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Abstract

In this paper we note that for neutrino mass squared differences in the range
10~*—10"'eV?2, vacuum neutrino oscillations can take place between the neutrino-
sphere and the weak freeze-out radius in a type Il supernova. Requiring that such
oscillations are consistent with the r-process nucleosynthesis from supernovae one
can constrain the mixing of v, with v, ( or v;) down to 10~%eV2. We first do a
two-flavor study and find that the neutron rich condition Y, < 0.5 is satisfied for all
values of mixing angles. However if we take the criterion Y, < 0.45 for a successful
r-process and assume v, — v, oscillations to be operative then this mode as a
possible solution to the atmospheric neutrino anomaly is ruled out in accordance
with the recent CHOOZ result. Furthermore since we can probe mass ranges
lower than CHOQOZ the narrow range that was allowed by the CHOOZ data at
99% C.L. is also ruled out. Next we do a three-generation analysis keeping Am?, ~
107%eV?2 or 10~ eV? (solar neutrino range) and Am? ~ Am3; ~ 1074 —10"teV/?
(atmospheric neutrino range) and use the condition Y, < 0.45 to give bounds on
the mixing parameters and compare our results with the CHOOZ bound. We also
calculate the increase in the shock-reheating obtained by such oscillations.

1 Introduction

Heavy neutron rich nuclei beyond the iron group are predominantly made
by the rapid neutron capture process or the r-process. Over the last four
decades different astrophysical environments have been proposed as possible
sites for r-process nucleosynthesis [fIl. The very high neutron number den-
sities > 102¢m ™3, temperatures ~ 2 — 3 x 10°°K [ and time scales ~ 1s,
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prompted investigators to suggest supernova as a plausible site for r-process
nucleosynthesis [[J]. But where exactly in the supernova does the r-process
actually take place is a question which is still to be answered. A putative
r-process site suggested in the recent years is the neutrino heated ejecta from
the post core bounce environment of a type II supernova or the ”"hot bubble”
@, B. The major advantage which the "hot bubble” has over other proposed
sites is that it correctly predicts that only 10~*M of r-process nuclei are
ejected per supernova [fi]. The conditions of high temperatures and low den-
sity in the ”hot bubble” makes it conducive for synthesising the right amount
of r-process nuclei.

Near the neutrino-sphere the temperature is high so that nuclear statisti-
cal equilibrum persists and the mass fraction of the nuclei are determined by
the Saha equation. Since the photon to baryon ratio is very high in the "hot
bubble”, at equilibrium we have nucleons and alpha particles as the most
abundant species. It is on these nucleons that the v, and 7, capture takes
place which determines the electron fraction Y,. As the temperature drops
below about 0.5 MeV, the expansion rate becomes faster than the nuclear
reaction rates and one has the nuclear freeze-out. Below about 0.26 MeV the
charge particle reactions freeze and beyond this point temperatures become
so low that one can have only neutron captures on the heavy seed nuclei or
the r-process.

For r-process to be possible in the supernova, the conditions should be
neutron rich. The parameter which determines this is the electron frac-
tion Y, at the radius where the absorption of v, and 7, on free nucleons
freeze out. This is called the weak freeze-out radius (rwro) and is found to
very close to the nuclear freeze-out radius in most supernova models. Since
(Ev.) < (En) < (E,,) ((E,.),(Ep) and (E,,) are the average energies of
the v,, V. and v, respectively and the energy spectrum of the v,,v,, v, and
v, are identical) and since Y, is determined by the properties of the v, and 7,
fluxes we expect that neutrino flavor oscillations between the neutrino-sphere
and the weak freeze-out radius will change the value of the electron fraction.

