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Shapes of solar-neutrino spectra: Unconventional tests of the standard electroweak model
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The shapes of the neutrino energy spectra produced by P decays or by nuclear reactions in the solar
interior are compared to the corresponding spectral shapes that are produced in a terrestrial laboratory.
The most important effects of the Sun, caused by thermal motion of the neutrino-emitting nuclei and by
gravitational redshifts, are shown to be small. Any currently measurable difference between the ob-
served shape of a solar-neutrino energy spectrum and the spectrum shape for a terrestrial neutrino
source must be due to a departure from the standard electroweak model.

I. INTRODUCTION

In this paper, I show that the energy spectrum of neu-
trinos created by a specific nuclear fusion reaction or by a
specific P-decay reaction is the same independent of
whether the neutrinos are produced in the center of the
Sun or in a terrestrial laboratory, provided the standard
theory of electroweak interactions [1—3] is correct. The
absolute number of neutrinos produced by each fusion re-
action or P-decay can depend sensitively upon parameters
of the solar interior. For example, the computed Aux of
B solar neutrinos, P( 8 ), varies approximately like

P( B)~ T,',„«„,where T„„«,i is the central temperature
of the solar model. Nevertheless, the shape of the neutri-
no energy spectrum from any specific reaction or decay
will be shown to be essentially independent of all solar
parameters. This result is valid to the accuracy achiev-
able in currently practical experiments. Thus any mea-
sured departure from the standard calculated neutrino
spectrum will be prima facie evidence for physics beyond
the standard electro weak model, without regard to
specific proposals for new physics such as the Mikheyev-
Srnirnov-Wolfenstein [4] (MSW) effect. At present, there
is no direct experimental evidence that the spectrum of
energies from a specific solar fusion reaction or decay is
di6'erent from the spectrum predicted by the standard
electroweak model.

Assuming some well-defined departure from the stan-
dard electroweak model, many authors have calculated
changes in the energy spectrum of solar neutrinos. How-
ever, this is the first paper with which I am familiar that
calculates the dependence on solar parameters of the en-
ergy spectrum from a given fusion reaction or P decay.
There is also large and important literature on precision
tests of electroweak theory [5]. The discussion in the
present paper is unconventional in that it focuses on a
generic prediction that applies to sources produced in a
nonterrestrial laboratory.

In addition to improved calculations of the energy loss
by solar neutrinos, this paper presents two main results,

one for P decay of free nuclei (such as B or ' N) and one
for nuclear fusion reactions [such as the pp or He+p
(hep) reactions]. For P decays, I show that the spectrum
P~(q) of neutrinos of energy q that are produced in the
Sun in an interval dq is related to the spectrum of ener-
gies determined from laboratory experiments with terres-
trial sources, P~,b(q), by the relation

Po(q) =Pi,b(q)[1+O(10 )],
where the largest modification of the laboratory spectrum
is caused by the general-relativistic redshift of the neutri-
no energies. For nuclear fusion reactions, the energy
spectrum produced in the sun is related to the spectrum
produced in the laboratory by the equation

Po(q, g ) =Pi,b(q, g +Ep ),
where Q is the difference between initial and final nuclear
states that is measured in the laboratory and Eo is the rel-
ative kinetic energy in the center of mass of the fusing
particles. For the pp reaction, the relation given in Eq.
(2) corresponds to a l%%uo change in the shape of the neu-
trino energy spectrum. The change in the shape of the
hep neutrino spectrum is less than O. l%%uo. The invariance
of the shape of the B neutrino energy spectrum can be
used to predict the rate of neutrino events in the Cl ex-
periment [6] (threshold 0.8 MeV) given the rate of neutri-
no events in the Kamiokande II experiment [7] (threshold
7.5 MeV). A comparison of the neutrino event rates in
the two experiments shows that the measurements are
not consistent if the standard version of electroweak
physics is correct [8].

The results given in Eq. (1) and Eq. (2) constitute test-
able predictions of the standard electroweak model. For
example, the deuterium solar-neutrino experiment [9]
[Sudbury Neutrino Observatory (SNO)] will measure ac-
curately the shape of the B neutrino energy spectrum.
The neutrino reaction that is most easily studied in the
SNO detector is neutrino absorption by deuterium via the
charged-current process
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v, +d —+p+p+e (3)

The energy spectrum of the neutrinos can be determined
by measuring the energy of the electrons produced in the
reaction shown in Eq. (3); the recoiling deuteron takes
away a major fraction of the momentum but a negligible
amount of energy. Moreover, the relatively large energy
threshold in the deuterium experiment ensures that the
observed neutrinos are from a single nuclear process, B
P decay, over nearly all the accessible energy range. The
electron scattering reaction

v+e —+v'+e' (4)

v+d —+v+p+ n,
and the neutrino excitation of "B [14],

v+ "B—+v+ "B* .

