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We discuss the effects of resonantne→ns and n̄ e→ n̄ s (ns is a sterile neutrino! conversions in the dense
medium of a supernova. In particular, we assume the sterile neutrinons to be in the hot dark matter few eV

mass range. The implications of such a scenario for the supernova shock reheating, the detectedn̄ e signal from
SN 1987A, and for ther -process nucleosynthesis hypothesis are analyzed in some detail. The resulting con-
straints on the mixing and mass difference for thene-ns system are derived. There is also an allowed region in
the neutrino parameter space for which ther -process nucleosynthesis can be enhanced.
@S0556-2821~97!04115-5#

PACS number~s!: 14.60.Pq, 13.15.1g, 97.10.Cv, 97.60.Bw

I. INTRODUCTION

The possibility that light sterile neutrinos can be mixed in
the leptonic charged current seems to be very appealing from
the point of view of the presentanomaliesobserved in the
neutrino sector: the solar@1# and atmospheric@2# neutrino
problems as well as the need for a few eV mass neutrino as
the hot dark matter in the universe@3,4#. Barring the possi-
bility that the three active neutrinos are nearly degenerate in
mass@5#, the simplest way to simultaneously account for
these observations is to postulate1 the existence of a light
sterile neutrino@7–9#. Moreover, some of these scenarios
may also account for neutrino oscillations between the elec-
tron neutrino and muon neutrino, as possibly hinted at the
Liquid Scintillation Neutrino Detector~LSND! experiment
@10#.

The conversions between neutrino species may change
significantly the phenomena occurring in supernova. Of par-
ticular interest is the conversion to a sterile neutrino
@SU(2)L singlet#, since the sterile state does not interact at
all with the supernova matter.

Here we focus on the resonant conversions of electron
neutrinos~or antineutrinos! to sterile neutrinos outside the
neutrinosphere. For the mass differencedm2,104 eV2 the
Mikheyev-Smirnov-Wolfenstein~MSW! resonance will oc-
cur in these regions of the supernova where neutrinos freely
stream. Note that for this mass range the conversions to ster-
ile neutrinos in the inner core can be neglected, for all values

of the mixing angles@11#. Hence, in the absence of other
nonstandard interactions, such as a large magnetic moment,
the sterile neutrinos are not emitted from the supernova core.
We will work always under this assumption. Moreover, we
assume that the mass eigenstate consisting mainly of the sin-
glet state is heavier, with mass between 1 eV and 100 eV.
The opposite case would require, however, special forms of
the mass matrices in order to avoid the constraints from neu-
trinoless double-b decay. This possibility certainly exists,
but for definiteness we do not consider it. Finally, we assume
that no other neutrino conversions, such as flavor conver-
sions, take place. Generalization to the case of three-neutrino
flavors is straightforward but model dependent.

The effects of such active to sterile transitions have been
previously discussed in@12–14#, mainly concentrating on the
effects for neutrino observations at terrestrial detectors. In
the present paper we consider the implications of resonant
ne→ns or n̄ e→ n̄ s conversions in the dense supernova me-
dium on the neutrino reheating of the shock wave@15,16#
and on then̄ e signal in terrestrial detectors, as well as on
supernova heavy-element nucleosynthesis@17#.

The effect of the electron neutrino to sterile neutrino con-
version on supernova nucleosynthesis~via rapid neutron cap-
ture process or so-calledr process! has not yet been dis-
cussed with sufficient detail. So far most studies have
concentrated on the case of active neutrinos, giving stringent
limits on electron, muon, andt neutrino conversions@18,19#.
Nevertheless, it has been suggested@20# that a resonant con-
version from muon neutrinos to sterile neutrinos, with a sub-
sequent conversion between electron and muon neutrinos,
would enhancer -process nucleosynthesis. The required con-
version pattern appears naturally in some specific models@7#.

Neutrino conversions may also influence the explosion
mechanisms of the supernova in different ways. Although
the main interest lies in the transitions among the active neu-
trino species@21#, it has also been suggested that conversions
between sterile and active neutrinos may enhance the explo-
sion @22#. However, for the mass range we are considering,
such an enhancement is not possible; the conversions
weaken the shock wave, preventing the explosion.
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In Sec. II we give a quick reminder on the picture of the
neutrino propagation in matter and on the resonantne-ns
conversion@23#. In Sec. III we give a qualitative discussion
of the electron concentrationYe in a supernova and on the
effects of the active-sterile neutrino conversions onYe and,
in turn, on the neutrino evolution itself. This can lead to
nontrivial feedback effects@24–26#. Section IV A discusses
the implications ofne-ns conversions for the neutrino reheat-
ing mechanism. In Sec. IV B we analyze the impact of our
scenario in the later epoch of supernova evolution~few sec-
onds after the core bounce! for the supernova~anti!neutrino
detection~Sec. IV B 1! as well as forr -process nucleosyn-
thesis~Sec. IV B 2!. In Sec. V we summarize our results and
discuss their significance, by comparing the supernova limits
we derive with the laboratory and nucleosynthesis limits on
ne-ns conversions.