Such calculations were done by Qian et al. []]. They made a two flavor
analysis of the matter-enhanced level crossing between v, and v, or v,. They
considered a mass spectrum in which m,_, > m,, so that there is resonance
between the neutrinos only and not between the antineutrinos. As a result
the more energetic v, (< E,, > = < E, > ~25MeV) get converted to v,
(< E,, >~ 11MeV) increasing the average energy of the electron neutrinos.
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Since there is no transformation between the antineutrinos, the energy of the
electron antineutrino remains the same( < E; >~ 16MeV'). The mass of
the v, (or v,) required to undergo MSW resonance in the relevant region was
shown to be between 1 and 100 eV which is the right range for neutrinos to
be the hot dark matter of the Universe. Finally they used the condition Y, <
0.5 to put constraints on the mixing angle.

There are several other hints of non-zero neutrino mass and mixing com-
ing from the solar neutrino experiments, the observation of atmospheric neu-
trinos and from the recent LSND data.

Four experiments (Homestake, Kamiokande, SAGE, Gallex) measuring
the solar neutrino flux observed event rates significantly smaller compared
to the predictions of the Standard Solar Models. This contradiction consti-
tutes the solar neutrino problem. This can be explained by neutrino oscil-
lations in vacuum for Am? ~ 0.615 x 1071%V? and sin?26 ~ 0.864 [§] or
by the Mikheyev-Smirnov-Wolfenstein (MSW) resonant flavor conversions [J
for Am? ~ 5.4 x 107%V? and sin?26 ~ 7.9 x 1073 (non-adiabatic solution)
and Am? ~ 1.7 x 107%eV? and sin? 20 ~ 0.69 (large-angle solution) [I7]. The
preliminary results from the Super-Kamiokande confirm this deficit of solar
neutrinos and favor the long wavelength vacuum oscillation solution [[IT].

The atmospheric neutrino anomaly is the discrepancy in the measured
and expected values of the ratio of contained pu-like and e-like events in
the Kamiokande, IMB and Soudan experiments. This can be explained by
v, — v, or v, — v, oscillations for Am? ~ 1072eV? and sin?26 ~ 1.0 [[Z]. A
preliminary Super-Kamiokande data has confirmed the atmospheric neutrino
problem for both sub-GeV and multi-GeV neutrinos [[[J]. Combining their
result with the results from other experiments, the allowed range for the
v, — vy mode is 4 x 107* < Am? < 5 x 1073eV? at 90% C.L. with sin® 26
= 0.8 -1 [[4]. For the v, — v, channel at 90% C.L. the allowed range is
1073 — 7 x 1073eV? and sin® 20 = 0.65 — 1. If one combines the result of the
CHOOZ experiment [[3], then the v, — v, oscillation solution is ruled out at
90% C.L. A narrow range 6 x 107* — 107%eV? is allowed at 99% C.L..[[4].

A third indication for a non-zero Am? comes from the recent LSND data
which gives the first evidence for 7, — 7, [[] and v, — v, oscillations using a
laboratory neutrino source. This along with the non-observation of neutrino
oscillations in E776 at BNL [ and in the reactor experiment Bugey [[§
indicates Am? in the range 0.2 - 3 eV2.

In this paper we observe that for neutrino mass squared differences in the
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range 10~*—1071eV? vacuum neutrino oscillations can take place between the
neutrino-sphere and weak freeze-out radius. Requiring that such oscillations
are consistent with heavy element nucleosynthesis from supernovae one can
constrain the mixing of v, with v, (or v;) in this range. Since this is the
relevant range for v, — v, oscillation of atmospheric neutrinos, assuming
such oscillations to be operative in supernovae one can compare the allowed
values of parameters. We first do a two-generation analysis keeping Am? in
this range. We find that the condition Y, < 0.5 is satisfied for all values of
mixing angles. However using the condition Y, < 0.45 one can rule out the
v, — V, solution to the atmospheric neutrino anomaly in agreement with the
CHOOQOZ result. Moreover since using the r-process constraint we can probe
down to Am? = 107%eV2, the narrow range that was consistent with the
CHOOZ data can also be ruled out. If on the other hand we assume two-
generation v, — v, oscillations to be operative then this provides the only
bound on such mixing in this mass range. The earlier bounds on sin?20,.,
were for Am? > 80 — 100eV? [19].

