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Central Temperature of the Sun Can be Measured via the Be Solar Neutrino Line

3ohn N. Bahcall
Institute for Advanced Study, Princeton, Nevi Jersey 085/0

(Received 27 July 1993)

A precise test of the theory of stellar evolution can be performed by measuring the difFerence in
average energy between the neutrino line produced by Be electron capture in the solar interior and
the corresponding neutrino line produced in a terrestrial laboratory. The high temperatures in the
center of the Sun broaden the line asymmetrically, FWHM = 1.6 keV, and cause an average energy
shift of 1.3 keV. The width of the Be neutrino line should be taken into account in calculations of
vacuum neutrino oscillations.

PACS numbers: 96.60.Kx, 12.15.Ff, 14.60.Gh

The purpose of this Letter is to describe the observa-
tional implications of a precise, new prediction of the the-
ory of stellar evolution and to stimulate thinking about
possible experimental tests. The predicted quantity is
the energy profile of the neutrino line produced by Be
electron capture in the solar interior. Standard solar
models imply that the average energy of the 7Be neu-
trino line profile is shifted from its laboratory value by
1.3 keV and is broadened to a full width at half maximum
of 1.6 keV. The predicted energy shift may be measur-
able with future solar neutrino experiments. The details
of the calculations that lead to these results will be given
elsewhere [1]; only the physical ideas and the principal
observational consequences will be summarized here (for
background material, see [2]).

The reaction in question is

e + Be —+ Li+v, .

Reaction (1) occurs in about 15% of the terminations
of the proton-proton chain fusion reactions in standard
solar models. In the interior of the Sun, most of the elec-
trons are captured from continuum states. The reaction
produces a line because the recoiling nucleus takes up a
significant amount of momentum but only a negligible
amount of energy. I consider here only the experimen-
tally more accessible transition to the ground state of
7Li.

The average energy of the solar neutrino line is larger
than for the corresponding laboratory decay because elec-
trons and 7Be ions move with appreciable kinetic ener-
gies at the high temperatures (= 1 keV) characteristic of
the solar interior. The average energy difference between
neutrinos emitted in solar and in laboratory decays re-
Hects the temperature profile in the center of the Sun
and is determined primarily by the center-of-momentum
thermal energy of the continuum electrons and of their
capturing 7Be nuclei, by the Doppler shifts of the "Be
ions, by the fraction of electron captures that occur from
bound orbits rather than from continuum orbits, and by
the difference in atomic binding energies between solar
and laboratory conditions.

The average shift, 6, in the neutrino energy, q, be-

tween Be neutrinos emitted in the Sun and "Be neutri-
nos emitted in the laboratory is [1]

—:(q —q&~b) = 1.29+ 0.01 keV

for three precise, recently calculated [3] solar models
(constructed with and without including helium difFu-
slon

The energy shift, 6, is approximately equal to the aver-
age temperature of the solar interior weighted by the frac-
tion of 7Be neutrinos that are produced at each tempera-
ture [1], i.e. , j& dTTdg( Be, T)/ fo dTdg(7Be, T), where

dg(7Be, T) is the Hux of 7Be neutrinos produced at the
temperature T. The Be neutrinos are produced in the
inner few percent of the solar mass, 75% in the region
(0.04 6 0.03) Mo. Therefore, a measurement of the en-
ergy shift is a measurement of the first moment of the
central temperature distribution of the Sun.

Figure 1 shows the calculated line profile derived by
including the known physical effects. The neutrino en-
ergy at the profile peak is gp, k = 862.27 keV; the lab-
oratory energy is gp k —861 84 keV. The line Profile
is asymmetric. Doppler shifts caused by thermal veloci-
ties of the 7Be nuclei symmetrically broaden the line and
determine the Gaussian shape below the peak. The low-

energysideof the lineprofile, q b, & qp, k, is produced by
Be nuclei that are moving away from the observer. The

profile at higher energies is determined by the center-
of-momentum kinetic energies: Spectrum, ~, (q b, ) oc

exp[ —(q,b, —q~, k)/kT, s.]. Since kinetic energies are al-
ways positive, the exponential tail is present only for
gobs + gpeak

On the low-energy side, the standard solar model with
helium difFusion [3] predicts a half width at half maxi-
mum of 0.56 keV, and on the high-energy side, the half
width at half maximum is 1.07 keV. The effective temper-
ature of the high-energy exponential tail is 15 x 10 K.
The effects of the electrostatic energy of the screening
charge around the 7Be and Li nuclei, of gravitational
redshifts on the neutrinos, and of collisional broadening
of the line are much smaller than the direct eEects of the
thermal kinetic energies and Doppler shifts.

The precision with which the central thermal struc-
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FIG. 1. The energy profile for the 862 keV line. The prob-
ability for the emission of a neutrino with energy q b, in the
laboratory frame is shown as a function of q b, —

q& b, where

qi~b = 861.84 keV and qpezk: 862.27 keV. The line profile
was computed by averaging the probability distribution at
a fixed temperature over the Bahcall-Pinsonneault standard
solar model with helium difFusion [3].

ture of the Sun is determined by standard solar models
and the fundamental and unique character of the pre-
diction justifies a special experimental effort to measure

For the standard solar models computed by the au-
thor and his colleagues over the past decade, the cen-
tral temperature has varied over a total range of +0.5%%uo,

T, = (15.58 + 0.08) x 10s K. For a heterogeneous set
of nine recently calculated solar models [4], computed by
different groups for different purposes using different in-

put data and generally not required to have the highest-
attainable precision, the central temperature varied by
+1%, T, = (15.55 + 0.15) x 10s K.

