshold of the H2O detectors Kamiokande (K) and Super-Kamiokande (SK), D2O detector at Sudbury
Neutrino Observatory (SNO), liquid-argon detector ICARUS (I), scintillation detector Borexino (B), and
indium-based detector LENS (L)
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Table 1. CNO neutrino fluxes and energies [26]. The CNO bicycle was assumed to be at the level
dictated by the SSM of Bahcall et al. [63]. The major contribution to the EC flux uncertainties
comes from the uncertainties of the SSM 3™ decay fluxes

Mean 3" decay flux, | (E,), | B2, EC flux, E,,
em™2.s71 MeV | MeV | 10° cm™2-5s7" | MeV
BN | 5.48-10% (F02%) | 0707 | 1.199 4.33 2.220
50 | 4.80-10°% (F0%%) | 0997 | 1.732 1.90 2.754
F | 5.63-10°(F02%%) | 0.999 | 1.740 3.32 2.761

The figure also shows the CNO EC neutrino fluxes estimated by Stonehill et al. [26]. The
EC CNO neutrino fluxes together with the energy-integrated 3+ decay fluxes and relevant
energies are listed in Table 1.

Since the energies of the EC neutrinos from %0 and !“F are very close to each other,
only the gross outcome is plotted in Fig. 8. The minor contributions mentioned in Subsec. 4.6
as well as the neutrinos produced in the CNO cycles III and IV (Subsec. 5.3) cannot be shown
within the framework of this figure. The insert in Fig.8 shows the 1o uncertainties of the
neutrino fluxes from the pp chain reactions. The figure also shows the neutrino energy ranges
for the radiochemical and water-Cherenkov detection methods, and the energy threshold for
several past, ongoing and future R&D detectors. Note that these thresholds are, in a sense,
illustrative since they depend on the procedures of data processing and can vary in different
stages of the same experiment.

6.6. Neutrino Production Profiles. The rates of the solar-neutrino production reactions
strongly depend on temperature and thus on distance from the center of the Sun. Figure9
shows the normalized fluxes (production profiles) ! of pp-chain and CNO neutrinos produced
within the solar core, as a function of the relative radius R/Rg. The profiles were calculated
in [71] within the «BSB(GS98)» model. This is an SSM which uses the same input quantities
as the above-mentioned BSO5(OP) model [69], but with improved low-temperature opacities
and with the old (high) GS98 metallicities. Very similar result is obtained within solar seismic
models by Couvidat et al. [65].

The neutrino flux vanishes at the Sun’s center because the neutrino radiation field here is
nearly uniform in all directions. With increasing radius, the inward neutrino flux, emerging
from the lower-temperature layers, becomes smaller than the outward flux, originating in the
high-temperature central regions. The flux from the outer regions of the Sun is obviously zero
because the nuclear reactions do not occur below a threshold temperature. Therefore, there
must be a maximum at some intermediate value of R. Just this behavior is seen in Fig.9.
The 8B, "Be, '°0, and '"F neutrinos are produced very close to the Sun’s center (the inner
10% in radius or 20% in mass) because of the strong temperature dependence of the relevant
reaction rates. The pp, pep, and hep neutrinos appear in broader regions. The '3N neutrino
production profile has two peaks. Why? The inner peak at R ~ 0.047Rs corresponds
to the region in which the CN reactions operate at quasi-steady state. The outer peak
(R =~ 0.164R,) represents the residual burning of 2C by reaction '2C (p,7) **N (e*v,) 13C

I'The production profiles are normalized to unity when integrated over R/ R .
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Fig. 9. Production profiles of the principal solar neutrino fluxes vs. relative radius R/Re for SSM

BSB(GS98). The figure is taken from [71]

in the low-temperature regions where the subsequent burning of nitrogen is ineffective. Note
that almost half of the solar mass is contained within a radius of about 0.25R,.