Next we go to the more realistic three-flavor picture. We consider the
scenario where Am?, ~ 107%eV? or 107'eV? and Am2; ~ Am3, = Am?
in the range 107% — 107 'eV2. This mass spectrum can simultaneously ex-
plain the solar and atmospheric neutrino data and has received considerable
interest in the recent past [P(J. We find that this scenario together with
the CHOOZ constraint [[[§] is consistent with Y, < 0.5. However if we use
the more stringent condition Y, < 0.45 then bounds can be given on the
mixing parameters. For Am? > 2 x 1073eV? these bounds are weaker than
the CHOOZ bound but we can probe Am? down to 10~*eV? which is not
probed by any terrestrial experiment so far. The three-generation scenario
considered does not explain the LSND data and to explain it as well one
needs to introduce a sterile neutrino [27].

Another place in supernovae, where neutrino oscillations can have impor-
tant effect is in reviving the shock during the reheating epoch of the super-
nova [BZ. The result of neutrino oscillation is to enhance the rate of energy
deposition by the neutrinos and hence produce a more energetic shock. We
study the effect of vacuum oscillation of neutrinos in the delayed neutrino
heating phase of type II supernovae.

The plan of the paper is as follows. In section 2 we discuss the r-process
in the "hot bubble” and give the expression of Y,. In section 3 we first give
the two-generation vacuum oscillation formula and discuss the implications
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of such oscillations on the value of Y, at the r-process epoch. We next give
the three-generation oscillation analysis. In the following section we discuss
the effects of these oscillations on shock-reheating. Finally we present the
conclusions.

2 Supernova r-process Nucleosynthesis

Above the neutrino-sphere, the electron fraction Y, which is the second most
important factor for r-process abundance calculations after the entropy per
baryon, is determined by the competition between the rate of the reactions

Ve+n=p+e (1)
vetp=n+e’ (2)

The expression for the value of Y, at freeze out is given by Qian et al. [ff] as

1
Y~ — 3
1 + )‘ﬂep/)‘uen ( )

Where A, ,, and Ay, are the reaction rates in ([l) and (B]). The reaction rate
Avn, where N can be either p or n is given by

L, [*o,n(E)f,(E)dE
T dnr?2 (X Ef,(E)dE

AUN (4)
where L, is the neutrino luminosity (we consider identical luminosity for
all the neutrino species), o,y is the reaction cross-section and f,(E) is the
normalised Fermi-Dirac distribution function with zero chemical potential

1 E?

JE) = 3031, exp(E/T,) + 1

()

where T, is the temperature of the particular neutrino concerned. The cross
section is approximately given by [2J]

oun ~ 9.23 x 107*(E/MeV)%em? (6)

If we calculate A, , and Ay, using eq (f]) then the expression for Y. becomes

1
Yo —F———
1+1T3,/T,. 0

>



Typical values for the neutrino temperatures when r-process is operative are
[, T, = 3.49 MeV, T;, = 5.08 MeV and T,,, =7.94 MeV so that Y, ~ 0.41.
This being less than 0.5 neutron rich conditions are obtained in the hot
bubble and r-process is possible.

3 Neutrino Oscillations in Vacuum

In the standard model of particle physics, neutrinos are assumed to be mass-
less. But there is no compelling reason for this assumption. If the neutrinos
are indeed massive then in general the mass eigenstates will be different from
the flavor eigenstates. The neutrinos are produced in the flavor eigenstates
but propagate in their mass eigenstates. Because these bases are in general
not identical, there will be mixing and neutrino flavor will not be conserved.

3.1 Two Generation Analysis

The two-generation conversion probability of an initial neutrino flavor v, to
a flavor v after traveling a distance L in vacuum is given by

P,

valg

= %sz’n229(1 — cos2mL/\) (8)

where )\ denotes the oscillation wavelength and can be expressed as

E eV?