(5)

(6)

Other experiments have been proposed [15] in which neu-
trinos interacting by the neutral current with electrons or
with nucleons would be detected by bolometric means, by
a time projection chamber, or by phonons. Measure-
ments of the total number of neutral-current reactions
test most directly the standard solar model rather than
the standard electroweak interactions because the num-
ber of neutrino events observed in reactions such as Eq.
(5) and Eq. (6) is compared with the number calculated
using a solar model. Of course, one can combine
neutral-current measurements with other solar-neutrino
measurements to test in different ways the standard elec-
troweak model.

I discuss in Sec. II the velocity distribution of nuclei
that are responsible for neutrino production in the Sun.
In Sec. III I calculate the neutrino energy spectrum pro-
duced by a nuclear /3 decay in the solar interior, and in
Sec. IV I derive the neutrino energy spectrum for a nu-
clear fusion reaction. Thermal effects increase slightly

is studied, for example, in the Kamiokande II [7] and
Super Kamiokande [10] experiments, which measure the
energies of individual electrons produced by neutrino
scattering. These experiments are sensitive almost entire-
ly to B neutrinos and provide useful information about
the shape of the B neutrino energy spectrum. However,
there are nonadiabatic MSW solutions that predict for
Eq. (4) an energy spectrum that is indistinguishable [8]
from P&,b(q). Radiochemical experiments, for example,
with Cl [6] or with 'Ga [11],do not provide unique in-
formation on the shape of the energy spectrum from a
specific neutrino source. Instead, the radiochemical ex-
periments each determine one number, the total rate of
neutrino events produced by all neutrino sources.

The test of the electroweak model that is discussed in
this paper is complimentary to the neutral-current tests
using solar neutrinos that have been stressed by Chen [9],
Weinberg [12], and Raghavan [13]. These authors have
emphasized that the total number of neutrino events ob-
served in a neutral-current reaction is a measure of the
total number of neutrinos produced in the Sun. Two
neutral-current reactions have been discussed relatively
often in the literature; they are the neutrino disintegra-
tion of the deuteron [9],

the average steller energy loss via neutrinos. I calculate
in Sec. V the increased energy loss. In Sec. VI, I discuss
the effects of neutrino energy spectra of atomic binding
energies, excited nuclear states, electron captures, and
the Pauli exclusion principle. I summarize and discuss
the main results in Sec. VII.

II. THERMAL EQUILIBRIUM

Neutrinos are produced in the Sun by nuclear fusion
reactions, P decay, and electron capture. Are the nuclei
responsible for neutrino production in thermal equilibri-
um with the ambient plasma? To answer this question,
we compare the characteristic time ~c,„l, b for significant
energy exchanges by Coulomb collisions with the charac-
teristic time it takes to produce a neutrino in the solar in-
terior 7

p d t The typical time required to reach
thermal equilibrium for ions of energy E in a hydrogenic
plasma of density p is of order [16]

3/2
1SO gcm)p

—12
Coulomb (7)

The nuclei that are moving in the plasma of the solar in-
terior have characteristic energies of order keV. Howev-
er, the nuclei that /3 decay are produced by nuclear reac-
tions that immediately precede the P decay. For exam-
ple, the Be(p, y ) B reaction produces B nuclei with a
significant recoil energy; the B nuclei subsequently P de-
cay. The typical nuclear recoil energy that results from a
reaction in the solar interior is of order

(Q/e)'
recoil

50
keV . (8)

+Coulomb +production (9)

where rc,„„bis very much less than a second [see Eq.
(7)]. I will assume, therefore, that solar neutrinos are
produced by nuclei which are in thermal equilibrium
with the ambient plasma.

The normalized distribution function for nuclei with
masses Mz is

f(v, ) =(M~ /2vrkT)'~ exp( —M„v, /2kT), (10)

where v, is the component of the velocity in the z direc-
tion and T is the temperature. The characteristic ratio of
v, /c is

( 2)1/2 1/2 1/2

-3X iO-
M~c

Here Q is the exothermic energy release in the nuclear re-
action and A is the atomic number of the recoiling nu-
cleus. For energies of order E„„;&, the characteristic
Coulomb interaction time, Eq. (7), is increased by only a
moderate factor with respect to the interaction times of
typical solar ions.

