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We study the properties of the oscillation effects in the matter of the Earth on antineutrino fluxes from
supernovae. We show that these effects can provide an explanation of the difference in the energy spectra of
the events detected by Kamiokande-2 and IMB detectors from SN 1987A as well as the absence of high-energy
events withE=40 MeV. This explanation requires the neutrino oscillation paraméters and sirf 26 to be
in the region of the large mixing angle solution of the solar neutrino problem and the normal mass hierarchy
if |Ugs|2=1073. The hierarchy can be inverted |if) .5|><1073. The solution of the solar neutrino problem
based orv, conversion to a pure sterile state is disfavored by SN 1987A data.
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[. INTRODUCTION a large lepton mixing was considered unnatural and conver-

sion with small mixing angle was indicated as the most plau-

The detection of the neutrino burst from SN 1987A by thesible solution of the solar neutrino problem. Moreover, later
Kamiokande-Z 1] and IMB [2] detectors has confirmed the it was argued10,1] that a large mixing of electron neutri-

general picture of gravitational collapse, hot neutron star forngs s disfavored by the SN 1987A data: tEgH;M I,
mation, and neutrino emissidsee[3,4] for a review. ~ conversion inside the star leads to the appearance of a high
_ At the same time certain features of the detected neutringnergy tail in the spectrum that contradicts observations. The

signals remain unexplained. In this paper we will consideryoynd is absent, however, in the range of Earth matter ef-

the difference in the energy spectra of the events detected Rgcts Am2~ 1075 eV?.

Kamiokande-2K2) and IMB. It is difficult to explain such a Later, the likelihood analysis of the combined K2 and
difference in terms of the characteristics of the detedtens | g spectra in[12] has confirmed the results ¢11]. In

ergy thresholds, efficiencies of detection, sizes)elthe v, general, the flavor conversion of leads to worse agreement

spectrum inferred from the K2 events is substantially softekith the supernova theory. Some mild improvement of the
than that from the IMB events. This can be quantified byjikelihood appears for oscillation parameters in the large
comparing the parameters of the originglspectra, such as mixing angle(LMA) region when the Earth matter effect is

the effective temperatur€; and the luminosity_¢ that were  taken into account. This improvement is obtained, however,
estimated from the results of the two experiments. It wasat the price of aggravating the conflict with the SN theory: it
found that the regions in th&-Lg plane determined from was found that the best fit point corresponds to too low a

the K2 and IMB data have only marginal overlap and thetemperature of the originat, spectrum,Te=1.9 MeV, and
probability that the two sets of data correspond to the samgyg high a total binding energy,~ 105 ergs. Moreover, the
spectrum is less than few perceby. _ best fit valuesAm?=(3-5)x 10 ® eV? found in [12] are
More specifically, we will discuss the following features o\ excluded by the Superkamiokande data on the day-night
of the SN 1987A signals(i) Concentration of the IMB asymmetry.
events in the energy intervel=35-40 MeV/(ii) absence of Since the first proposdl8] the situation has drastically
events at IMB abové&=40 MeV (which looks like a sharp  changed. With very high confidence level the atmospheric
cut of the spectrum (iii ) absence of events witb=35 MeV  neutrino data are explained by, v, oscillations with
at K2. o ) maximal or nearly maximal mixin§13]. The LMA solution
The effects of mixing on supernova neutrinos have beegjives the best global fit of all the available solar neutrino
extganswely studlecﬂ6,_7]. In particular, soon a}ﬁer the opser- data[14]. It seems that large mixing is a general property of
vation of SN 1987A it was noted that the differences in thejeptons. Clearly, if the LMA is the true solution of the solar
K2 and IMB spectra could be related to oscillationsvgfin neutrino problem, then a significant part of tﬁg events
the matter of the Earth and to the different positions of thejetected from SN 1987A were produced by the converted
deteCtOI’S at the t|me Of detec“@a,g] It was realized that, muon and tau antineutrinos‘ Th|s means that in 1987 we
for this oscillation mechanism to work, one needsn”  ghserved the first appearance signal of neutrino conversion.
~10"° eV? (i.e., in the region of the Earth regeneration ef- | view of this we have reconsidered the explanation of
fect) and large(close to maximalmixing of v,. the features of the neutrino signals from SN 1987A in terms
At that time the idea did not attract much attention, sinceof neutrino conversion in the star and in the Earth.
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In Sec. Il we study the general properties of the conver-
sion of antineutrinos in the matter of the supernova and of Sl
the Earth. We apply the results to the explanation of the
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difference of signals detected by Kamiokande-2 and IMB in

Sec. Ill. In Sec. IV we summarize implications of the EarthIn Eq. (6) | ,=4mE/Am? and |o=277/(\/§GFn ) are the
H H H . v - €.

matter effect on antineutrinos for the neutrino Mass SPeG;,cum oscillation length and the refraction lend8; is the

trum.