6.7. Neutrino Event Rates. In order to predict the solar neutrino event rates in different
detectors, one needs to know the cross sections of the neutrino interactions with the corre-
sponding targets. As practically important examples, Fig. 10 shows the low-energy absorption
cross sections for "'Ga(v., e~ )™ Ge and 2"Cl(v,, e~ )37 Ar, calculated in [75] and [76], respec-
tively, charged- and neutral-current neutrino—deuteron disintegration cross sections, calculated
in [77], and the cross sections of v.e and, for comparison, v, e elastic scattering, both calcu-

10° 10°¢ 7 10% "
F 71Ga (v, ¢)'Ge Fvetdzetptp E v ey, e
10°E 10° (CO) ol (CC + NC)
E10'k St E
gl 3 T E ? 102-_
10k =10° =T
S 5 s E
102;_ 102 V€+d—>V€+n+p 1=_
E oo ol
b 37C1 (v, e)*"Ar C a
1015....... Lol 1015. M| 1 100 Lrvul Ll 1
1 10 5 10 1 10
E,, MeV E,, MeV E,, MeV

Fig. 10. Neutrino capture cross sections for gallium and chlorine (a), CC and NC induced neutrino
cross sections for deuterium (b), and neutrino—electron scattering cross sections (c¢) vs. neutrino energy
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lated in [78]. The data shown in Fig. 10 are not the most up-to-date, as they are for illustrative
purposes only. Of course, the calculations for the nuclear targets are model-dependent. The
30 uncertainties for the flux-weighted chlorine and gallium cross sections, which define the
radiochemical detector responses, are typically less than 10%. The model dependence of the
vd cross sections necessary for the D2O detectors is discussed in detail in [79]. The ve cross
sections (for HoO and D>O detectors) are much less model-dependent and the corresponding
small uncertainty is on the level of accuracy of the one-loop electroweak radiative correc-
tions. The latter slightly affect also the spectral shape of the recoil electrons from the boron
neutrinos at the highest electron energies.

Table 2 summarizes the predicted capture rates for the chlorine and gallium detectors
published during the last 20 years. The list is certainly incomplete, but rather representative.
The quoted errors are combinations of (usually 30) uncertainties from all known sources
added quadratically. It is seen that the predictions of different models for the gallium target

Table 2. Predicted capture rates for chlorine and gallium targets

Year Authors Ref. | *"Cl (SNU) "'Ga (SNU)
1990|Sackmann et al. [47] 7.68 125.0

1992 |Bahcall & Pinsonneault [48]| 8.0+ 3.0 131.5%21
1993| Turck-Chiéze & Lopes [49]]| 6.4+14 1225 £7
1993 |Schramm & Shi (501" 4.7 117
1994|Shi et al. [51] 7.3 129

1994 | Castellani et al. [53] 7.8 130
1994|Dar & Shaviv [55]] 424+1.2 116 £6
1995|Bahcall & Pinsonneault [56]| 9.3712 13717
1996|Dar & Shaviv [57]1] 4.1+1.2 115+6
1996 |Christensen-Dalsgaard et al. [58] 8.2 132
1997|Morel et al. [591*| 8.93 144

1998 |Bahcall et al. [60] | 7.7+12 12978
1998 |Brun et al. [61] 7.18 127.2

1999 |Brun et al. [62]%(7.25 + 0.94 127.1£8.9
2001|Bahcall et al. [63]| 80714 12812
2001 | Turck-Chiéze et al. [64] |7.44 +0.96 127.8 £ 8.6
2003 |Couvidat et al. [65]*(6.90 % 0.90 126.8 + 8.9
2004 |Bahcall & Pefia-Garay [66]°| 8.5+ 1.8 131437
2004 | Turck-Chiéze et al. [67]]7.60 = 1.10 123.4 £8.2
2006 |Bahcall et al. (GS98) [71] 8.12 126.08
2006|Bahcall et al. (AGS05) [71] 6.58 118.88
2008 |Pefia-Garay & Serenelli (GS98) | [72] | 8.467987 1279181
2008 |Pefia-Garay & Serenelli (AGS05) | [72] | 6.8670:59 120.5+59
2010|Turck-Chiéze & Couvidat (SSM) | [74] 6.315 120.9
2010|Turck-Chiéze & Couvidat (SeSM)| [74] | 7.67 = 1.1 123.4 £8.2

! The quoted numbers are corrected according to [S1].