Detailed calculations show [1] that the characteristic
modulation of the shape of the Be neutrino line that
would be caused either by vacuum neutrino oscillations
or by matter-enhanced [Mikheyev-Smirnov-Wolfenstein
(MSW)] neutrino oscillations is small. Other frequently
discussed weak interaction solutions to the solar neu-
trino problem, such as rotation of the neutrino magnetic
moment, matter-enhanced magnetic moment transitions,
and neutrino decay, will also not significantly change the
line profile. The basic reason for the smallness of all
these effects is that the ratio of the width of the line to
the typical neutrino energy is only —0.001, although the
inHuence of fine tuning must also be calculated.

The energy profile of the 7Be neutrino line should be
included in precise calculations of what is expected from
vacuum neutrino oscillations. It has become standard [5]
to take account of the variation of the distance between
the point of creation of the neutrinos and the point of
detection. The variation in the point of creation cor-
responds to a phase change, 6p, of order 10 4, in the

phase angle, P, that determines the probability of ob-
serving an electron-type neutrino on Earth (probability
oc sin P). (The ratio of the solar radius to the Earth-Sun
distance is about 0.005 and 7Be neutrinos are produced
in a region of about +0.025R~.) Therefore, the change
in phase, = 10, due to the energy width of the neu-
trino line is an order of magnitude larger than the phase
change caused by averaging over the region of production
(and is comparable to the phase change due to seasonal
variations) .

A number of experiments have been proposed that
would measure the 7Be neutrino flux with detectors that
are based upon neqtrino-electron scattering [6,7]. Radio-
chemical [8,9] and electronic detectors [10] of the total
7Be neutrino flux have also been proposed. The BOREX-
INO experiment [6] is the most advanced of these propos-
als and can, if recent estimates of backgrounds are cor-
rect, measure the total flux of Be neutrinos. The v —e
scattering experiments will probably not be able to mea-
sure 6 since for most scattering events the neutrino and
the electron share the final state energy (which is much
larger than 4, see Fig. 8.5 of [2]). Some experiment
that measures the total flux at Earth in the Be neu-
trino line should be performed before the experiments
proposed here are attempted, since the total flux may
be reduced (with respect to the prediction of the stan-
dard solar model) by neutrino oscillations or by other
new physics.

The most direct way to study the 7Be energy profile
may be to detect neutrino absorption by nuclei, which
leaves an electron and a recoiling nucleus in the final
state. Nearly all of the initial neutrino energy is trans-
ferred to the final-state electron (the nuclear recoil energy
being small).

Lithium detectors, which have been discussed [8] as
attractive detectors of solar neutrinos, deserve further
study since the absorption cross section for this special
case depends sensitively upon A. The calculated absorp-
tion cross section for the reaction v, + 7Li —+ 7Be+ e
where v, is produced by 7Be electron capture in the Sun,
depends upon the assumed energy profile of the solar
neutrinos. Neutrinos cannot be absorbed in this reac-
tion if their energies lie below the energy threshold of
861.96 keV. The location of the threshold within the line
profile determines the fraction of emitted neutrinos that
can be absorbed. The absorption cross section for solar-
produced Be neutrinos incident on a laboratory detector
of 7Li is [1]

(Spectrum (q~b, ) crumb, (qob, )) 19 x 10 crn, (3)

assuming neutrinos do not change flavor after their cre-
ation. As usual, Eq. (3) includes a correction for the fact
that only 89.7'%%uo of the "Be neutrinos are produced in
ground-state —to—ground-state transitions. The cross sec-
tion given in Eq. (3) is almost a factor of 2 larger than
obtained previously [ll], which should make the contem-
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plated experiments somewhat easier than previously con-
sidered. The earlier treatments neglected the difference
in electron binding energies of solar and laboratory Be
atoms as well as Doppler shifts of the 7Be nuclei, and did
not average over the temperature profile of the Sun. If
the Aux of 7Be electron-type neutrinos were measured in
an independent experiment, the total absorption rate in
a lithium detector could be used to determine A.

For absorption detectors, an energy resolution (AE/E)
of order 0.1% to 1.0%%uo is desirable to measure the 1.3 keV
(0.15%) energy shift. Detectors have been developed
[12] for a variety of applications, including dark matter
searches, the observation of double beta decay, and x-ray
astronomy, that have energy resolutions of better than
1%, but their surface areas are not yet large enough for
a practical solar neutrino detector. Consider, for speci-
ficity, a conceivable cryogenic experiment [13] that might
be performed on siBr with an energy resolution of 1%
and with a total of 103 measured neutrino events. The
energy released to the recoil electron would be about
400 keV (the reaction threshold is about 450 keV), so
the average neutrino energy would be measured to an
accuracy of about 0.1 keV. With the experimental pa-
rameters assumed, a calibrated siBr detector could mea-
sure the central temperature of the Sun to an accuracy
of about 10%.

The requirements for a practical experiment may be
achievable since solar neutrino detectors currently un-
der development are designed to detect several thousand
events per year, although not yet with the energy reso-
lution required to measure A. It might be possible to
calibrate the solar results by studying an intense labora-
tory source of 7Be neutrinos with the same detector as
used in the solar observations [7].

This work was supported by NSF Grant No. PHY92-
45317.
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