Table I lists the reactions that produce solar neutrinos
and shows in the second column the order of magnitude
of the neutrino production times [16], which vary from
seconds to many billions of years. In all cases,
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TABLE I. Energy loss by neutrinos.

Neutrino
source

PS'

pep
hcp
Be
8B

N
15O

17F

pi od

10' yr
10' yr
10' yr
10 ' yr

1 s
10 s
10 s

10 s

&q&,
(keV)

268.5
1,442.2
9,624.9

812.6
6,710.0

706.7
996.5
999.4

Aq
(keV; T6=15)

3.6
3.6+ 1.6

5.4
1.4

&q &,.„,
(keV; T6=15)

272. 1

1,447.4
9,630.3

814.0
6,710.0

706.7
996.5
999.4

The small value of u, /c in the solar interior prevents
thermal effects from significantly inAuencing the shape of
the neutrino energy spectrum from a given reaction.

III. P DECAY: 'B, ' N, ' O, ' F

and its differential relation

dqo=(1+u, /c)dq,

the observed spectrum can be written

Po(q)= f du, (1+u, lc)P„b(q(1+u, lc))f(v, ) .

(14b)

The P decay of an unstable nucleus provides the sim-
plest example of how neutrino energy spectra are affected
by solar interior conditions. The P decay of B produces
the neutrinos that are expected [16] to dominate the Cl
[6], Kamiokande II [7], SNO [9], Super Kamiokande
[10], and Borexino [14] experiments. The process of in-
terest is

8 8e*+e++v, . (12)

Solar conditions also affect in the same way the produc-
tion of neutrinos via ' N, 0, and F P decays; however,
these CNO P decays are much more difficult to detect ex-
perimentally [16]. I first discuss effects due to the
thermal motion of the decaying nuclei and then evaluate
the effect of the gravitational potential of the solar interi-
or.

A. Thermal corrections

bPo(q)dq =P„b(qo)dqof(v, (q, qo))du, (q, qo) . (13)

While it is waiting to decay, a nucleus collides with sur-
rounding ions and changes its velocity. I make the usual
assumption of ergodicity; namely, that the average over
time is equivalent to an ensemble average over nuclei.
Taking account of the Doppler shift

q =(1—u, /c )qo (14a)

The probability Podq that a neutrino is produced in
the solar interior with an energy q can be calculated using
the laboratory neutrino energy spectrum P&,b. The
differential contribution EPo(q) to the observed solar
neutrino spectrum can be expressed in terms of the labo-
ratory spectrum P»b(qo) with the aid of f(u, ), the one-
dimensional distribution function [Eq. (10)]. Here
u, (q, qo) can be thought of as the velocity that causes a
neutrino energy qp in the rest frame of the decaying nu-
cleus to appear as an energy q in the observed frame. A
fraction f(v, )du, of the P decays of nuclei moving with
velocities near v, and emitting neutrinos with energies
near qp will produce solar neutrinos with energies near q.
Thus

The upper velocity limit in Eq. (15)
(15)

a(q)c —= 1—
qp, max

(16)

dPi, b(q) qv,
Pi..(qo) =Pi..(q)+

dq c

Therefore,

Po(q)=P„(q)[1 I(q, ( u, ) )]+—O((u, ) Ic ),
where

(17)

I—= dv, v, (19)
a(q)c

and ( v, ) is the one-dimensional velocity dispersion.
Since

f dx exp( —x ) &(2y) 'exp( —y ),
the extra term in Eq. (18) is

( 2)
' 1/2

I pa(q) c
a (q)c
2( u,')

(20)

(21)

If q is not too close to the end-point energy, then the ex-
tra term I is very small. In order that Ibe less than 10
it is sufficient that

a~3X10 (22)

q SO 997qo, (23)

I have performed numerical integrations of the P decay
spectra of 8, ' N, ' 0, and ' F which show that

corresponds to the maximum laboratory neutrino energy
qo,„being shifted to the energy q. For the P decays of
interest, the values of qo,„are 1.2 MeV (' N), 1.7 MeV
(' 0), 1.7 MeV (' F), and —15 MeV ( B).

