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and Department of Physics, Bor 351560
University of Washington, Seattle, Washington 98195-1550
(April 8, 1996)

I briefly summarize the present status of our understand-
ing of solar neutrinos and neutrinos from core-collapse su-
pernovae. The fluxes of these neutrinos can tell us about
conditions within nascent neutron stars and within the solar
core. They also provide important tests of our understanding
of nucleosynthesis and neutrino properties.

These lectures are divided into two parts, correspond-
ing to solar and supernova neutrinos. This written ver-
sion of the solar neutrino lecture will be brief, since vir-
tually all of the material I presented has been recently
reviewed elsewhere [1]. The supernova section will be
more complete, though again I will depend heavily on
recently published work.

I. SOLAR NEUTRINOS

Almost 30 years have passed since Davis, Harmer, and
Hoffman announced the results for the first runs of the
37Cl experiment [2]. In the past decade three new exper-
iments have been mounted, the Kamioka II/III detector
[3] sensitive to the high energy ®B neutrino flux (E, 2
7 MeV) and the SAGE [4] and GALLEX [5] radiochem-
ical "'Ga detectors sensitive to the low-energy pp flux.
A “best fit” to the results of these experiments provides
the following constraints on the pp chain fluxes (Fig. 1)

é(pp) ~ ¢°5M (pp)
¢("Be) ~ 0 (1)
$(°B) ~ 0.434°°M(®B)

where SSM stands for the standard solar model best val-
ues [6,7]. Reduced “Be and ®B neutrino fluxes can be pro-
duced by lowering the central temperature 7. of the sun
somewhat. However such adjustments, either by adjust-
ing the parameters of the SSM or by adopting some non-
standard solar physics, tend to push the ¢("Be)/¢(®B)
ratio to values higher than that of the SSM,

4("Be)
¢(°B)
The contradiction between Egs. (1) and (2) is an im-

portant argument that simple nonstandard solar model
solutions to the solar neutrino problem may not work.

~ T, (2)

II. STANDARD SOLAR MODEL MICROPHYSICS

The significance of the discrepancy represented by Egs.
(1) depends on the accuracy of the nuclear and atomic
microphysics of the standard solar model, as well as the
accuracy of cross section calculations for detectors like
37Cl and "*Ga. The nuclear cross sections of the pp chain
(Fig. 1) must be known at energies characteristic of solar
reactions, ~ 10 keV. (While kT, ~ 2 keV, most reactions
occur on the high energy tails of the velocity distributions
because of the inhibiting Coulomb barriers.)

Coulomb barriers typically make it impossible to mea-
sure these cross sections in the laboratory below energies
~ (50-100) keV. Thus higher energy laboratory measure-
ments must be extrapolated to threshold to determine
the needed astrophysical cross sections. Nuclear theory
is needed to predict the shape of this extrapolation (with
the higher energy data providing the normalization).

Currently the most troublesome of these reactions is
"Be(p, 7)®B. The difficulty is not the nuclear physics of
the cross section extrapolation — the reaction occurs so
far outside the range of strong interactions that it is en-
tirely determined by the asymptotic wave function — but
experimental. There is about a 25% systematic disagree-
ment between various cross section data sets {8]. Several
groups are discussing new measurements that may re-
solve this disagreement.

Another issue is the reliability of the cross sections
for detector nuclei like 37Cl and "'Ga. Here there has
been some nice progress in the past few years. The
37Cl(ve, e )37 Ar cross section can be determined, un-
der the assumption that nucleon-nucleon forces approx-
imately conserve isospin, from the analog transitions
37Ca(8+)37K [9]. These transition strengths can be mea-
sured because the excited states in 37K populated in the
B decay are unstable to proton emission. Thus a mea-
surement of the delayed protons can establish the en-
ergies and strengths of the needed Gamow-Teller (GT)
transitions. While this technique was first used many
years ago, it had been assumed that the ®6Ar produced
by proton emission from 3K would be in its 0t ground
state. However, the GT transitions 37Ca(8%)3"K popu-
late 1/2%, 3/2%, and 5/2% states in 37K. As the 3/2% and
5/2% states can decay by s-wave proton emission to the
first excited state (2%) in 3%Ar, this is the preferred mode
when allowed energetically. Careful remeasurements of
the 3’Ca 3 decay in which the nuclear ¥ rays from the
2% state in >®Ar were detected in coincidence with the de-



layed protons has now determined the 37C] cross section
to ~ £ 3% [10].