II. NEUTRINO CONVERSION IN THE STAR
AND IN THE EARTH

We assume that the electron neutrino mixes with some

combination of the muon and tau neutrinos;, (ve
=C0S6Hvy+Ssin vy, v;L:cosevz—sin 0vy), and the oscillation
parameters of the.-v/, system are in the region of the large

. . . ﬂ .
mixing angle solution of the solar neutrino problem:

sif20=0.6-1.0, Am?=(1.5-10)x10° eV?, (1)

[the case of LOW solution will be considered Idtae will
also assume that othexm? and mixings in the neutrino
spectrum are irrelevant for the antineutrino channel.

With the parameter§l) the propagation of antineutrinos

Fermi coupling constant and, is the electron number den-
sity. In expression5) 6,, and |, should be taken for the
average electron number density along the neutrino tra-
jectory for a given detector.

The qualitative features of the conversion effects can be
immediately seen from Eq§3)—(5), taking into account that

the original?l; flux has a harder spectrum than thatzjgfand
the total luminosities in the different flavors are comparable.
This means that a critical energy,, exists such that

F&>F2 for E>E,
" e

(7)
Fo<F2 for E<E,.
m e

The energyE. depends, in particular, on the effective tem-

inside the star is completely adiabatic, so that the followingperatures and luminosities of the origingj and v, fluxes:

transitions occuf15]:

Ve— V1,

7
— .
VM Vo

)

Ec=E(Te, T, Le,Ly).

According to Eq.(3) the conversion in the star leads to a
composite spectrum of electron antineutrinos witff giad-
mixture of the hard component, which generates an high en-

That is, the originally produced electron antineutrino will ergy tail in the sample of events. In comparison with the
reach the surface of the star, and consequently the surface gfiginal v, spectrum,F%, the flux F5 is suppressed &

the Earth, as the pure mass eigenst_qteanda as the pure

mass eigensta@. As a result, the flux of the electron an-
tineutrinos at the surface of the Earth equals

e=cog OF+si? OF >, =Fo—si? 0(Fg—F,), (3)
whereF2 and F%, are the original fluxes o, and v}, pro-
duced in the center of the star.

In the matter of the Earth the mass eigenstateand v,
oscillate. Taking into account these oscillations we find th
flux of v, at the detectof15]:

Fo=Fgt (Pig—cos 6)(Fg—F,), @

whereP 5 is the v;— v, transition probability in the matter
of the Earth; in the derivation of Eq4) we used also the
relationP,.=1—Pq5. Since for both K2 and IMB detectors

the neutrino trajectories were in the mantle, where the den

sity change is rather small, we use f8i, the formula for
oscillations in uniform mediunh11]:

d
.

Ple=co§0+sin20msin(20—26m)sin2( ) (5

m

Hered is the length of the neutrino trajectory inside the Earth

for a given detectorg,, andl, are the mixing angle and the

€

<E. and enhanced &>E_.. The effect is proportional to
sirfg and the conversion probability itself does not depend
on the neutrino energy.

The oscillations inside the Earth give an opposite effect
[see Egs(4) and (5)]: they enhance the flux &<E. and
suppress it at high energies. Notice that, siRgg>cos 6,
for (LMA) parameters and in the constant density approxi-

mation the matter of the Earth always regeneratgs the
oscillatory factor in Eq.(5) is positive since 2,,=(0—m)

and 6> 6,,,. Shortly, an increase of the medium density will
tend to return the neutrino state into the initial state, that is,

ve at very high densities. Entering the Earth is equivalent to
such an increase.

Combining Egs(3) and (4) we find

Fo=Fo— (Fo— F%,)(l—Plg), (8)

which shows that the overall conversion effect, both in the
star and in the Earth, leads to suppression of the flux at low
energies E<E,.) and to its enhancement at high energies
(E>E.). The effect is proportional to the difference of the
original fluxes.