Using the fact that v/c « 1, one can write
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(24)dqP q (10

Hence, in all practical situations in which good counting
statistics are available, the inequality expressed by Eq.
(23) will be satisfied.

There is also a finite probability, linear in v/c, that a
neutrino will be blueshifted beyond the end-point energy
of the laboratory spectrum. This is a systematic efFect
that could conceivably be searched for in a specially
designed experiment. However, the probability of this
happening is small because the Doppler velocities are
small and because very few neutrinos are produced with
energies close to the maximum energy. The neutrino en-
ergy in the rest frame of the decaying particle must be
close to the laboratory maximum qp since the
Doppler velocities of the P decaying nuclei are much less
than the velocity of light. For example, one can show,
using Eqs. (10), (11), and (20), that only a fraction of or-
der 5X10 of the decaying nuclei have velocities large
enough to shift the rest energy qp to the slightly larger
value q where

Po(q) =Pi..(q(1 —4»)) . (30)

The potential at any point r within the sun can be ex-
pressed in terms of the potential at the surface $(Ro) as
follows:

(i, )
' Ro
1+c 6 f dx M(x )x

P(Ro) . r
(31)

where Ro is the solar radius. Figure 1 shows the poten-
tial as a function of radius r that is derived from the stan-
dard solar model I18] by using Eq. (31). The value of the
gravitational potential on the surface of the Sun is

Mo
$(Ro) 2 1X10

Roc
(32)

problem. Since P is negative, neutrinos are shifted down
in energy as they emerge from the Sun. The spectrum of
neutrinos that emerges from the Sun Po(q) is related to
the energy spectrum that is produced in the laboratory
Pi,b(q) by the relation

1/3

Iq
—

qol =10 '
A

qp (25)

where Mo is the solar mass.
The production of 8 neutrinos peaks near 0.05RO, at

which point the gravitational potential is

F=~ ' f dx exp( —x )f ' '"dq P(q),
p &min

where

(26)

In order to have any significant chance of being blueshift-
ed beyond the end point, the neutrino energy in the rest
frame of the decaying particle must lie within keV of the
end-point energy, i.e., in an energy region in which prac-
tically no neutrinos are created. The fraction I of emit-
ted neutrinos that have observed energies in excess of the
laboratory maximum energy is

GMO
$(0.05Ro) = —4.9 —= —1 X 10

Roc
(33)

Po(q) =Pi~&(q)I 1+0(P)] =Pi,b(q)I 1+0(10 )], (34)

The value at the center of the Sun is P(0) =5.02$(R o ), in
good agreement with the value of 5.08$(Ro) calculated
by Gould

I 19] using an earlier version of the standard so-
lar model.

Combining Eq. (30) and Eq. (33), we see that

q;„=qo,„(1—v/c)

=qo,„I 1 —3 X 10 (8/2 )'~ x ] . (27)

which is the same as Eq. (1). Initially, one might be
surprised that the gravitational potential produces a
correction that is an order of magnitude larger than the
thermal, U /c terms. Indeed, the viral theorem states

I have integrated numerically Eq. (26) for the 13 decay
spectra of interest and have found that the fraction F is
much less than 10

Therefore,

Po(q) =P„„(q)I 1+0(v /c )]

=Pi,b(q)I 1+O(10 )] . (28)

B. General-relativistic correction
cZ

3

q.b--.d =(I+24)'"qo —=(1+0)qo . (29)

Here P is the gravitational potential at the point at which
the neutrino is produced and I have assumed the weak-
field approximation, which is sufticiently accurate for this

The potential well of the solar interior causes a redshift
of the neutrino energies and therefore changes slightly
the emergent neutrino spectrum. The neutrino energy
that is observed at Earth, q,b„, ,d, is related to the energy
with which the neutrino is produced in the solar interior
qo by I»]

p I I I I I I i I i I i I t I

P . 1 .2 .3 .4 .5 .6 .7 .8 .9
r/R.

FIG. 1. The ratio of the gravitational potential at a point r to
the potential at the solar surface is shown as a function of the
ratio r/Ro.
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that the average thermal energy is related to the average
potential energy. The reason for the order-of-magnitude
difference in this case between v /c and P is that the
former contains a factor of A ', where 3 is the atomic
mass number of the decaying particle. For the 13 decays
of interest here, 2 is much larger than the average mass
of the solar interior particle that appears in the virial
theorem.