There was also a substantial uncertainty in the "Be
neutrino cross section for “!Ga because of two excited
state GT transitions, constrained only by forward-angie
(p, n) cross section measurements. The recent GALLEX
and SAGE ®!Cr neutrino source experiments {11] can be
viewed as a measurement of these transition strengths
[12].

The changes in neutrino fluxes that can be achieved
by varying the parameters of the SSM within plausible
bounds has been explored by Bahcall and Ulrich [13] and
others. Variations in the primordial heavy elements-to-
hydrogen ratio Z/X, the nuclear cross sections for the pp,
3He - 3He, *He - *He, and p - " Be reactions, the radiative
opacities, the solar luminosity, and the solar age produce
the Monte Carlo scatter plot and error ellipses of Fig. 2.

It is also possible to consider nonstandard solar mod-
els, that is, models involving physical assumptions dif-
ferent from those of the SSM. Many such models were
motivated by the possibility of producing the required
solar luminosity with a somewhat lower T, which would
then help to reduce the discrepancy between #5SM (8B)
and the results of the 37Cl experiment. Two of the more
seriously discussed possibilities, low Z models and the
“solar spoon”, are summarized in Ref. [1]. Often non-
standard models designed to reduce the solar neutrino
discrepancy have other, unwanted consequences, such as
poorer agreement with helioseismology data.

Flux predictions of standard and some nonstandard
solar models are compared to the experimental results in
Fig. 3. Note that even nonstandard model predictions
tend to follow the naive T. power law relating ¢("Be)
and ¢(®B). Again, this is a principal reason that many
experts feel that the solar neutrino problem might have
a profound solution.

III. THE MSW MECHANISM

If the source of the solar neutrino problem is not so-
lar, the remaining possibilities are experimental error or
nonstandard particle physics. Several investigators have
argued, however, that even if one ignores one of the
three experimental constraints (37Cl, Kamioka II/III, or
SAGE/GALLEX), a discrepancy of 3-4 o remains, de-
pending on the choice of SSM. If two experiments must be
flawed to account for the solar neutrino problem, this sce-
nario becomes somewhat less credible (especially in view
of the successful GALLEX and SAGE neutrino source
experiments).

The alternative of new particle physics — physics be-
yond the standard electroweak model — is clearly quite
exciting. Among the possibilities that have been dis-
cussed are neutrino oscillations (both vacuum and in
matter), neutrino decay, neutrino magnetic moments,
and weakly interacting massive particles. Among these,

the Mikheyev-Smirnov-Wolfenstein effect — oscillations
enhanced by matter interactions — is widely regarded as
the most plausible [15].

As the MSW mechanism is described in detail in Ref.
[1], I will only sketch the basic results here. The for-
ward scattering of electron neutrinos off solar electrons
generates an effective mass for the v, of (mll)?: =

2v2 E Grp(z), where p(z) is the local electron den-
sity. Suppose we assume that in vacuum we have the
usual mass hierarchy, with m,, ~ mg, my,, ~ mg,
and m; < myg. That is, in vacuum the m,, 1s com-
posed primarily of the heavy mass eigenstate, and m,,
of the light. At nonzero density, however, the local
mass eigenstates evolve due to the effective mass con-
tribution. Indeed, at sufficiently high density (where
2V2 E Gp p(z) > 6m? = m} — m}), ve ~vh.