2 Several models; the quoted numbers are for the model «D11» preferred by the authors.
3 Several models; the quoted numbers are for the reference model «BTZ» as cited in [65].
4 Several models; the quoted numbers are for the model «Seismica» provided minimal predicted rate.
5 Several models; the quoted numbers are for the model «BP04» preferred by the authors.
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are more robust than those for the chlorine one: the former vary from model to model
within 22% (9% for the most recent models [71,72,74], that is within the quoted model
uncertainties), while the disagreement between the chlorine predictions is as large as 78%
(29% for the models [71,72,74]). Note that the recent SSM calculations [71,72] use the
two solar abundances determinations with high and low metallicity, labelled as CS98 and
AGSO05, respectively. The SSM and seismic model (SeSM) of [74] uses the most recent
abundances from [41]. The choice of the input chemical composition of the Sun is, probably,
the main source of uncertainties in the modern solar models. The «terms of trade» among
the low (AGSO05), high (GS98), and medium (AGSS09, L10) metallicities are not a matter
of majority vote and in any case, today, there is no generally accepted criterion of the
optimal model choice.

Essentially all the models listed in Table 2 are based on the physical principles discussed
in Subsec.6.2 and the disagreement between the output values is mainly due to the input
nuclear-physics and astrophysical parameters. The most nontraditional approach has been
adopted by Dar and Shaviv [55,57]. The authors have demonstrated that it is possible to
«tweak» the standard solar model enough to significantly reduce the high-energy neutrino flux
without any major disruption of our understanding of how the Sun shines and how neutrinos
behave. However, the model of Dar and Shaviv was met with a hostile reception from the
solar neutrino community (headed by Bahcall) [80]. Among the supporting papers, let us
mention the polemic review by Morrison [81].

Further revision of the rates is expected from the current progress in determination of
the astrophysical S factors, especially owing to the low-energy and low-background measure-
ments being carried out in the Gran Sasso underground laboratory (LNGS) with the LUNA

Sy keV b
0.7
i ® Weizmann (2004)
0.6 [ A LUNA (2006)
: LUNA (2007)
i ¢ CENPA (2007)
sk ®  ERNA (2009)
L — FMD (2011)
i - .- Extrapolation
04
03
02l
0 1 2

E. ., MeV

cm?

Fig. 11. The astrophysical S factor for the *He(c, v)"Be reaction vs. center-of-mass energy. The
theoretical result of [84] (FMD) is shown by solid line. Notation for the data points from the most recent
experiments [85-88] is given in the legend (see text for the correspondence between the experiments
and references). References for the earlier experiments can be found in [16]. A «by-hand» extrapolation
to the zero energy is shown by dashed line; S34(0) = 0.593 keV - b, according to [84]
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facility [82]. Note that just a reparametrization of the existing data may yield surprising out-
puts. As an example, let us mention a recent result obtained with the Geneva stellar evolution
code [83]. After a redefinition of the S factors for the *He(®He, 2p)*He, *He(c, ) Be, and
"Be(p, 7)®B reactions, the authors obtained a decrease of the beryllium and boron neutrino
fluxes by, respectively, 6% and 16%, compared with the SSM predictions based on the widely
used standard («\NACRE») S factors [15]. In this situation, the ab initio microscopic theories
become increasingly important. A recent calculation of this type for the *He(c,v)"Be and
3He (o, v)"Li capture cross sections has been performed by Neff [84] in the fully microscopic
fermionic molecular dynamics (FMD) approach. As is seen from Fig. 11 (taken from [84]),
the astrophysical S factor S34 calculated in [84] is in good agreement with the recent measure-
ments by the groups at Weizmann Institute [85], LNGS (LUNA) [86], Seattle (CENPA) [87],
and Bochum (ERNA) [88], regarding both the absolute normalization and energy dependence.

INSTEAD OF AFTERWORD

Our cursory outline of the solar neutrino problem cannot be accomplished without an
overview of the current and future methods and instruments for the solar neutrino detection,
a comparison of the available data with theory, and the most reasonable explanations of
the observed discrepancy between the measured and predicted neutrino rates. Despite an
apparent progress over the past decade in understanding the physics of the Sun and significant
improvements in the accuracy of the input parameters of the solar models, the predicted solar
neutrino rates are still uncertain. Therefore, a correct analysis of the solar neutrino problem
must take into account the results of the modern experiments with nonsolar neutrinos, in
particular, the experiments with accelerator and, especially, reactor neutrino beams. All these
issues will be the subject of a future article which is under preparation.

Acknowledgements. The author would like to thank Konstantin Kuzmin and Dmitry
Naumov for useful discussions.
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