II. ACTIVE-STERILE NEUTRINO RESONANT
CONVERSION

In our discussion we only consider the conversion chan-
nels ne→ns and n̄ e→ n̄ s where ns ( n̄ s) is the sterile
neutrino.2 For the sake of simplicity we will not consider the
effect ofne↔nm,t and n̄ e↔ n̄ m,t conversions. In the follow-
ing we consider thedm25m2

22m1
2.0 case, corresponding

~for sufficiently small mixing angle! to the situation in which
the heavier state is mostly the sterile neutrino.

The evolution of thene-ns system in the matter back-
ground is determined by the Schro¨dinger equation

i
d

dr S ne
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where the effective potentialVe for ne arises from the coher-
ent forward-neutrino-scattering off-matter constituents@23#
and is given by3
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HereGF is the Fermi constant,r is the matter density,mN is
the nucleon mass, andne andnn are the net electron and the
neutron number densities in matter, respectively. Note that
charge neutralityYp5Ye is assumed and that there is no
potential for ns , i.e., Vs50. For the systemn̄ e→ n̄ s the
matter potentials just change their sign.

The resonance condition reads as

Ve5
dm2

2En
cos2u. ~4!

Let us recall that fordm2.0, either the conversion
ne→ns ~for Ve.0, i.e.,Ye.1/3) or n̄ e→ n̄ s ~for Ve,0, i.e.,
Ye,1/3) takes place. This is important because, as we will
see later, in the region above the neutrinosphere the matter
potentialVe changes its sign due to the different chemical
content. For our later discussion, it is instructive to know the
profiles of the matter density and of the electron fraction
Ye outside the neutrinosphere. In Figs. 1~a! and 1~b! we plot
these quantities fort,1 s post bounce~PB! andt.1 s PB as
given by the Wilson supernova model@27#. We can see that
the electron concentrationYe is rather low just near the neu-
trinosphere,Ye'0.1 and 0.01 for the earlier and later epochs,
respectively, and far away it increases to values* 0.4. On

2In the ultrarelativistic limitns and n̄ s have opposite helicity.
3The effective potential should also contain contributions from the

neutrino background. We have ignored them since the neutrino den-
sities in the relevant regions are at least one order of magnitude
smaller than the corresponding electron densities, and the neutrino
terms in the effective potential involve an additional suppression
factor because most neutrinos travel almost in the same direction.

FIG. 1. ~a! Typical matter density~solid line! andYe ~dotted
line! profiles versus the radial distance from the center of the star, in
Wilson’s numerical supernova model att50.15 s after the core
bounce. The diagonal cross indicates the position of the surface of
the neutrinosphere.~b! Same as in~a! but for t;6 s after the core
bounce.
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the other hand, the matter densityr exhibits a monotonically
decreasing behavior. In Figs. 2~a! and 2~b! we plot the
modulus of the effective matter potentialVe using the matter
density andYe profiles as given in Figs. 1~a! and 1~b!. The
position whereYe takes the value 1/3~i.e., Ve50) is indi-
cated byr * . This position corresponds tor *'160 km and
12 km for the earlier and later epochs, respectively. Clearly,
the effective potentialVe changes its sign from negative to
positive at the pointr * .

The resonance condition in Eq.~4! provides thedm2

value for which neutrinos with some given energy can expe-
rience the resonance for a certain value of the potential~or,
equivalently, at some positionr ). For the sake of conve-
nience, in the right ordinate of Fig. 2 we have also indicated
such corresponding values ofdm2 for typical neutrino en-
ergy E510 MeV. We see that fordm2*102 eV2 only
n̄ e→ n̄ s conversions can take place, and this happens in the
region whereYe<1/3. On the other hand, for smaller values
dm2&102 eV2, there can occur three resonances. Then̄ e’s
are first converted, say, atr 1,r * ; then, there are two reso-

nance points atr 2 and r 3, where r 3.r 2.r * ~i.e., in the
region whereYe.1/3), for thene↔ns channel. In order to
illustrate this more explicitly we plot in Fig. 3 the schematic
level crossing diagram forne-ns and n̄ e- n̄ s systems, assum-
ing the mixing angle to be small. From this figure, it is also
manifest that thens’s originated from the firstne conversion
~at r 2) can be reconverted intone’s at the second resonance
~at r 3). In our subsequent discussion, we will employ the
simple Landau-Zener approximation@28,29# to estimate the
survival probability after the neutrinos cross the resonance.
Under this approximation, thene ~or n̄ e) survival probability
is given by~in the case of small mixing angle!

P5expS 2
p2

2

dr

Lm
resD

'expF22310253sin22uS dm2

eV2
D 2

3S 10 MeVEn
D 2S dVedr

km

eVD
res

21G , ~5!

where Lm
res is the neutrino oscillation length at resonance.