As illustrated in Fig. 4, if the neutrino propagation
is adiabatic, a v, ~ vy produced at high density will
remain on the heavy mass trajectory, exiting the sun as
vi(p = 0) ~ v,. The condition of adiabatic propagation
places a constraint on the vacuum mixing angle #, and
the logarithmic derivative of the solar density (16],

sin® 26, ém? 1
cos 20, 2E |pL .‘%(.rﬂ

Ve = >1 (3)

le=z.|

where . is the “level crossing point” where the effective
mass contributions just cancel the ém? vacuum differ-
ence. Together, the adiabatic condition and the level
crossing condition (2v2ZE G p(z) X §m?) define the
MSW triangle illustrated in Fig. 5. Strong ve — vy
conversion occurs in the unshaded region. An excel-
lent fit to the results of the 37Cl, Kamioka II/III, and
SAGE/GALLEX experiments is obtained, for instance,
by the “small angle solution”, flavor oscillations governed
by 6§ m2 ~ 6 - 10~%¢V'? and sin® 26, ~ 6 - 10~3. This so-
lution is characterized by strong suppression of the "Be
flux.

1V. NEW EXPERIMENTS

MSW flavor oscillations produced a distinctive, energy-
dependent distortion in the solar neutrino spectrum (see
Fig. 6) and a heavy-flavor component to the neutrino
flux. Thus we have the opportunity to demonstrate
new particle physics (massive neutrinos, mixing) through
these features. Two important new experiments now un-
der construction, Superkamiokande [17] and SNO [18],
are motivated by this possibility. Superkamiokande is a
water Cerenkov detector like Kamioka II/IIL, but with
much larger fiducial volume (22 kilotons) and improved
threshold (5 MeV) and energy and position resolution.
The expected robust counting rate (~ 8400/year) should
allow the experimenters to detect MSW spectral distor-
tions in the v, - e scattering data. SNO is a heavy-water
Cerenkov detector containing one kiloton of D20. The
charged current breakup reaction



ve+D—p+p+te” (4)

produces a hard electron spectrum from which MSW
spectral distortions can be deduced. Furthermore a sec-
ond channel sensitive to neutrinos of any flavor

Ve+ D — v +n+p (5)

will be crucial in testing flavor oscillations. The total
rate for this reaction is determined from a detection of
the neutrons. SNO and Superkamiokande should both
produce data in 1997. These remarkable experiments
may finally resolve the solar neutrino puzzle.

In closing this lecture on solar neutrinos, I would like
to mention some work I recently did with A. Cum-
ming {19] that suggests that a sharply reduced flux ratio
¢("Be)/¢(®B) is technically possible in a “reasonable” so-
lar model. The sense of “reasonable” is that the model is
steady state, producing the correct luminosity, and em-
ploys the conventional nuclear and atomic microphysics.
A reduced flux ratio, and a ¢(®B) in agreement with ex-
periment, can be produced by altering the usual equilib-
rium profile of 3He, enhancing *He at small r and de-
pleting it at large r. The enhanced 3He at small r favors
ppl terminations (*He + 3He over *He 4 *He); however
those 3He + *He reactions that do occur at small r (and
thus high T) tend to produce a reduced ¢(?Be)/4(®B).
Although beyond the scope of this talk, such a *He pro-
file is suggestive of 3He mixing into the solar core on time
scales of 107 years (comparable to the 3He equilibration
time). This is an interesting possibility because the SSM
3He profile is known to be unstable.

V. SUPERNOVA NEUTRINOS

A massive star (M ~ 25 Mg) evolves through a series
of nuclear burning cycles, beginning with hydrogen burn-
ing. After hydrogen burning has finished, the resulting
ashes determine the initial composition at the onset of
helium burning. This process continues, with the ashes
of helium burning providing the starting composition for
the carbon burning phase, etc. The result, just prior
to core collapse, is a star with an iron core surrounded
by layers of silicon, oxygen, neon, carbon, helium, and
hydrogen (Fig. 7).