Let us consider the properties of the Earth regeneration
effect in some detail. Formulg8) can be written as

Fo=Fo— (Fo—F . )(SirP 60— Asir ¢), )

oscillation length for the antineutrinos in the matter of the

Earth:

where
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_ . wd follows we will show that this suppression could indeed be
Ap=Ssin 20y, SiN(20—20r), ¢=-— (100 realized in the case of neutrinos from SN 1987A.
m

are the depth and the phase of oscillations. In contrast to thell. NEUTRINO SIGNALS IN K2 AND IMB DETECTORS
conversion in the star, the Earth matter effect has strong
energy dependence. The depth of oscillatioAs, equals
zero at very low energies, wheig,= 6, and at high ener-
gies, wheref,= 7/2. The depth reaches the maximum

Let us consider the difference of signals at K2 and IMB
that can be produced by oscillations in the Earth. This dif-
ference is related to the distances travelled by the neutrinos
in the Earth:d,,g=8535 km for IMB, dx,=4363 km for

AMX_ g2 g (11 K2, and to the average densitiggyg=4.5 g cm™3, pyo
P =3.5 g cm 2 along the trajectories. As a consequence, both
at 6,,= 6/2, which corresponds to the equality the depths and the phases of oscillations at the K2 and IMB
detectors are different.
I, 1 (12 Let us show that the featurd$)—(iii) indicated in the

Introduction can be explained by oscillations in the matter of
the Earth. Moreover, the explanation implies certain values
Notice that the depth of oscillations increases withAt the ~ of Am? and sirf 26.

condition of maximal depth, Eq12), also the conversion To reproduce the characteristics describedi)r(iii) we

lo

probability P,5 reaches the maximum, require the following.
(1) The phase of oscillations at the IMB detector Eat
Pie=1, (13 =38-42 MeV equals

provided that¢= 7/2+k# with k=0,1,2 . ... ForE—O0 or e
E—c°, we havePo—cos 6. Thus,A, as well asP;; have a bdimp(40=——=km, k=123.... (17
resonance character with E@.2) being the resonance con- m

dition. Notice that the conditiofil2) does not depend on the ynder this condition the oscillations in the matter of the
mixing angle, in contrast to the resonance condition for the=arth do not suppress the signal.

pure flavor case. (2) The phase of oscillations at the IMB detector Bt
From Eq.(12) we find the resonance energy =50-60 MeV is a semi-integer af:
Am? 14 1
Ep=———. 14 60)=m=+k|, k=0,1,2... 18
T $ime(60)=| 5 2 (19

The interval of energieE_ —E, around Eq(14) for which ~ so that in this range of energy one expects maximal suppres-
Ap>Ag‘aX/2= sirfd/2 is determined by sion effect. It is easy to check that, in the range of parameters
of interest, the condition§l7) and (18) are satisfied simul-

E. taneously with good precision.
E_R:COSZG"‘ZJ—”\/(COS 20+1)(cos20+3). (15 (3) The phase of oscillations at the K2 detector Eat
=38-42 MeV is
Thus Eg and E.. give the interval of the strong oscillation 4 1
effect in the Earth. TUK2
. - . . . . = = = +K]|, =0,1,2...
The peak in theP 5 probability exists in the antineutrino Pka(40) L 72 k|, k=012 (19

channel even if the usual flavor resonance is in the neutrino

channel. With the increase @fand its shift to the dark side, so that the Earth matter effect produces maximal suppression
6= /4, the peak gets narrower andét- /2 it converges of the K2 signal in the range=38-42 MeV.

to the usual flavor resonance peak. The oscillation lehgth (4) The Earth matter effect is maximal,pzAg‘ax, at the

decreases witlE/Am?; it also decreases with co8.2 IMB detector at the energids=50-60 MeV, that is,
At high energies, due to the exponential decrease of the B
fluxes with E and the difference of temperatures of the Er"=50-60 MeV. (20

and;l’L spectra, we geIF%,>F%, and therefore, according to

In Fig. 1 h h iti 1 20) i
Eqg. (8), the flux at the detector equals n Fig. 1 we show the condition€l?), (19), and(20) in

the Am?-cos & plane. As follows from the figure, there are
bands in which the requirement$7) and (19) are satisfied
simultaneously. They correspond to¢,ug=2dk>
— =37,5m,7m, . ... Thephase increases withm?. Notice
Then, at resonancé_‘;:EDR, Eq. (14), the v flux can be  that the requirementél7)—(19) are satisfied in the whole
suppressed completelyz =0, if the phase of oscillations relevant range of costif ¢,g equals odd multiples ofr.
equals a semi-integer fraction ef. This suppression does The condition of maximal effect, Eq20), gives Am?
not depend on the value of the mixing angle In what =(1.7-2.1)x10 ° eV2. A large Earth matter effect, e.g.,