Notice that fordr /Lm
res.1 the resonant neutrino conversion

will be adiabatic@23#. We can expect the maximal sensitivity
to the mixing angle fordm25104 eV2. From Figs. 2~a! and
2~b! one can estimate that in this case the resonance occurs at
high densityr;1011–1013 g cm23 just above the neutrino-
sphere, where the gradientdVe /dr;1–1022 eV km21.
From Eq. ~5! we can estimate that the conversion will be
adiabatic for sin22u*1026–1024.

As a result of the double resonances for thene↔ns chan-
nel, thene survival probability after the second resonance is
given by

FIG. 2. ~a! The modulus of the matter potentialVe in Eq. ~3!
versus the radial distancer from the center of the star. This is
obtained using the matter density andYe profiles in Fig. 1~a!, at
t,1 s after the core bounce. The solid and dashed lines correspond
to positive and negative potentials, respectively, and the position
whereVe50 is denoted byr * . We also indicate, in the right ordi-
nate, thedm2 values for which aE510 MeV neutrino undergoes
resonant conversion, for the corresponding value ofuVeu on the left
ordinate~small mixing angle is understood!. ~b! Same as in~a! but
for t.1 s after the core bounce.

FIG. 3. Schematic figure illustrating the level crossings forne-

ns and n̄ e- n̄ s systems. The energy levels ofne ~solid line!, n̄ e

~dashed line!, andns , n̄ s ~horizontal line! are given as functions of

the stellar radius. The positions wheren̄ e→ n̄ s and ne↔ns reso-
nances occur are indicated byr 1, r 2, andr 3, respectively.
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P~ne→ne!5P~r 2!P~r 3!1@12P~r 2!#@12P~r 3!#, ~6!

whereP(r 2) andP(r 3) are the survival probabilities calcu-
lated according to Eq.~5! at r 2 and r 3, respectively.

III. FEEDBACK INDUCED BY THE NEUTRINO
CONVERSION

All the neutrino species emitted from the neutrinosphere
have approximately the same luminosityLn after a few ms
PB, characterized by a thermal Fermi distribution with tem-
peratureTn and zero chemical potential. The typical duration
of the neutrino emission is about 10 s.

A. Neutrino emission and absorption reactions andYe profile
in a supernova

In the region outside the neutrinosphere, due to the in-
tense neutrino radiation, the electron fraction is determined
by the neutrino capture by nucleons and by their reverse
processes:

ne1n↔p1e2, ~7!

n̄ e1p↔n1e1. ~8!

In particularYe above the neutrinosphere is approximately
given by @18#

Ye'
le1n1lnen

le2p1le1n1l n̄ ep
1lnen

. ~9!

The neutrino capture rates depend essentially on the neutrino
luminosityLn and energyEn ,

lnN'E
0

`

f0~En!snN~En!dEn}
Ln

^En&
^En

2&}Ln^En&,

~10!

where (n,N)5(ne ,n) or ( n̄ e ,p). The neutrino luminosity is
given by the blackbody surface emission formula
Ln55.631046r n

2Tn
4 ergs/s~herer n is given in km andTn in

MeV!. For our purpose it is sufficiently accurate to assume
the neutrino differential fluxf0(En) to be given by

f0~En!5
Ln

4pr 2
En
2 /~eEn /Tn11!

E En
3dEn /~e

En /Tn11!

. ~11!

On the other hand, the rates for the inverse processes depend
strongly on the matter temperatureT and are given as

leN'
1

p2E0
` seN~Ee!Ee

2

exp@~Ee7me!/T#11
dEe}T

5, ~12!

whereseN is the electron or positron capture cross section
with (e,N)5(e2,p) or (e1,n). ~In the above formula the
negative sign in front ofme is for electrons and the positive
sign is for positrons.!

In Figs. 4~a! and 4~b! we have plotted the above rates
lnN andleN ~for the earlier and later epochs, respectively! as

a function of the distance from the center of the star. For
convenience we have also plotted the matter temperature
profile by the solid line~see the right ordinate scale!. One
can see from Figs. 4~a! and 4~b! that close to the neutrino-
sphere the ratele2p dominates over the others, and hence
Ye is less than 1/3@see Eq.~9!#, as can be seen from Figs.
1~a! and 1~b!. As r increasesle2p decreases faster than
lnN and henceYe increases. At some pointr;r * where
le2p;lnN , the fractionYe takes the value 1/3. In the region
r.r * where the neutrino absorption reaction is high enough
to dominate the proton-to-neutron ratio, the electron fraction
is given by

Ye'
lnen

l n̄ ep
1lnen

'
1

11^E n̄ e
&/^Ene

&
, ~13!

assuming the fluxes to be given as in Eq.~11!. For the typical
energieŝ Ene

&;11 MeV and^E n̄ e
&;16 MeV at t.1 s PB,

we findYe50.41, in good agreement with numerical super-
nova models@18#. The above discussion explains well the
behavior of theYe profiles shown in Figs. 1~a! and 1~b!.