As no further nuclear reactions are possible in iron to
sustain the electron gas pressure, the core begins to col-
lapse. This proceeds rapidly, typically at about 60% of
free-fall velocity.

As the density increases, so does the electron chemical
potential, so that electron capture on nucleons and nuclei
becomes energetically favorable. The emission of the v.s
is the process by with the star’s core begins to radiate its
lepton number, the onset of the transformation to a neu-
tron star. This loss of lepton number is halted, however,
when densities reach p ~ 10'? g/cm?®: the coherent scat-
tering of neutrinos off nucleil then becomes sufficiently

strong that the neutrino diffusion time exceeds the time
required to complete the collapse. That is, once the trap-
ping density is reached, the trapped lepton fraction will
remain constant until after core bounce.

The trapped lepton number Y7, is a crucial parameter
of the explosion physics: a higher Y;™PP*? leads to a
larger homologous core, a stronger shock wave, and easier
passage of the shock wave through the outer iron core,
as will be discussed below. The dashed curves in Fig. 8
show that most of the lepton number loss of an infalling
mass element occurs as it passes through a narrow range
of density near p ~ 10'2g/cm3: at densities much below
this value the matter temperature and electron capture
rate, which varies as T%, are low. As already noted, at
higher densities the v.s cannot escape.

The velocity of sound in nuclear matter rises with in-
creasing density. The inner homologous core, with a mass
Mpgc ~ 0.6 — 0.9M, is that part of the iron core where
the sound velocity exceeds the infall velocity. This allows
any pressure variations that may develop in the homolo-
gous core during infall to even out before the collapse is
complete. As a result, the homologous core can collapse
as a unit, retaining its density profile.

The collapse of the homologous core continues until
nuclear densities are reached. The nuclear equation of
state takes over, halting the collapse at about twice nu-
clear density, p ~ (4—6)-10'*g/cm3. The innermost shell
of matter rebounds, producing a pressure wave that prop-
agates out through the homologous core. Subsequent
shells follow. The resulting pressure waves collect near
the sonic point (the edge of the homologous core). As
this point reaches nuclear density, the-shock wave breaks
out and begins its traversal of the outer core.

Initially the shock wave may carry an order of mag-
nitude more energy than is needed to eject the man-
tle of the star (< 10°! ergs). But as the shock wave
travels through the outer iron core, it heats and melts
the iron that crosses the shock front, at a loss of ~ 8
MeV /nucleon. The enhanced electron capture that oc-
curs off the free protons left in the wave of the shock, cou-
pled with the sudden reduction of the neutrino opacity of
this material (recall Feonerent % ZZqax ~N?), greatly ac-
celerates the neutrino emission. [Models predict a strong
“breakout” burst of v.s in the few milliseconds in which
the shock wave travels from the edge of the homologous
core to the neutrinosphere at p ~ 102 g/cm? and r ~ 50
km.] The summed losses from shock wave heating and
neutrino emission are comparable to the initial energy
carried by the shock wave. Thus it is far from clear that
a successful hydrodynamic explosion occurs.

VI. CONVECTION AND THE EXPLOSION
MECHANISM

Two explosion mechanisms were seriously considered
in the past decade. In the prompt mechanism [21] the



shock wave is sufficiently strong that it survives the pas-
sage through the outer iron core with enough energy
to blow off the mantle. The most favorable results are
achieved with smaller stars (~ 15 M) where there is less
overlying iron, and with soft equations of state, which
lead to an increased neutron star gravitational binding
energy. While once this model was considered quite vi-
able, it is now believed to fail for all but exceptionally
soft equations of state.