A=25x 10"k
5x 10 mMeVAm2 9)

The various limits of the equation (f) are as follows,

e \>>L,P,,,—0

o )\ << L, P,,a,,ﬁ — %Sin2 260 when averaged over the source or detector
distances or energy.

e \~L/2 P, =sin’20

alp

Oscillation effects are observable for A ~ L. Now for us, as we will discuss
later in this section, L ~ 50 -100 km. Then, assuming an average value of
E ~ 10MeV one gets the condition Am? ~ 10~%eV?2. For higher values
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of Am? the oscillation effects are averaged out and there is a constant con-
version depending on the mixing angle. Beyond 1 eV? the MSW resonance
being within the weak freeze-out radius [[] matter enhanced resonant flavor
conversions take place.

As a result of flavor oscillations the neutrino energy distribution function
itself will change to (assuming two flavors)

5:C(E) = PVeVere(E> + Pvuvefvu(E) (1())

§fC(E) = Pﬂeﬁefﬂe(E> +P17#Defu;(E) (11>
For the probabilities we use the expression given in (§). The L here corre-
sponds to the distance between the neutrino-sphere and the week freeze-out
radius. For the values of L relevant for r-process we use the results of the 20
Mg, supernova model given in ref [ff]. According to this the weak freeze-out
occurs at about 0.5 MeV while the r-process sets in much later at temper-
atures below 0.26 MeV between t,, ~ 3 to 15s. From the temperature vs.
radius curves given in [[] we get the following values for the radii at two dif-
ferent times relevant for supernova r-process nucleosynthesis at T=0.5 MeV

For t,, = 3s, rwro ~ 100km
tpb = 128, T"WFO ~ 55km.

The position of the neutrino-sphere is ~ 10km. Thus the L relevant for us
is ~ 90 km at t,, = 35 and ~ 45 km at ¢,, = 12s.

We find that for Am? in the range from 10~* — 10~'eV? the value of
Y. stays less than 0.5 for all values of mixing angles. For r-process to be
possible the conditions should be neutron rich, that is, Y, < 0.5. But it
is seen that for most r-process nuclei, the calculated abundances matches
their solar abundances only for Y, < 0.45 [{, B3]. In Fig. 1 we give the
contour plot for Y, = 0.45 for two different values of L. The region to the
left of the lines are allowed by r-process (see figure caption for details). The
oscillation channel relevant is v, — v, (or v, — 1) and the mass range that
we study is 107* — 10~1eV2. For comparison we also plot in the same figure
the exclusion plot given by the CHOOZ experiment [[J] as well as the region
allowed from the atmospheric neutrino data for the v, — v. mode [[4]. For
Am? > 2 x 107%eV? we get the constraint sin?26., < 0.26. This is weaker
than the CHOOZ result but nevertheless rules out the v, — v, solution to
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the atmospheric neutrino problem. Furthermore using r-process we can give
bounds on the mixing angle upto Am? = 10~4eV? and our results show that
even in the mass range 1074 —1073eV/2 the condition Y, < 0.45 is inconsistent
with the v, — v, solution of atmospheric neutrino anomaly. Thus the narrow
range which was allowed by the CHOOZ data at 99% C.L. is ruled out by r-
process. The above conclusions are based on the assumption that the relevant
oscillation mode is v, — v.. If on the other hand we take v, — v; oscillations
to be operative then this bounds will apply to sin?20,,. In that case this
provides the only bound on v, — v, mixing in this mass range [B4] .