FIG. 4. ~a! Main neutrino reaction rates~left ordinate! versus the
radial distance from the stellar center att,1 s after the core

bounce:nen→pe2 ~solid curve!, n̄ ep→ne1 ~dot-dashed curve!,

e2p→nen ~dashed curve!, ande1n→ n̄ ep ~dotted curve!. The tem-
perature profile~right ordinate! is also shown by the solid line~la-
beledT). We assume a neutrino~and antineutrino! luminosity of
Ln51052 ergs/s.~b! Same as in~a! but for t.1 s after the core
bounce.
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B. Feedback effect on neutrino conversion

Now let us come to the main point concerning the effect
of the neutrino conversion upon the electron content in the
matter. Suppose that at some positionr 0 and timet0 neutrino

conversionsne→ns or n̄ e→ n̄ s occur. From Eqs.~4! and~5!
we see that the conversion probability depends on the value
of Ye and its derivative at the resonance positionr 0. The

neutrino conversionsne→ns or n̄ e→ n̄ s reduce the value of
lnen

or l n̄ ep
and this could lead to the modification ofYe in

the regionr.r 0 @see Eq.~9!#. If the modification ofYe is
fast enough, it could affect any subsequent neutrino conver-
sion occurring at some positionr.r 0 and timet.t0. This
subsequent neutrino conversion could again modify the value
of Ye , and so on. In this way, neutrino conversion rates and
the electron fraction continuously affect each other during
the neutrino emission, leading to nontrivial feedback phe-
nomena for the neutrino transitions. These should in prin-
ciple be taken into account self-consistently in neutrino con-
version studies. It is well known that in the early universe
feedback effects on the neutrino background should be re-
flected in the evolution of neutrinos@24# and such effects
have been studied in Ref.@25#. On the other hand, in the
context of supernova physics, feedback effects on the neu-
trino background have recently been studied in Ref.@26#. In
what follows we will consider the analogous effect for the
electron abundanceYe .

From our discussion in Sec. III A, we can immediately
understand that the feedback is operative only when
lnN@leN @see Eq.~9!#. Right after the bounce (t,1 s PB!
the relevant resonance layers lie so far away from the stellar
core that thelnN is too small sincef0}r n

2 /r 2 @cf. Eq. ~11!#
and as a result feedback effects would be small. On the other
hand, later on (t.1 s PB! the neutrinosphere shrinks so
much thatlnN is high at the relevant resonance positions
~now they lie much closer to the center! and, as a result, the
feedback effects would be potentially important.

The neutrino conversion could be affected by the feed-
back either by shifting of the resonance position or through
its effect on the adiabaticity. Let us first see the effect on the
resonance position. For simplicity let us assume thatYe is
determined only bylnN as in Eq.~13!. In the region where
Ye.1/3 (Ye,1/3) thene→ns ( n̄ e→ n̄ s) conversions occur
and this tends to a decrease~increase! in Ye in the region
above the resonance layer becauselnen

(l n̄ ep
) decreases.

This could affect the resonance condition for the subsequent
neutrinos, leading to a shift of the resonance position. More-
over, if the value ofYe becomes less or equal to 1/3, the
subsequentne→ns conversion would be suppressed because
the resonance condition is not satisfied. This is therefore a
negative feedback. Analogously, a negative feedback is also
present for then̄ e→ n̄ s channel.

Let us now turn to the feedback effect on the adiabaticity.
The neutrino conversion would change the potential gradient
gradually, as neutrinos of different parts of the energy spec-
tra reach the resonance. In the case ofn̄ e→ n̄ s conversion,
the depletion of the antineutrino flux drivesYe up by de-
creasing the antineutrino capture rate, and so it tends to in-
crease the absolute value of the potential and its gradient.
This weakens the adiabaticity of the neutrino conversion. As

for the ne→ns conversion, in the increasing part of the po-
tential in Fig. 2, due to the decrease ofYe caused byne to
ns conversion, the shape of the potential would be flattened,
leading to better adiabaticity. On the other hand, for the de-
creasing part of the potential~see again Fig. 2!, the potential
gradient would be steepened, leading to worse adiabaticity.

Let us now consider the relevance of the feedback in
terms of thedm2 involved. We can distinguish three differ-
ent ranges ofdm2: ~i! 103 eV2,dm2,104 eV2, ~ii ! 102

eV2,dm2,103 eV2, and~iii ! dm2,102 eV2. For the mass
range~i! and ~ii ! ~see Fig. 2!, only antineutrino conversions
take place, while for the range~iii ! both neutrino and an-
tineutrino conversions take place. In range~i!, the transitions
occur close enough to the neutrino sphere, where the
e2p→nen reaction dominates over the corresponding neu-
trino absorption reactions. In this caseYe around the reso-
nance position is not affected by then̄ e→ n̄ s conversion.
Hence the feedback is irrelevant for this mass range.

On the other hand, for the range~ii !, the conversions oc-
cur farther away from the neutrinosphere where the
e2p→nen rate becomes comparable to that ofn̄ ep→e1n,
especially in the later epoch. Hence the antineutrino conver-
sion would be somewhat more affected by the feedback than
in the previous case. However, the effect is still not large,
sincele2p is not small compared tolnN .