The failure of the prompt explosion model is due in
large part to the discovery [22] that neutrino-matter
inelastic reactions would widen the density “window”
where lepton number loss occurs during infall. The v.s
produced by electron capture tend to be hotter than the
surrounding matter, and high energy neutrinos are more
readily trapped, since Gcoherent X E2. If these hot neutri-
nos only undergo elastic scattering, the “window” is es-
sentially closed, yielding a Ygrapped ~ 0.41, as shown by
the solid curve of Fig. 8. But the inclusion of v, + e~ in-
elastic scattering allows the v,s to “downscatter” to unoc-
cupied low-energy neutrino states, where they can more
readily escape. The resulting Yﬁrapped ~ 0.38 (see Fig.
8) leads to a smaller homologous core, a weaker shock,
and more overlying iron for the shock wave to penetrate.
These are very difficult conditions for the prompt explo-
sion model.

An alternative model, the delayed mechanism [23], be-
gins with a hydrodynamic explosion that fails after ~.01
sec, producing a stalled shock wave residing at r ~ 200-
300 km. However, after ~ 0.5 - 1.0 sec, the shock wave
is revived due to neutrino heating (both charged current
and quasielastic) of the nucleons left in the wave of the
shock. One group [23] claims success with this model,
and that success depends on the modeling of convection
that helps to move hot matter away from the neutron
star surface to larger radii.

However the explosion proceeds, modelers agree that
the neutron star gradually cools in the ten seconds follow-
ing core bounce, radiating 2 99% of the collapse energy
(3 - 10%3 ergs) in neutrinos of all flavors. The time scale
over which the trapped neutrinos (and thus the core’s
lepton number) diffuse out of the cooling protoneutron
star is a few seconds. (Fits to the 7, flux from SN1987A
give, assuming exponential cooling e~*/7  a time constant
T ~ 4.5 sec.) Through most of their migration out of the
star, the trapped neutrinos are in flavor equilibrium, e.g.,

Ve+Ue = Uy + 0, (6)

As a result, there is an approximate equipartition of en-
ergy among the neutrino flavors. After weak neutral de-
coupling, the v,s and J.s remain in equilibrium with the
matter for a brief time due to the charged current reac-
tions

Vet ne—p+e” (7a)

Vetperntet (7b)

and to the charged current enhancement of the cross sec-
tion for ve + € « ve + €. As a result, the peak of the
heavy-flavor neutrino spectrum is characterized by a tem-
perature T ~ 8 MeV, while T,, ~ 4 MeV and T;, ~ 5
MeV. T,. < Ty, because reaction (7a) is more effective
than (7b) in the neutron-rich material near the neutri-
nosphere.

The Livermore group of Wilson and collaborators has
produced successful simulations in the delayed explosion
model. This model begins with a failed prompt explosion
(but the closer to success the better!), producing a stalled
shock wave at ~ 200 — 300 km from the star’s center.
Approximately ~ 0.5 sec later the shock wave is revived
by the cumulative effects of neutrino heating of the nu-
cleon soup that is left in the wake of the shock wave. The
primary heating mechanism is the charged-current reac-
tions of Egs. (7), though quasielastic neutrino scattering
also deposits some energy.

The nucleon soup can also radiate v.s and Ues by the
reactions in Egs. (7). Thus the neutrino flux produces net
heating only where the rate of neutrino energy deposition
exceeds the cooling rate [23,24]

v T\
E =k(T,) [%2— - (?) acT;;] >0 (8)

Here r,, and T}, are the radius and temperature of a
matter volume element lying outside the neutrinosphere,
T, is the neutrinosphere temperature, and L, is the neu-
trino luminosity. The energy/unit volume of a backbody
neutrino gas is a = 15(1.37 - 10?6 ergs/cm® MeV*), and
k(T, ) is the neutrino absorption coefficient in cm?/g. As-
suming that the neutrinosphere luminosity is that of a
blackbody, Eq. (8) then yields [23,25]

1
rm T2 S —Q—r,,Tf (9)

where r, is the radius of the neutrinosphere. As the
temperature in the hot nucleon soup drops sharply with
increasing r,, this defines a gain radius

rg2in 200 km (10)

outside of which positive heating occurs. Thus neutrinos
deposit net energy between this radius and that where
the stalled shock wave resides. [More exactly, the heat-
ing extends initially up to the layer of undissociated He
lying immediately behind the shock wave. As the heating
proceeds, much of this He melts.]