Fo=F(1-Pg). (16)
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tained takingT¢e=4.5 MeV andT,,=7.4 MeV; it becomes
narrower for the lower values of the temperatures we con-
sider in this paper.
The expected distributions of events are rather sensitive to
variations ofAm?. For instance, a change Aim? by ~20%
in the ¢;yg =37 band will lead to the prediction of strong
suppression of the number of events in the interval
E=35-40 MeV of the IMB spectrum and enhancement of
the signal aE=50 MeV, in contradiction with observations.
Let us consider the expected spectra of events at the K2

and IMB detectors. The original instantaneoysand v,/
fluxes can be described by “pinched” Fermi-Dirac spectra
with pinching parametem=2 [16]. However, once inte-
grated over arrival time intervalst of several seconds, the

- spectra are well approximated by the ordinary Fermi-Dirac
1_0,3_0.2_0,1 0 0.1 0.2 0.3 0.4 05 0.6 0.7 form, i.e., with =0, as an effect of the decay with time of
cos 29 the neutrino luminosities and temperatures. This description

FIG. 1. Bands of equal phasesyg(40)=ka (dotted regions is good ifAt is not Iarger. tha.n.the typical decay 'grme)f the
and ¢y ,(40)=m(1/2+K) (dashed regionsin the Am?-cos 2 temperatures and Iummqsmes. Fat=r7 the _ integrated .
plane. The widths of the bands are determined by the requiremerfP€Ctra cannot be approximated by a Fermi-Dirac form. This
that the condition$19) and(17) are satisfied in the energy interval IS the case of the SN 1987A data, which show a rapid cool-
E=38-42 MeV. The region below the dashed line represents thég of the neutrino spectra with decay time comparable or
band of strong Earth matter effect, whehg=0.7A7'%* [see Eq. ~smaller than the duration of the burstzAt,=13 s. There-
(20)]. For comparison we show the 99% C.L. allowed region of thefore, we have divided the whole time interval of observations
LMA solution of the solar neutrino deficiidotted-dashed contour, in two bins,t;=0-6.5 s and,=6.5-13 s, and described the
from [14]) where the best fit point is marked by an asterisk. Theintegrated fluxes over each bin by Fermi-Dirac spectra with
dotted line represents the 99% C.L. exclusion curve from Fig. 3a ofjifferent temperatures[ T(t;)>T(t,)] and luminosities
Ref. [11] [L(t])>L(ty)]. We note that the values dfandL we give

) ) _ ) _ should be considered as effectiftene averagedquantities.

Ap=0.7A7"" is realized in a much wider interval, whose |y Figs. 2 and 3 we show the expected spectra of events at
borders depend on cos 2the upper border is represented by the K2 and IMB detectors in the first time bin<6.5  for
the dashed line in Fig.)1 , ~ two sets of parameters from the preferable regions(EY.

As follows from Fig. 1 the explanation of the properties They have been obtained takifig=3.5 MeV, T, =7 MeV

(i)—(iii) implies the oscillation parameters to be in the re-54 7= ng=0. We assumed equal integrated Iuminosities
gions ¢, yg =3 for all the relevant values of, and ¢z —

i o — ] — — 2
=54 for cos =0.2. The central values of these bands aremldve ar:jdé/#’ - Le= L#_,_—3><_105h ergsb. The eknergy thresh-
described, approximatively, by the following lines: olds and detection efficiencies have been taken into account.
According to the figures, the predicted spectra with oscil-
lations(solid lineg fit the observed distributions of events at
Am?=3.3x10"° eVq1-0.35cos ?], K2 and IMB detectors better. As expected, the spectra with-
(21)  out oscillationgdashed linescannot describe the concentra-
tion of IMB events att=30-40 MeV and the absence of an
excess of K2 events in this range. The conversion in the star
only leads to an appearance of high energy téslkort
For cos 2=0.1 the valueg21) are well inside the 99% con- dashed lingsthat contradict the observations of both K2 and
fidence limit (CL) allowed region of the LMA solution [MB detectors. The oscillations in the matter of the Earth
(dotted-dashed contour in Fig. 1, from REE4]). Moreover,  (solid line9 suppress the tails above 45 MeV in IMB and
the best-fit point, cos@=0.5, Am?=5.2x10 ° eV liesin  above 35 MeV in KZ Notice that the figures have an illus-
the bandeg,yg=57 [see Eq(21)]. trative character and do not correspond to the optifhast
Figure 1 shows also the 99% C.L. exclusion curve ob-itted) choice of parameters of the original spectra.
tained in Ref[11] (dotted ling, corresponding to the upper  To quantify the improvement of the fit due to conversion
bound on the permutation parameter 0.35. One can see inside the star and the Earth matter effect we have performed
that the region cos@<0.25 is excluded; this region was ob-