Finally, for the range~iii ! the situation is more compli-
cated. In this case three resonant conversions can occur: one
in the n̄ e→ n̄ s channel and two in thene↔ns channel~see
Fig. 3!. For the n̄ e→ n̄ s resonant conversion~at r 1,r * ) the
preceding conclusion still holds and the feedback is not im-
portant. Similarly the next conversionne→ns ~at r 2.r * ) is
not too affected by the feedback due to its proximity to the
core, as before. Moreover, thisne→ns conversion is ex-
pected to have the same degree of adiabaticity as that of the
previous antineutrino conversion, due to roughly the same
steepness of the matter potential. As a result
P( n̄ e→ n̄ e ;r 1)'P(ne→ne ;r 2) and, to some extent, the
change inYe at r 2 will be compensated by that atr 1, leading
to a small net feedback.4

Now let us come to the last resonance in the channel
ne↔ns , at r 3. This conversion could be significantly af-
fected by the feedback because in the region around
r 3(@r * ) Ye is determined only by thelnN reaction rates,
since the inverse rates are small, as seen from Fig. 4~b!. For
the sake of discussion, let us first consider the case where the
conversions atr 1 and r 2 are sufficiently adiabatic. In this
case the resonance atr 3 is also expected to be very adiabatic,
since the slope of the potential aroundr 3 is much less steep
than that for the previous resonances. Therefore, thene flux
would be completely recovered by the last conversion
ns→ne at r 3. This last conversionns→ne would remain
adiabatic because the increase ofYe due to the conversion
would not violate the adiabaticity but simply shift the reso-

4This observation is strictly true in the case of absence of the
feedback. However, since the feedback effect may slightly decrease
the adiabaticity of antineutrinos and increase the adiabaticity of
neutrinos, the conversion probability for neutrinos may be a little
larger than for antineutrinos.
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nance position. As a result we conclude that it would not be
affected by the feedback. In the opposite case, when atr 1
and r 2 the conversions are not adiabatic (P;1), the feed-
back effect, due to the lastne↔ns transitions, could be very
important. The depletion of the electron neutrino flux and the
unchangedn̄ e flux would lower the value ofYe and hence
Ve , with the effect of shifting the resonance positionr 3 at
lower values. At the same time the potential gradient be-
comes steeper and hence the conversions become less adia-
batic, leading to the suppression of thene→ns transition. In
this case we would have a net feedback effect on the neutrino
conversion. This situation occurs for rather small mixing
angle sin22u,1022 and fordm2,102 eV2. We can have a
quantitative insight into the significance of the effect from
Eq. ~13! by simply requiringYe>1/3. For simplicity, let us
assumeP n̄ e

(r 1);Pne
(r 2);1. Thus we can deduce a lower

bound for the survival probability atr 3, Pne
(r 3)*0.7. In

other words, the secondne→ns conversion would be
stopped when about 30% of the lower part ofne spectra are
converted tons ~because the lower energy neutrinos undergo
resonance before the higher ones! even if the conversion is
initially very adiabatic.

Instead of taking into account this feedback effect upon
the neutrino evolution, we simply stop thene→ns conver-
sion whenYe reaches the value of 1/3.

We conclude that the feedback effects would be small and
could be neglected in the earlier epoch in the region relevant
for our discussion. As for the later epoch, the feedback may
be more relevant especially for the rangedm2,102 eV2.

IV. CONSTRAINING NEUTRINO PARAMETERS

In this section we are mainly concerned with the implica-
tions of active-sterile neutrino conversions for supernova
physics. For the earlier epoch of supernova evolution active-
sterile neutrino conversions would suppress the shock reheat-
ing. For the later epoch active-sterile neutrino conversions
could suppress the detectedn̄ e signal from SN 1987A. On
this basis we derive stringent constraints on the neutrino pa-
rameters. On the other hand, these conversions could affect
the r -process nucleosynthesis in the later epoch, either to
suppress or enhance it. In the first case we again analyze the
restrictions on neutrino parameters.

A. Earlier epoch: t<1 s after core bounce

In the following we consider only the epoch after the core
bounce and the neutrino evolution in the regions outside its
neutrinosphere. Indeed, for the rangedm2<104 eV2 neu-
trino transitions in the dense matter of the core (r;1013

g/cm3) are strongly suppressed@11,13#.
At this time areflectedshock wave is formed between the

inner homologously collapsing part and the supersonically
falling outer portion of the initial iron core. This shock
propagates through the mantle and may result in mass ejec-
tion when it reaches the surface of the star. In fact the shock
suffers energy loss due in particular to the emission of neu-
trinos which prevents a successful explosion of the star. As
soon as the shock wave has passed through the neutrino-
sphere there is a large burst ofne’s. Subsequently on a time
scale of several seconds after the core bounce the emission of

all neutrino species drives the evolution of the star to the
final cool and neutron star. The epoch within 1 s after the
core bounce is rather important for the reheating of the shock
wave. In the delayed explosion mechanism@15,16# the neu-
trino energy deposition, occurring between the neutrino
sphere and the site where the shock is stalled, can restart the
shock and power the explosion. As can be seen from Fig.
4~a!, at r;300–400 km away from the neutrinosphere the
neutrino absorption rate on free nucleons dominates over the
capture of electrons. At this position the energy transfer from
neutrinos to the matter takes place so as to help the shock.5