The calculations of Wilson and collaborators succeed
in producing an explosion because of convective trans-
port of hot material across the neutrinosphere, thereby
increasing the neutrino luminosity responsible for the
charge-current heating in the “bubble”. However this
is quite controversial: Bruenn, Mezzacappa, and Dineva
[26] have concluded that the necessary conditions for con-
vection of this type are either short lived or nonexistent.



This is particularly the case for the “neutrons fingers”
postulated by Wilson.

Bethe; Herant, Benz, and Colgate; and Burrows,
Hayes, and Fryxell have discussed another convection
possibility, entropy-driven convection between the gain
radius and the shock front: hot matter rises and radi-
ates, while cool matter flows downward and is efficiently
heated near the gain radius. Thus this convection could
be plausibly sustained in late-stage models. As little ma-
terial is transported across the neutrinosphere, the neu-
trino luminosity is not modified significantly. However
the heating efficiency is improved, allowing rising high-
entropy bubbles to maintain lower temperatures, thereby
minimizing losses due to neutrino emission, while cold
matter from large radii is swept closer to the neutron
star, where it can be more efficiently heated. In this way
the “gain radius” limitations discussed earlier are partly
circumvented. This is clearly a very interesting idea that
will motivate further 2d (and 3d) supernova explosion
simulations.

VII. NUCLEOSYNTHESIS

Core-collapse supernovae are one of nature’s major fac-
tories for producing nuclei with A > 6. Many of the most
plentiful metals (He, C, O, Ne, Si, Fe, ...) are produced
through hydrostatic burning and ejected into the inter-
stellar medium by the explosion. Many other nuclei, in-
cluding a large fraction of those of lower abundance, are
synthesized in the explosive conditions associated with
the shock wave.

I would like to focus here on two mechanisms that are
especially dependent on the details of the explosion. The
first is the neutrino process {28,29]. Supernova neutrinos
can alter the chemistry of the mantle, thereby affecting
the composition of the explosion ejecta. For example,
the product of the neutral current inelastic cross section
off 2Ne and the neutrino fluence through the Ne shell,
which resides ~30,000 km from the center of a 20 Mg
presupernova star, is ~1/300. That is, 0.3% of the mat-
ter is affected by such interactions. The cross sections
are dominated by the higher temperature v, and v; neu-
trinos, which deposit ~20 MeV in the scattering. Thus
the target is generally excited above the continuum,

19F + p
20Ne(v, v')*"Ne* — (11)
9Ne 4+ n

leading to its breakup and the production of a new nu-
cleus, 1°F. (The produced '°Ne in Eq. (11) may 3 decay
to 1°F.) This is an important observation, since the origin
of galactic 1°F has been unclear.

This process can be incorporated more generally into
explosive nucleosynthesis codes and its consequences ex-
plored. One has to account for the chemistry of the co-
produced neutrons and protons in reactions like Eq. {11):

for example, does the neutron capture back on 19F, de-
stroying the product of interest, or is it absorbed by some
other neutron poison? One must consider which nuclei
survive the heating associated with the passage of the
shock wave, and which can be produced at late times
and larger radii following the passage.

Such an exploration has been carried out [28,29]. It
is found that elements like 7Li, ''B, and !°F can be
produced at about the correct galactic abundances for
Ty,/v, ~ 8 MeV, a value quite consistent with theory.
Thus, if one accepts this as the correct production mech-
anism, nucleosynthesis constrains a neutrino temperature
that we have not yet measured experimentally.