IV. FUSION REACTIONS: pp, hey

There are two important nuclear fusion reactions that
directly produce solar neutrinos. The first is the basic
proton-proton (pp) reaction,

p+p~ H+e++v„q „=0.420 MeV, (35)

which is a copious source of low-energy neutrinos. The
second is the rare He+p (i.e., hep) reaction,

p+ He —+ He+e++v„q „=18.77 MeV, (36)

which produces the most energetic neutrinos from the so-
lar interior. The spectrum of neutrinos produced by a
fusion reaction is P],],(q) ~q pWF(z, W, g), where Z is
the charge of the nucleus in the initial state [e.g. , + 1 for
deuterium, see Eq. (35), and +2 for helium, see Eq. (36)],
and p, 8' are the momentum and energy of the positron
created.

The probability of penetrating the Coulomb barrier,
which exists between the charged ions in the initial state,
increases rapidly with increasing relative kinetic energy
of the ions. However, the number of interacting ions that
have energies above some specified value is an exponen-
tially decreasing function because the distribution of
thermal energies is Maxwellian. For interactions that
lead to fusion, the distribution of relative kinetic energies
is strongly peaked about an average value of [16,20]

neutrino energy spectrum that is produced in the Sun
corresponding to a given value of Q is the same as the
spectrum that would be produced in the laboratory for an
energy Q+Eo. Thus,

Po(q, g) =P],],(q, g+Eo) . (41)

dbS(q, EO) =Eo InP—],],(q, Q) . (42)

The definition given in Eq. (42) results from considering
the shapes of two energy spectra with slightly different Q
values. For neutrino energies that are not too close to
q max, lab

r

b,S(q,EO)=O, Q —
q ))Eo . (43)

Inserting the values of Fo given in Eq. (38) and Eq. (39)
and using the appropriate Q values, the computed
changes in shapes are

bS(pp)-10, Q —
q ))Eo (44)

Here Q is the energy diff'erence between initial and final
nuclear states as measured in the laboratory. The result
shown in Eq. (41) is the same as Eq. (2).

Figure 2 illustrates the small difI'erence in the shape of
the pp neutrino energy spectrum that results from includ-
ing the kinetic energy of fusing particles in the solar inte-
rior [see Eq. (40) and Eq. (41)]. The dashed curve is the
neutrino energy spectrum computed in the usual way [16]
by ignoring Eo,' the continuous curve was computed by
taking account of Eo according to Eq. (40).

The change in the shape of the spectrum, b,S(EO), that
results from adding the relative kinetic energy to the Q
value can be represented formally by the relation

Z, =1.220(Z'Z'~Z' )'" kev, (37) bS(hep) —10, Q
—

q ))Eo . (45)

where T, is the ambient temperature expressed in units
of 10 deg. The numerical values of Eo are

The estimate given in Eq. (44) is in excellent agreement

Eo(pp)=5. 91 keV T„ (38)

Eo(hep ) = 10.73 keV T,5 (39)

where T&5 is the temperature in units of 15 X 10 K. In
the center-of-mass frame, the maximum neutrino energy
is increased by Eo, i.e.,

q c.m. , max q lab, max +EO (40)

where q„], ,„=g—m, c and Q is the exothermic energy
release. The shape of the neutrino energy spectrum from
the pp reaction, Eq. (35), and from the hep reaction, Eq.
(36), can be determined by the argument given in Sec. III.
For both cases, one imagines a decaying nucleus that has
a maximum neutrino energy given by Eq. (40), with the
total decay energy composed of the relative kinetic ener-
gy of the fusing particles and the exothermic energy
release that applies to the laboratory experiments. The

0
0 .2

q(Mev)

FICs. 2. The pp neutrino energy spectrum. This figure com-
pares the energy spectrum that would be observed in the labora-
tory, Pl,&, with the neutrino spectrum, Po, that is produced in
the Sun.
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V. THERMAL CORRECTIONS FOR NEUTRINO
ENERGY LOSS

This section presents equations that can be used to cal-
culate the average energy loss via neutrinos produced in
nuclear reactions in a stellar interior. The numerical re-
sults are summarized in Table I. Until recently [18], the
thermal energy of fusing nuclei was not included in this
computation. The numerical results given here for the pp
and hep reactions agree with those given previously, but
the present results for the electron capture reactions

e + Be~v, + Li (46)

with the results of the detailed numerical evaluation illus-
trated in Fig. 2. The energy spectra shown in Fig. 2 were
computed by using at each energy point accurate expres-
sions for the various factors that determine the energy
spectrum, including the Coulomb interaction with the
nucleus, electron screening, the finite size of the nucleus,
and special-relativistic effects [16].