In the absence of neutrino conversions the corresponding
energy gain~per nucleon! dE/dt[Ė(t) is

Ė~ t !'
LnsnN

4pr 2
, ~14!

where Ln is the total ne1 n̄ e luminosity and snN;9
3102443En

2 cm2. For Ln;331052 ergs/s,En510 MeV,

andr5300 km, we findĖ(t);20 MeV s21. This rate seems
to be large enough on the time scale of 0.1–0.2 s if compared
with the gravitational potential~per unit mass! GNMr /r;
7–10 MeV of the material stopped behind the shock
(Mr;1.5M( is the included mass!. Thus the neutrino en-
ergy transfer can help the material to overcome the gravita-
tion of the star and escape it. The success of this scenario
strongly depends on the neutrino luminosity. Clearly the ster-
ile conversionne→ns or n̄ e→ n̄ s would imply a depletion of
active neutrino luminosity and thereby can spoil the reheat-
ing process@13#.

We have calculated the ratioR of the neutrino heating
rate in the presence ofne→ns and n̄ e→ n̄ s transitions to the
corresponding rate in the absence of such transitions. Fol-
lowing Ref.@16# we use an approximate expression forR, in
which we neglect the reemission of neutrinos by the heated
matter, leading to

R5
Yn8Ėnen

8 ~ t !1Yp8Ė n̄ ep
8 ~ t !

YnĖnen
~ t !1YpĖ n̄ ep

~ t !
, ~15!

ĖnN~ t !;E EnsnNf0~En!dEn ,

EnN8 ~ t !;E EnsnNP~En!f0~En!dEn , ~16!

where the primed quantitiesYp8 andYn8 stand for the proton
and neutron abundances calculated in the presence of active-
sterile neutrino conversions.

In Fig. 5 we plot the isocontour for different values of the
ratio R in the parameter space (dm2,sin22u). Requiring a
moderate effectR.0.9, one can exclude sin22u.1028 for
dm2;104 eV2, whereas for smaller massdm2, 1–10 eV2,
the bound on the mixing is weaker and lies in the range

5Other mechanisms for energy deposition, such as neutrino scat-
tering off electrons or neutrino-antineutrino annihilation, are less
efficient @30# and thereby we neglect them in the following.
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sin22u.731025–531023. Note that our bounds are in
qualitative agreement, though slightly more stringent than
those found, e.g., in Ref.@13#.

B. Later epoch: t>1 s after core bounce

For the later epoch we consider the effect of active-sterile
neutrino conversions both on then̄ e signal as well as the
r -process nucleosynthesis and analyze the possible restric-
tions on neutrino parameters.

1. Implications for the detection of the SN 1987An̄e signal

The Kamiokande II and IMB detectors observed 11 and 8
n̄ e events, respectively, from SN 1987A@31,32#. This is in
agreement with the theoretical expectations, which predict
that almost all of the released gravitational energy is radiated
in all neutrino and antineutrino flavors. Significant conver-
sion of n̄ e’s into a sterile neutrino would be in conflict with
this evidence. We can just apply this consideration to con-
strain the neutrino mixing and mass difference.

We plot in Fig. 6 three contours of then̄ e survival prob-
ability P for the n̄ e→ n̄ s conversion, in the (dm2,sin22u)
parameter space. The upper line is forP50.1, the lower one
is for P50.7, and that in the middle corresponds to
P50.5. If we assume that the successful observation of the
SN 1987A signal implies that at least 50% of the expected
n̄ e signal has been detected, one can conclude that all the
portion above the contour ofP50.5 is ruled out. For
dm25104 eV2, the range sin22u.531026 is excluded
whereas fordm251–10 eV2 the nonadiabatic character of
the conversion implies a much looser bound, sin22u>1021.
Our results are again in qualitative agreement with those in
@12,13#.

Now we would like just to briefly comment on the rel-
evance of the large volume detectors, such as Superkamio-
kande@33# or SNO @34#, aimed to detect supernova neutri-
nos. A galactic supernova event would produce, e.g., about
5000 events throughn̄ ep reaction in the Superkamiokande

detector. Such a huge statistics may not only allow one to
determine the neutrino flux with good accuracy but also may
provide the necessary sensitivity to measure, e.g., the neu-
trino energy spectrum. The resonant conversion between
electron neutrinos and sterile neutrinos may show up as a
deficit of neutrino events, distortion of spectra, time-
dependent flux, etc. The absence of a deficit in the expected
number of events can be used to further constrain the neu-
trino parameters. In the Superkamiokande detector a number

of n̄ e events not larger than 2500 would disfavor all the
region above the isocontour ofP50.5 in Fig. 6. However,
the observation of a possible deficit on electron neutrinos or
antineutrinos is not in itself a distinguishable signal for any
specific conversion mechanism. Moreover, the precision of
any conclusions that can be drawn from these considerations
is limited by the uncertainties in the theoretical neutrino
fluxes.