The idea of neutrino nucleosynthesis was first discussed
by Domogatskii, Nadyozhin, and collaborators [30]. It
was rediscovered by Woosley and Haxton [28], and this
lead to the first realistic treatments of the reaction net-
work and nuclear cross section aspects of this process. It
is quite satisfying that the major productions may clarify
some long-standing puzzles. I mentioned above the ab-
sence of a site for synthesizing 1°F. Traditionally !B and
7Li have been considered, along with 1°B and °Li, cos-
mic ray (CR) spallation products. But conventional CR
models that produce the requisite amount of !B over-
produce '°B (e.g. ratios of !B/!°B < 2.5 rather than
the correct solar ratio of 4.6). The neutrino process work
suggests that this mechanism is responsible for most of
the ''B (and possibly a significant fraction of the "Li)
we observed, allowing the CR. mechanism to be tuned to
produce '°B.

Fig. 9 shows a recent calculation of Timmes, Woosley,
and Weaver [29] of 1'B galactic chemical evolution in the
neutrino process. The required linearity of the boron
abundance with Fe/H is clearly in accord with observa-
tion, while the neutrino production band nicely matches
the data. The authors concluded that the neutrino pro-
cess, CR spallation, and homogeneous big bang nucle-
osynthesis are complementary and together explain the
evolution of the light elements (A < 11).

The second process I would like to mention is the work
of Woosley and collaborators [31] on the r-process, the
rapid capture of neutrons that we believe produces about
half of the heavy elements and all of the transuranics.
They have argued that a plausible site for the r-process
is the expanding, high entropy bubble that forms between
the neutrinosphere and the shock wave. The material in
this region has experienced significant electron capture
and is thus neutron rich. As this nucleon soup expands off
the star and cools, the material undergoes an alpha-rich
freezeout, with about 10% of the a-particles reassembling
into heavier nuclei, up to masses A~100. There remains
a signficant neutron mass fraction of about 100 neutrons
per heavy nucleus. These neutrons then generate the r-
process. Simultations of this process have yielded mass
distributions that correspond closely to observation. Fur-
thermore estimates of the amount of r-process material
that would be ejected, 10™% - 107°Mg, could reasonably
account for the abundances we measure. This process



appears to require very large entropies/baryon, and thus
progress on the explosion mechanism is important to ver-
ify that such entropies are achieved. Present calculations
do not fully include the effects of the neutrino process on
the neutron-proton chemistry of the bubble, on the syn-
thesis, or on the survival of the synthesized nuclei. These
effects might be important.

VIII. NEUTRINO OSCILLATIONS IN
SUPERNOVA

There exists a long list of important particle physics
constraints (on axions, Majorans, Dirac neutrino masses,
neutrino magnetic moments, etc.) derived from the ob-
servation of the neutrinos that cooled SN1987A. However
the limited time for these lectures prevents me from dis-
cussing these results. Instead, I will briefly mention only
one topic from particle astrophysics, the possibility that
neutrino oscillations will occur due to a MSW level cross-
ing just outside the neutrinosphere.

The favorite particle physics solution to the solar neu-
trino puzzle is MSW oscillations occurring for dm}, ~
10-5 eV? and sin® 26 ~ 10~2. If one assumes ma > my,
as the seesaw mechanism suggests, this implies the ex-
istence of a massive neutrino ms ~ few 1073 eV. If
we furthermore assume that this crossing corresponds to
ve — v, oscillations, the seesaw mechanism and the top
quark mass predict mg ~ few eV, a neutrino mass that
would be of great significance because of its contribu-
tions to dark matter and to the formation of large-scale
structure.

The resulting three-flavor MSW level-crossing pattern
is sketched in Fig. 10. The v, — v, crossing that would
arise for a cosmologically interesting v, typically occurs
at densities ~108 - 10!%g/cm?®, and thus outside the neu-
trinosphere. This observation is very significant because,
at this density, the supernova neutrinos are fully decou-
pled from the matter, so that their spectra are fixed.
As noted before, the neutrino fluxes ate characterized by
temperatures T,,, ~ 4 MeV, T, ~5MeV, T, /5, /v./5, ~
8 MeV.