The equation (f) is derived assuming that neutrinos can be represented
by plane waves. But a correct quantum mechanical treatment of neutrino
oscillation should describe them in terms of wave packets [P5. Then for
extremely relativistic neutrinos the two-flavor probability (§) gets modified

as 29

1 onL
PVQVB = §sin229(1 — cos%e_Lz/Lfoh) (12)

where
Leon = 4V20,(E/Am?) (13)

where o, denotes the spread of the wave packet. If L << Loop, L/ L7 con) —
1 one obtains eq. (f). If on the other hand L >> L.y, P, = 0.55in226.
Thus in this case oscillations don’t take place but there is a constant conver-
sion probability similar to the A << L case of the plane wave approximation.
The important feature which comes out of the wave packet treatment is the
coherence length L.,,. Beyond this the separation between the wave pack-
ets associated with the propagating mass eigenstates becomes large enough
to cause any interference. Thus the oscillation can take place only if the
distance L < L.,,. Otherwise there is a constant conversion depending on
the mixing angle. For supernova neutrinos emitted from the neutrino-sphere
o, ~ 107 cm 29 so that for Am? in the range 10~* — 107'eV? the coher-
ence length varies from 5.656 x10* — 56.56 km for £ ~ 10 MeV. Thus in
the range 10~ — 1072eV?2, L., >> L and the plane wave approximation is
valid. For Am? = 0.1eV? at low energies (upto 10 MeV) LSLgy, and the
wave packet corrections are important in principle. However because of the
nature of the Fermi-Dirac distribution function very few neutrinos of low
energies are present and thus this does not make any difference in practice.
We have checked numerically that use of the wave packet formula ([J) does



not change our results.

3.2 Three Generation Analysis

In this section we study the impact of three-generation vacuum oscillation
of neutrinos on the freeze-out value of Y,. We fix one of the mass squared
differences Am?, ~ 107 or 107''eV?, corresponding to solar neutrinos and
take the other two equal to each other i.e. Am3; =~ Am?;, each being in the
range 10™* — 10~!eV?2, suitable for atmospheric neutrino oscillations. The
general expression for the probability that an initial v, of energy E gets
converted to a vg after traveling a distance L in vacuum is,

L
Povy = 0o — A4S UniUlsiUn;Ups; Sin> 2= (14)

J>i )‘ij

where, « = e, u, 7 and 7,5 = 1,2,3

[ ) >\ij =25 10_3kmMEeV Ae"‘l/;ij

o Am? =m? —m]
We neglect CP violation in the lepton sector so that probabilities of neutrinos
and antineutrinos are same. For the mass spectrum under consideration
Ami, ~ 107%eV? or 107"eV?, so that sin®f= — 0 and Ami; ~ Am3,.
Thus one mass scale dominance (OMSD) apphes Using the orthogonality of

the mixing matrix U the various probabilities relevant for us are

L
PVeVe = PDEDE = 1 - 4(‘U63‘2(1 - |Ue3|2))szn2§—13 (15)
PI/MI/e _I' PI/TVe PIIMDe + PDTﬂe
L
= A(|Usl(1 — |U63|2))3m2)\13 (16)

We note that since the one mass scale dominance holds good the probabilities
are functions of only one mass squared difference. Secondly since the energy
spectra of the v, and v, are identical, the conversion probablities to v, and



v, always appear as B, + P, and the probabilities depend on only U.s.
For 3 flavor neutrino oscillations the neutrino distribution function becomes

nvr

OSC(E> = PVeVere(E) + (Pl’,ul’e + PVTVe)fV[,L (E> (17>

Ve

[2(E) = Poo. fo.(E) + (Poo. + Poi) f5,(E) (18)