A better signal is the distortion of the neutrino energy
spectrum that would arise from the neutrino conversion. The
energy dependence of the adiabaticity condition may already
cause a mild distortion; typically, neutrinos of lower energies
have larger conversion probabilities. That is, however, a
general feature of the resonant conversion irrespective of
the specific neutrino channel. However, we can envisage a
possible distortion caused by the feedback effect. As dis-
cussed in Sec. III, the feedback effect may cause a 30%
reduction of neutrino events in the low energy portion of
the neutrino spectrum~with a sharp cutoff energy close to 10
MeV!. In other words, there will be a tendency for neutrinos
above this energy to be blocked from converting. In order
for this to happen, the following conditions are to be satis-
fied: ~1! The first resonances~for electron neutrinos and
antineutrinos! must be nonadiabatic, i.e., fordm2,102

eV2, sin22u,1022; ~2! the last resonance should be in the
region where the electron fraction is determined by the neu-
trino absorption reactions, i.e., fordm2.1 eV2; and ~3! the
last resonance should be adiabatic. A more detailed and care-
ful analysis will be given elsewhere@35#.

FIG. 5. Contour plot of the ratioR of the neutrino energy depo-
sition behind the shock wave in the presence of conversions into
sterile neutrinos, versus the case without conversions, as defined in
Eq. ~15!.

FIG. 6. Contour plots of the survival probabilityP ~figures at

the curve! for the n̄ e→ n̄ s conversion att.1 s PB. The region to
the right of the curves can be excluded by the observation of the SN

1987A n̄ e signal.
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2. Implications for r-process nucleosynthesis

The implications of resonant neutrino conversions into ac-
tive neutrinos for the supernova nucleosynthesis have been
recently investigated in a number of papers@18,19#.

Ther process is responsible for synthesizing about half of
the heavy elements with mass numberA.70 in nature. It has
been proposed that ther process occurs in the region above
the neutrinosphere in supernovas when significant neutrino
fluxes are still coming from the neutron star@17#. A neces-
sary condition required for ther process isYe,0.5 in the
nucleosynthesis region. TheYe value at large radii above the
neutrinosphere, where ther -process nucleosynthesis takes
place, is determined, as we have discussed in Sec. III, only
by the neutrino absorption rateslnen

and l n̄ ep
. Therefore,

Ye in the nucleosynthesis region is approximately given by
Eq. ~13!. We have also learned that the presence of neutrino
conversions into a sterile state can affect the corresponding
Ye . Thereby, in the nucleosynthesis region we can write
Ye as

Ye'
1

11P n̄ ^E n̄ e
&/Pn^Ene

&
. ~17!

As we already noted then̄ e→ n̄ s conversion leads to a re-
duction of n̄ e luminosity and hence to an increase ofYe ,
whereas thene→ns conversion acts in the opposite way.
Depending on thedm2 range, one channel dominates over
the other one. Fordm2>102 eV2, only n̄ e→ n̄ s can occur
which increasesYe with respect to the case with no an-
tineutrino conversion. For smaller values ofdm2 there is an
interplay of both conversionsn̄ e→ n̄ s andne→ns which can
makeYe,0.4, hence enhancing ther process.

Properly averaging the neutrino absorption rates over the
neutrino Fermi distribution, we have calculated the electron
abundanceYe at the site where the heavy elements nucleo-
synthesis should take place as a function of (dm2,sin22u). In
Fig. 7 we present our result.

For a successfulr process, the region aboveYe.0.5 is
ruled out. Fordm2>102 eV2 and sin22u.231026–1025

only the n̄ e→ n̄ s channel undergoes the conversion. As we
have discussed in Sec. IV, this region is also disfavored by
the neutrino reheating consideration~Fig. 5!. In correspon-
dence of the corner delimited by 50 eV2<dm2<102 eV2

and sin22u.1023 the conversions take place in both chan-
nels n̄ e→ n̄ s and ne↔ns and are adiabatic enough. In this
case the significant suppression of then̄ e flux and the recov-
ery of the originalne flux at r 3 would lead toYe.0.5–1.

On the other hand, we find that the supernova nucleosyn-
thesis could be enhanced in the region enclosed by the dotted
contour Ye50.4, delimited by dm2<102 eV2 and
sin22u>1025. Inside the contour ofYe50.33,Ye becomes
stabilized to 1/3 due to the feedback effect~in the absence of
the feedbackYe would be lower than 1/3—see the discussion
in Sec. III B!. We see that the mass range more promising for
the neutrino hot dark matter scenario,dm2<10 eV2, is fa-
vorable for ther -process nucleosynthesis and it is neither in
conflict with the reheating process~see Fig. 5! nor with
SN 1987A observations~see Fig. 6!.