Adiabatic level crossings [32] occur for cosmologi-
cally significant v,s even for quite small mixing angles,
sin? 20 2 1075, For such crossings, we see immediately
that the consequence is an anomalously high T,f‘fsw tem-
perature

TMSW . 8MeV > Ty, ~ 5MeV (12)

due to the v, — v, crossing. The “>” is particularly ap-
propriate in the context of nuclear detection methods for
supernova neutrinos, since nuclear transitions with high
thresholds are typically characterized by cross sections
that rise rapidly with T.

1t follows that the detection of supernova v.s and P.s
could demonstrate that the v, has a cosmologically inter-
esting mass. This would be a result of great importance.

Such oscillations would also have the consequence of
enhancing neutrino energy deposition outside the neu-
trinosphere. The net effect of the hot v.s is to increase
the rate of energy deposition due to the strong charged
current reaction of Eq. (7a). Fuller and Qian {33] have
pointed out that the attractive conditions for the hot-
bubble r-process could be a casualty of this scenario,
however. By enhancing the rate of Eq. (7a), one forces
the matter in the hot bubble toward the proton-rich side.
A demonstration that the hot-bubble r-process occurs in
nature therefore might rule out a large range of ém? and
sin? 20 governing oscillations of cosmologically interest-
ing Vss.
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FIG. 1. The solar pp chain.

FIG. 2. SSM "Be and ®B flux predictions. The dots repre-
sent the fluxes resulting from the 1000 SSMs of Bahcall and
Ulrich [13] with smaller SSM uncertainties added as in Bah-
call and Haxton [14]. The 90% and 99% confidence level error
ellipses are shown.

FIG. 3. The fluxes allowed by combining results of
the Homestake, SAGE/GALLEX, Kamiokande II/III, and
GALLEX source experiments, compared to the results of SSM
variations and various nonstandard models. The solid line is
the T. power law prediction. From Ref. [12].

FIG. 4. Schematic illustration of the MSW level crossing.
The intersection denoted by the dashed lines gives the critical
density p. defining the level crossing. The solid lines are the
trajectories of the light and heavy local mass eigenstates. If
the electron neutrino is produced deep in the solar core and
propagates adiabatically, it wili follow the heavy mass trajec-
tory, emerging from the sun as a v,.

FIG. 5. MSW conversion for a neutrino produced at the
sun’s center. The upper shaded region indicates those §m®/E
where the vacuum mass splitting is too great to be overcome
by the solar density. Thus, no level crossing occurs. The lower
shaded region define the (§m?)/E — sin? 26, region where the
level crossing is nonadiabatic (v < 1). The unshaded region
corresponds to adiabatic level crossings and thus to strong
Ve — v, conversion.

FIG. 6. MSW survival probabilities szw (E) for typical
small-angle (§m? ~ 6 -107° eV?, sin® 2 6, ~ 6 - 107%) and
large-angle (§m?® ~ 107° eV?, sin? 2 8, ~ 0.6) solutions.

FIG. 7. Mass fractions as a function of radius for a 20 Mg
pre-supernova star, as evolved by Woosley and Weaver {34)].

FIG. 8. Trapped lepton number Y as a function of density
for an infalling mass element prior to core bounce [20]. The
solid curve shows the results for a collapse without neutrino
downscattering (i.e., no inelastic neutral current scattering off
nuclei and no neutrino-electron scattering), while the dashed
lines show the effects of turning on one or both of the inelas-
ticities.

FIG. 9. Evolution of boron relative to hydrogen as a func-
tion of the metallicity [Fe/H]. The calculated boron abun-
dance (solid line) and a factor-of-two variation from this result
(dashed lines) are taken from the galactic model calculations
of Ref. [29] in which the neutrino process production of 1B
was estimated. References to the abundance determinations

can also be found in Ref. [29].

FIG. 10. Schematic illustration of the ve « v, MSW level
crossing that might occur at densities encountered in a super-
nova.
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