From expression ([[J) we see that in the limit of OMSD 3 flavor oscillation
reduces effectively to 2 flavor case with sin?20 for the 2 generation case
replaced by the corresponding factor 4|U.s|*(1 — |U.s)?). Therefore just as
in the case of 2 flavor oscillations Y. < 0.5 constraint is never violated in
our model and hence if this is the only constraint on the value of Y, then r-
process is compatible with the solar neutrino data, the terrestrial accelerator-
reactor data (excluding LSND) as well as data coming from atmospheric
neutrino anomaly. However if we use Y, < 0.45 we will get a contour in the
mass-mixing angle plane same as Fig. 1 with the relevant mass and mixing
parameters being Am3, and 4|U.s|*(1 — |Uss|®) instead of Am? and sin?20
respectively. It turns out that in the three generation framework that we have
chosen, these are also the parameters relevant for the CHOOZ experiment
[B4]. We have compared the CHOOZ result with our result in Fig. 1. In the
range 2 X 1073 — 1072eV2 CHOOZ gives a slightly stronger constraint on U,
than r-process but there is an overall agreement between the two. Our results
like CHOOZ [B also imply a decoupling of solar and atmospheric neutrino
oscillations into separate two-genaration pictures for Am?2, > 1073e¢V2. In
the range 107* < Am?, < 1073¢V? only r-process can give constraints on
the mixing parameter U,s.

4 Shock Reheating

We finally study the effect of vacuum neutrino oscillations on supernova
dynamics. The prompt shock generally stalls at a radius of ~ 100 km mainly
due to energy loss from the shock radiated in neutrinos, energy loss due
to dissociation of iron-group nuclei and due to accretion. In the delayed
neutrino heating scenario [27] the matter behind the shock is heated by the
energy deposited by the neutrinos through the capture processes ([ll) and (@),
leading to an explosion.
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If neutrinos have mass they will oscillate leading to the conversion of more
energetic muon and tau neutrinos and antineutrinos to electron type neutri-
nos and antineutrinos, which results in enhanced neutrino energy deposition
resulting in a more energetic shock. The effect of MSW conversion 7], reso-
nant spin flavor precession [R§] and resonant conversion of massless neutrinos
due to flavor-changing neutral current interaction [PJ] have been considered
before. In this work we examine the effect of vacuum neutrino oscillations
on the rate of shock reheating and compare it to the corresponding values
obtained earlier.

The rate at which energy is deposited by the neutrino capture on nucleons

is given by 7

1
4r R2,

(K (Ty) L. + Kp(T5,) L] (19)

~
~

where L,, and L;_ are the total v, and 7, liminosities, R, is the radius and
K, and K, are the neutrino absorption coefficients due to the reactions ([l
and (P))

K, = NaY,(o(E,)),a=p,n (20)

where N, is the Avagadro’s number, Y, is the nucleon number per baryon
and (o(E,)) is the reaction cross-section [PJ] averaged over the neutrino
spectrum, e.i.

(o(B,)) = (9:23 x 107*) 7fu(Eu)EV2dEV (21)

In the expression ([[9) we have neglected the neutrino energy loss term from
e* capture for simplicity [RJ].

The luminosities of the different neutrino species are found to be almost
equal in supernova models. For simplicity we consider identical energy spec-
trum for the v, and 7, and the matter to be composed entirely of free nucle-

ons. Then the heating rate becomes

B N4(9.23 x 1074 / fo(Ey)E,dE, (22)
AT R?, )
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If one takes into account the neutrino flavor oscillations then the rate of
heating is increased by

B, | FBIEE,

B T hB)EE,
0

where f2°¢ is given by ([[7).

We perform our calculations for (£,,) = (Ep,) ~ 15 MeV and (E,,) ~ 21
MeV B3] and with L ~ 100 km. We do our calculations for Am?, ~ 1075
or 107"eV? and Am3; &~ Ami; ~ 107* — 107'eV?2 For Am?, in the range
1072 — 107eV? we use the CHOOZ limiting value of 0.18, which is also
consistent with r-process constraints, for the mixing parameter 4|U.3]%(1 —
|U.3|?). For Am2, = 10~%V? there is no constraint from CHOOZ and for
this we use the maximum possible value of the mixing parameter allowed by
r-process. The value of EOSC / E obtained is presented in Table 1. Since above
2 x 1073eV? one gets average oscillations the heating rate is independent of
the value of Am?2. Tt is seen that the increase in heating obtained is not much.
The reason for such low value of E;)SC / F can be traced to the very small value
of U,z allowed by CHOOZ and r-process. For Am? = 10~%eV? although the
mixing parameter can be large the factor sin? 7L /) itself becomes very small
and there is very little effect of oscillations on the heating rate.