q =+W+6E ~&c~ +E—=qo+E (49)

determines the value of the neutrino energy. For electron
capture, the plus sign applies in Eq. (49), W=m, c, and
E is the electron kinetic energy. For fusion reactions, the
minus sign applies and E =ED [see Eq. (37)]. The average
energy loss by neutrinos is

= f '"dq qPo (50)
0

The extra energy loss that results from the thermal
correction is

(51)

Here (q )o is the average energy loss that is computed us-
ing Eq. (50), but omitting the thermal energy that appears
in Eq. (49).

I have performed accurate numerical integ rations
which show that the extra energy loss in the pp reaction
1s

and hq(p —p)=3. 6T&z~ keV . (52)

p+e p —+v, + H (47)

are more accurate.
The neutrino energy spectrum for both nuclear fusion

reactions [cf. Eq. (35) and Eq. (36)] and for electron cap-
ture reactions [cf. Eq. (46) and Eq. (47)] can be written in
the form

Po=NopWq F(Z W) (48)

Here p, W are the momentum and total energy, respec-
tively, of the associated electron or positron and q is the
energy of the neutrino emitted. The quantity Z equals
the charge on the initial nucleus for electron capture and
equals minus the charge on the final nucleus for fusion re-
actions. The computation of the relativistic Fermi func-
tion F(Z, W) including electron screening and finite nu-
clear size effects is described elsewhere [16]. The conser-
vation of energy,

The result given in Eq. (52) corresponds to a 1.3% in-
crease in the energy loss by pp neutrinos. The correction
for the energy loss in the hep reaction is

hq(hep) =5.4T, ~~ keV, (53)

which amounts to only a small fractional correction, ap-
proximately 0.05%.

For electron capture, the average energy loss (q ) z is
given by the expression

(54)

where qo is defined by Eq. (49).
With the appropriate nonrelativistic approximations,

f dE E'~ (qo+E) F(Z, W)exp( E/T)—
(q)r= f dE E'~ (qo+E) F(Z, W)exp( E/T)—

&q&r

qo

f dx exp( —x )(1+xT/qo) [1 exp( —0—.643ZT, ~'~ x '~ )]

f dx exp( —x )(1+xT/qo) [1—exp( —0.643ZT&&~~2x ~~2)]
(55)

Detailed numerical integrations of Eq. (55), yield values
for the additional energy loss of

and

hq(pep ) = 1.57T&5 keV

hq( Be)=1.41T» keV .

(56)

(57)

There are two thermal corrections to the pep neutrino
energy loss: the extra contribution from the center-of-
mass energy of the two fusing protons, which is described
by Eq. (52), and the extra contribution from the kinetic
energy of the electron, which is described by Eq. (56). In

Table I, both contributions are included in the total ener-

gy loss for the pep reaction.
The thermal correction is negligible for nuclear P de-

cays. In the center-of-mass frame of the decaying parti-
cle, the average energy of the neutrino emitted has the
same value in the solar interior as it does in a terrestrial
laboratory. The first-order Doppler correction to the
neutrino energy cancels out since the Boltzmann distribu-
tion of the velocities of the decaying particles is sym-
metric between positive and negative velocities. Only the
negligibly small second-order Doppler correction, which
is —10, survives for nuclear P decay.
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VI. OTHER EFFECTS

In this section, I discuss briefly some additional effects
that must be evaluated in order to establish the indepen-
dence of neutrino energy spectra from solar interior con-
ditions. Some of these affects are significant for P decays
in the interiors of evolved stars [21].

A. Atomic binding energies

b,S(qhB)- (10 to 10d8
(59)

for 8, ' N, ' 0, and ' F decays.

B. Excited nuclear states

In principle, P decay can occur from excited nuclear
states that are in thermal equilibrium with the ground
nuclear states. However, for the solar interior, the equi-
librium populations of excited nuclear states are negligi-
bly small. The ratio of excited to ground populations is
of order

&ex

+ground

(336/T]5 )
7 (60)

for a state at an excitation energy of order 1 MeV.