V. DISCUSSION

In this paper we have investigated the effect of resonant
conversions ofne or n̄ e into sterile neutrinos in the region
above the hot proto-neutron star in type-II supernova. For
cosmologically interesting mass values~1–100 eV! and mix-
ing angle sin22u*1027–1025, bothne and n̄ e could be con-
verted intons and n̄ s ~respectively! in the region outside the
neutrinosphere due to the nonmonotonic behavior of the ef-
fective matter potential. Such a conversion could lead to the
depletion ofne and n̄ e fluxes, resulting in a suppression of
the neutrino reheating behind the stalled shock and of the
expectedn̄ e signal in terrestrial detectors. On the basis of
these arguments we have derived constraints on the neutrino
mass and mixing parameters. We have found that for
dm2sin22u*1023 eV2, the energy deposition byne and n̄ e
absorption reactions during the shock reheating epoch
(t,1 s after the bounce! could be significantly decreased.
This is not welcome for the delayed explosion scenario
which relies on the revival of the shock by neutrino reheat-
ing.

The successful observation of the SN 1987An̄ e signal in
the IMB and Kamiokande detector can also be used in order
to rule out a similar parameter range. Indeed, requiring that
the total n̄ e flux during the thermal neutrino emission epoch
(t;1–10 s PB! should not be significantly depleted by
n̄ e→ n̄ s conversion enables us to rule out the range
dm2sin22u*1021 eV2.

We further point out that depending on which conversion
channelne→ns or n̄ e→ n̄ s is dominant,r -process nucleo-
synthesis, which might take place in neutrino-heated super-
nova ejects at 1,t&20 s PB, could either be suppressed or
enhanced. For the parameter rangedm2sin22u*1021 eV2

where n̄ e→n s̄ conversion is dominant,Ye at the nucleosyn-
thesis site could become larger than 0.5 and hence ther
process would be prevented, leading to the exclusion of this

FIG. 7. Contour plots for the electron concentrationYe ~figures

at the curves! taking into accountn̄ e→ n̄ s andne→ns conversions
at t.1 s PB. The region to the right of the solid line labeled 0.5 is
ruled out by the conditionYe,0.5 necessary forr -process nucleo-
synthesis to occur. For the parameter region inside theYe50.4
dotted contourr -process nucleosynthesis can be enhanced.
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range of mass and mixing. On the other hand,r -process nu-
cleosynthesis could be enhanced due to the decrease ofYe
down to the minimum value 1/3. This is due to the fact that
the ne→ns conversion is dominant if the parameters are in
the regiondm2&100 eV2 and sin22u*1025.

We have also discussed that, in contrast to the usual reso-
nant conversion among active neutrinos~such asne↔nm ,
nt), the decrease or increase ofYe due to ne→ns or
n̄ e→ n̄ s conversion could be important in the estimation of
the conversion probabilities. Indeed, the conversion could be
suppressed whenYe reaches a value close to 1/3. Such an
effect may take place both forne→ns or n̄ e→ n̄ s resonant
conversions. However, such a feedback effect should not be
operative when the conversion occurs in the region where the
electron or positron capture reaction is dominant over the
neutrino absorption reaction, or if both conversions (ne and
n̄ e channels! occur in the same region.
Finally, we wish to remark on the importance of the su-

pernova constraints on active-sterile neutrino conversions we
have derived here. Most high-energy particle physics experi-
ments are insensitive to the possible existence of sterile neu-
trinos since these do not couple to the electroweak currents.
However, their admixture in the charged current weak inter-
action could show up in reactor neutrino disappearance
searches. The laboratory limits on the mixing between elec-
tron neutrinos and sterile neutrinos are quite weak for this
mass range. From reactor experiments the bound is weaker
than sin22u&0.01 @36#, far weaker than the supernova limits
we derive. In contrast, for large mixing the reactor limit on
dm2&1022 eV2 is stronger than the corresponding super-
nova limits.

A much stronger argument to constrain active-sterile neu-
trino conversions comes from big-bang cosmological nucleo-
synthesis. Assuming that the number of effective neutrino
species is bounded to be less than 4, one has@37#

dm2sin42u&531026 eV2, n5ne , ~18!

dm2sin42u&331026 eV2, n5nm ,nt . ~19!

Although there have been some discrepant observational de-
terminations of the primordial deuterium abundances@38,39#
which suggested possible revisions of the big-bang nucleo-
synthesis constraints on nonstandard neutrino physics, the
situation has recently changed. Indeed, after Tytler’s number
reported at the Texas Symposium in 1996,D/H&331025

@40#, there has been a swing back towards lowerD/H values.
Such tighter constraints on primordialD/H would bring the
limit on the effective number of light neutrinos down to
about 3.5 using the maximum liklihood method by Copi,
Schramm, and Turner@41#. In this case the constraint on
active-sterile neutrino conversions from big-bang nucleosyn-
thesis would be somewhat more stringent than given by Eq.
~18!, barring, of course, unconventional assumptions, such as
the existence of relic neutrino asymmetries@42#. In any case,
it should be clear that the restrictions on active-sterile neu-
trino oscillation parameters we have obtained from super-
nova theory and observations are complementary to those
obtained from cosmology and are therefore quite relevant.
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