Am?=5.6x10"° eVq1-0.18cos @].

Notice that in our analysis the maximal suppression, due to os-
This result is given by the global two-neutrino fit of the solar cillations in the Earth, of the antineutrino signal in IMB occurs at
neutrino data including the total rates and the day and night spectranergies above 50 MeV. For such energies the efficiency of the
at the Super-Kamiokande detecfd#]. IMB detector was high§;yg=0.7).
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FIG. 3. The same as Fig. 2 with co820.2, Am?=3x10"°

FIG. 2. The predicted spectragg events at the Kamiokande-2 g/
(upper panegland IMB (lower panel detectoysWe show the origi-
nal spectra without oscillation effectfong dashed lines spectra Notice that, in contrast witH12] we use a discrete
with conversion in the star onlgdashed liness spectra with oscil-  (binned expression of the probabilit and we calculate;
lation effects both in the star and in the Eafsblid lines. We used by integrating the corresponding predicted functio(E)
the following set of oscillation parameters and characteristics of thgyyer theith energy bin. By this procedure we take into ac-
original v, and v/, spectra:T¢e=3.5 MeV, Lz=3x10° ergs,7;  count the experimental errors on energies with no need to
=0, T,/ =7 MeV, L, =3x10" ergs,7, =0, cos #=0.5,Am* introduce any energy resolution function as it is donEdi#.
=2.75x10 ° eV2. The histograms show the observed distributions (3) We performed separate analyses of the K2 and IMB
of events during the first 6.5 s. data collected in the two time birts andt,; no events are

o ) . . ~ discarded in this procedufre.

the likelihood analysis following, in general, the prescrip- | Fig. 4 we show the results of the likelihood analysis of
tions of Ref.[12]. There are, however, some differences.  the IMB and K2 data of the first time bin in thEs-L5 plane

(1) We have divided the whole energy range of the de{, apsence of mixingg=0 (upper panel As follows from
tected events into several bins. The sidé of each bin has e figure, K2 and IMB spectra imply substantially different
been chosen according to the experimental ereois the temperatures of the original, spectrumT ¢,~2.8 MeV and

?Ea_sr(r)eme\r}tsf ofKe;ergg:ltE~2;_. We l:ﬁ:g ihlrgeMbw\\/stlth T,mg=4.2 MeV. There is no overlap of the 68% CL regions.
. ev tor anc two bins wi B ev tor The lower panel of Fig. 4 shows the analogous plot in

IMI(BZ)(?\E/E Efrfgl;taenéstr:g trZZIIi:zlgtsi‘(.)r? spgjbgbililt?yof a given presence of oscillations in the star and in the matter of the
theoretical prediction using the Poissonian distribution: Earth. We have takef, /Te=18, L,/ /Le=1, 7¢=17,;
=0 with oscillation parameters from the preferable bands
(np)Ni . (see Fig. 1 With oscillations the best fit parameters inferred
P:H NT € (22 from IMB and K2 data become closeri,=1.96 MeV and
' Time=2.75 MeV. We getAT/T=2(T\wz— Tk2)/(Tims

whereN; is the number of observed events in tiiebin and ~ * Tk2)=0.33 and 0.41 with and without oscillations respec-
ni=ni(Te, T ,Le,L ,Am?,6) is the corresponding num-
ber of expected events that depends on the parameters of the

original neutrino spectra and oscillation parameters. We find *The event number 6 in the K2 data has been considered as due to
the maximum ofP and the contours of given confidence background, following Ref[12]; however our conclusions remain