Light element nuclei in the solar interior are essentially
fully ionized. On the other hand, atoms that P decay in
the laboratory are generally not ionized. The difference
in these two situations causes a slight shift in the solar-
neutrino energy spectra relative to the laboratory spectra,
analogous to—but of opposite sign to—the shift in neu-
trino spectra caused by the kinetic energy of fusing parti-
cles [see Sec. IV, especially Eq. (41)]. For the P decays of
interest, the change in atomic binding energies, d8, be-
tween initial and final atomic states in the laboratory is

d8 —10 eV,

which results in a change dS in the shape of neutrino en-
ergy spectra of order [cf. Eq. (43)]

D. Collisional broadening

The collisions of decaying ions with other particles in
the ambient plasma will broaden any potential narrow
features in the energy spectra and will smooth out the
spectrum over an energy scale that is inversely propor-
tional to the coherence time. The characteristic coher-
ence time in the solar interior is [23] of order S X 10 ' s.
This corresponds to smoothing over energy scales of
about dE/E —10 . For the slowly varying energy spec-
tra considered in this paper, the estimated small amount
of smoothing will not lead to discernible effects.

E. Exclusion principle

f3 decays that produce electrons and antineutrinos are
affected in stellar interiors by the Pauli exclusion princi-
ple since many of the continuum electron states may al-
ready be filled. For example, neutrons in neutron stars
do not decay into protons, electrons, and neutrinos be-
cause the energetically accessible electron states are occu-
pied. However, the Pauli principle does not inhibit the P
decays of interest for solar neutrino studies, which in-
volve the creation of positrons (whose equilibrium popu-
lation is negligible) and neutrinos.

F. Scattering and absorption

Inelastic scattering by electrons, as well as absorption
and charged-current interactions with nuclei, also change
the neutrino spectra by a small amount. The neutrino
spectra are gradually modified, as the neutrinos make
their way out of the Sun, by energy-changing scattering
interactions with electrons, by preferential removal of
higher-energy neutrinos due to charged-current reactions
with nuclei, and by degradation in neutrino energies that
results from neutral-current interactions with nuclei.
The largest effect is caused by inelastic electron scatter-
ing, but the total probability of an interaction is only
~=7X 10 (q/10 MeV).

VII. SVMMARY AND DISCUSSION

C. Electron capture

e + B~ Be*+v, . (61)

The ratio of electron capture to P decay under solar inte-
rior conditions has been calculated [22]; the result is
capture/decay- 10 for B, —10 for the CNO P-
decays, and —10 for the hep reaction. The ratio of the
rates of the pep and the pp reactions is —10 . Electron
capture reactions produce energy spectra that are lines of
fixed energy, not the familiar continuum energy spectra
(cf. Figure 2). Also, the lines have an energy that exceeds
the end point of the continuum spectra q, by
2m, c =1.02 MeV.

For all solar interior P decays, there is a finite but small
probability that the decaying nucleus captures an elec-
tron from an initial continuum or bound state instead of
producing a positron in the final state. For example, in-
stead of the B P decay described by Eq. (12), the decay
may occur by electron capture:

The corrections to the shape of the neutrino energy
spectra from the thermal motions of the ions in the solar
interior are small because the thermal velocities are small
compared to the velocity of light. The computed correc-
tions in the shape are of order Eolg ( —10 ) for fusion
reactions and of order U /c ( —10 ) for P decays of sin-
gle nuclei. The gravitational redshift is the dominant so-
lar effect for nuclear P decays and is = 10 . There are
no currently practical experiments that can detect effects
as small as the ones calculated in this paper. In a high
counting rate solar neutrino experiment, for example,
with the kiloton deuterium detector, the total capture
rate due to electron neutrinos from 8 is expected to be at
best of order 10 events per year. In order to check a
correction to the shape of order 10, one would need
more than 10' events. This would require about 10 yr.
For the lower-energy pp neutrinos, there is no demon-
strated feasible experiment for measuring the spectrum
shape, although several have been proposed with conceiv-
able counting rates of 1 per day. The biggest difference
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between the two curves shown in Figure 2 amounts to
about 0.7% in the energy range between 0.2 and 0.3
MeV. To make a 3o detection of this difference would
require more than 100 years if the average rate were one
event per day. If one could develop an experiment with
low noise and with high-energy resolution, the effect of
the finite-thermal energy Eo on the shape of the spectrum
near the end point could be detected with fewer events
[24].

Any measured difference between the observed shape
of a solar neutrino energy spectrum and the shape of the
corresponding laboratory neutrino spectrum that is found

with currently available experimental techniques must be
due to a departure from the standard electroweak model.
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