5 Conclusion

In this paper we have studied the effect of vacuum neutrino oscillations on
supernova nucleosynthesis and dynamics. The mass range that we can probe
is from 107 — 10~teV?2. The position of the MSW resonance for such mass
squared values is beyond the weak freeze-out radius. We have studied the
effect of such oscillations on the freeze-out value of Y, during the r-process
nucleosynthesis epoch and use the condition Y, < 0.45 as the criterion for a
successful r-process 3, ] to give constraints on the mixing between v, and
Yy (or v;) from a two generation analysis. If we assume two-generation v, -V,
oscillations to be operative then r-process rules out this mode as a solution
to the atmospheric neutrino anomaly, a result consistent with CHOOZ. Even
the small range that is allowed by CHOOZ at 99% C.L. is not allowed by
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r-process. On the other hand if we assume two-genaration v, — v, oscillations
to be operative then this provides the only bound on sin® 26,, in this mass
range.

We next go to the more realistic three-generation picture and take a
scenario of mass and mixing angles which simultaneously explains (i) the
solar neutrino problem and (ii) the atmospheric neutrino puzzle. The length
scales involved are such that the one-mass scale dominance limit applies and
the probabilities are functions of only one Am? and one gets an effective two-
generation picture with Am? replaced by Amis ~ Amss and sin?20 replaced
by 4U%(1 — U%). In the three-generation scheme under consideration these
are also the parameters relevant for CHOOZ and a comparison of the two
shows that our constraints on the mixing angles for the mass range 2 x 1073 —
10~ teV? are somewhat weaker. But for the mass range 10~ —1073¢V2 only r-
process can give bounds on the mixing parameters 6,,,(f.,) in two- generations
and U, in three-generations.

We also calculate the increase in the shock-reheating obtained via vac-
uum neutrino oscillations. In three-generation framework with the CHOOZ
constraint we obtain E;sc / F ~ 1.1. Since U.s is very low the mixing is very
small resulting in very little change in the heating rate.

The authors would like to thank Kamales Kar for many helpful discussions
and encouragement.
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Table 1. The ratio of the heating rate with and without oscillations
for different mass and mixing parameters.

Am%i’) 4|Ue3|2(1 - |Ue3|2) EOSC/E
10~ teV? 0.18 1.087
10~ 2eV? 0.18 1.087
1073eV? 0.18 1.073
10~ %eV? 0.90 1.067

Figure Caption

Fig 1. The Y, = 0.45 contours at two different post bounce times 3s ( L=90
km) and 12s ( L=45 km). The region to the left of the lines is allowed by
r-process. The mass and mixing parameters relevant for three-flavor mixing
are given within brackets. Also shown are the allowed parameters of the
v, — V. oscillation mode for the atmospheric neutrino data for all experiments

combined at 90% and 99% C.L. and the exclusion plot from the CHOOZ

experiment.

14



References

[1] G.J. Mathews, R.A. Ward, Rept. Prog. Phys. 48, 1371 (1985); J.J.
Cowan, F.K. Thielemann, J.W. Truran, Phys. Rep. 208, 267 (1991).

[2] K.-L. Kratz et al., ApJ. 403, 216 (1993).
[3] E.M. Burbidge et al., Rev. Mod. Phys. 29, 547 (1957).

[4] S.E. Woosley and R.D. Hoffman, ApJ. 395, 202 (1992), B.S. Meyer et
al. ApJ. 399, 656 (1992).

[5] S.E. Woosley et al., ApJ. 433, 229 (1994).

[6] G.J. Mathew and J.J. Cowan, Nature 345, 491 (1990).
[7] Y.Z. Qian et al. Phys. Rev. Lett. 71, 1965 (1993).

[8] E. Calabresu et al., Astroparticle Phys. 4, 159 (1995).

[9] L. Wolfenstein Phys. Rev. D34, 969 (1986); S. P. Mikheyev and A. Yu.
Smirnov, Sov. J. Nucl. Phys. 42(6), 913 (1985); Nuovo Cimento 9c, 17
(1986).

[10] J. N. Bahcall and P.I. Krastev, Phys. Rev. D53, 4211 (1996).

[11] Y. Fukuda et al., the Super-Kamiokande Collaboration, hep-ex/9805021];
Super-Kamiokande Collaboration, talk by Y. Suzuki at Neutrino-98,
June 1998, Takayama, Japan.

[12] K. S. Hirata et al., Phys. Lett. B280, 146 (1992).

[13] Y. Totsuka, talk at Lepton-Photon ’97, August 1997, Hamburg, Ger-
many; Y. Fukuda et al., the Super-Kamiokande Collaboration, Mea-
surement of a small atmospheric neutrino v,/v. ratio, to be published
in Phys. Lett. B (1998); Y. Fukuda et al., the Super-Kamiokande col-
laboration, hep-ex/980500(.

[14] M.C. Gonzalez-Garcia et al.,preprint hep-ph/9801369.

[15] M. Apolonio et al., preprint pep-ex/97110032.

15


http://arxiv.org/abs/hep-ex/9805021
http://arxiv.org/abs/hep-ex/9805006
http://arxiv.org/abs/hep-ph/9801368
http://arxiv.org/abs/hep-ex/9711002

[16] C. Athanassopoulos et al., Phys. Rev. Lett. 75, 2650 (1995).
[17] L. Borodovsky et al., Phys. Rev. Lett. 68, 274 (1992).
[18] B. Achkar et al., Nucl. Phys. B434, 503 (1995).

[19] N. Ushida et al., Phys. Rev. Lett B57, 2898 (1986); O. Erriquez et al.,
Phys. Lett B102, 73 (1981).

[20] A.S. Joshipura and P.I. Krastev, Phys. Rev . D50, 3484 (1994); G.L.
Fogli, E. Lisi and D. Montanio, Phys. Rev. D49, 3626 (1994); M.
Narayan et al., Phys. Rev. D53 | 2809 (1996).

[21] J.J. Gomez-Cadenas and M.C. Gonzalez-Garcia, Zeit. Phys. C71, 443
(1996). S. Goswami, Phys. Rev. D55, 2931 and references therein.

[22] G.M. Fuller et al., ApJ. 389, 517 (1992).

[23] H. Nunokawa et al., preprint hep-ph/9606445; H. Nunokawa et al.,
preprint hep-ph/9605301].

[24] For bounds on v, — v, mixing from accelerator experiments see [[[J].

[25] C.W. Kim and A. Pevsner, Neutrinos in Physics and Astrophysics, Har-
wood academic publishers.

[26] C. Guinti, preprint hep-ph/9802201.

[27] H. Bethe and J. R. Wilson, ApJ 295, 14, (1985).

28] E.Kh. Akhmedov et al., preprint hep-ph/9603443; H. Nunokawa et al.,
preprint pstro-ph/9610209.

16


http://arxiv.org/abs/hep-ph/9606445
http://arxiv.org/abs/hep-ph/9605301
http://arxiv.org/abs/hep-ph/9802201
http://arxiv.org/abs/hep-ph/9603443
http://arxiv.org/abs/astro-ph/9610209

Am 2 [ Am213]

le-1

l.e-2

1.e-3

le-4

l.e-5

AN

—
N — -

— c -

—_—

for L=90 km
for L=45 km

atm combined 90%
atm combined 99%

0.2 0.4 0.6 0.8

sin220 [ 4|Ug3|4(1-|Ue3|?) ]

Fig. 1

1.0