levels according to Refl12]. unchanged when this event is considered.
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2 temperatures of the, and v, original spectra and smaller
difference of T, and Tg. Taklng for instanceTe=T
1.75 ~1.8 MeV and Lo= —,—3><10‘52 ergs we predict~2
events in K2 with energ)E 5-15 MeV and less than 0.5
1.5} events atE=15 MeV. With the same values of the param-
- eters we get less than 0.2 events in the IMB spectrum, that is,
:84\1.25 with high probability all the events are below the IMB
v threshold.
pos For neutrino parameters from the LOW solutiohm?
w1 =(0.3-2)x 1077 eV?, sirf26=0.95, we getly/I, <1072,
S so that the mixing angle in matter is suppressed: 8in2
<0.75 =sin 2¢(1,/1,). For the depth of oscillations in the Earth mat-
A ter we find from Eq(10):
0.5} |
Ap=sir? 2a<|—°) , (23
0.25¢ v

that is,A,<1. Thus, the effect of oscillations in the Earth is

negligibly small. NowPg=co< ¢ and the;e flux at Earth is
determined by the conversion inside the star ¢ae Eq(3)

2 and the short dashed lines in the Figs. 2 ahd\® improve-
ment of the fit can be obtained in this case.
1.75
IV. IMPLICATIONS FOR THE NEUTRINO MASS
1.5¢ SPECTRUM
§‘1 25l The fact of observation of the Earth matter effect in the
o channel by itself has important implications for the neutrino
ﬁ 1 Ko mass spectrum and mixingee alsd15]).
= (1) As we have shown, a significant effect is possible for
S oscillation parameters in the LMA region only: thus, the ob-
~0.75 servation of the effect selects the LMA solution of the solar
H neutrino problem. In the cases of small mixing an@&A)
0.5¢ or LOW solutions the Earth matter effect would be practi-
cally unobservable.
0.25} \\ (2) Important conclusions can be drawn on the type of
S mass hierarchy and the mixing eleménhg; in the three neu-

, , , trino context. Let us consider the three neutrino scheme that
1 2 T (fqu) 4 5 6 explains also the atmospheric neutrino problem wja- v
oscillations. In this scheme the third mass eigenstaigeis
FIG. 4. Best fit points and contours of equal 68, 90, 95.4 %isolated fromv, andv,, which are responS|bIe for the solar

likelihood for K2 and IMB detectors in th&s-Lg plane. The upper neutrino oscillations, by the mass gaym;,=Am3 =3

panel shows the result of the separate fits of K2 and IMB datax 103 eV2. The statevs has nearly a maximal mixture of

without oscillation effects. The lower panel represents a similar fl'[y and v.. The admixture of thes, in this state, described

in presence of oscillations. The following values for the oscillation by the matrix elemenfU;|?, is small being restricted by the

parameters and characterlstlcs of original spectra have tz)een usgactor experiments CHOOZ18] and Palo Verde[19]:

T /]’ 128 L, /Le=1, 7e=7,=0 and cos 8=0.2, Am°=3 |U93|2<0-02 0.05.

><10 eve. Observation of the matter effect means thiateither the
mass hierarchy is normalAm3,=m;—m3>0 (the third

tively. Overlap of the 68% CL regions appears. The com-state is the heaviest oher, (ii) if the hierarchy is inverted,

bined fit givesTg=2.77 MeV and.z=4.4x 10°? ergs, which Am3,<0, the ve-v3 mixing is very small:|U5|?<1073.

are in good agreement with recent calculatiphg]. Thus, Indeed, in the first case the high density resonance asso-

the likelihood analysis with oscillations shows some im-ciated withAm3, (pg~Am3,) is in the neutrino channel. It

provement of the fit and does not imply too low temperaturesloes not influence the conversion of antineutrinos and the

and high luminosities. situation coincides with the one considered above.

In the second time bin K2 has detected 3 events with low If, however, the hierarchy is inverted the high density
energies, close to the threshold, whereas IMB has no signaleesonance is in the antineutrino channel. The pattern of con-
This can be easily interpreted in the assumption of lowewersion then strongly depends on the adiabaticity in this reso-
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nance. If{U3|?=10"3 the level crossing is adiabatic, so that is obtained with respect to thé=0 case. Moreover, it is
in the star the conversions possible to check that a largeg luminosity is required.
- = = = — - - — The discussion of Secs. Il and Ill can be immediately
Ve Vry Vv lve, and v, — v, lve (24 generalized to the case in which the electron neutrino is
- mixed with both an active neutring, and a sterile oneys.
occur. Thus, thes, flux at Earth will be composed of con- The problem can be reduced t@-v, mixing, with v,
vertedv/, and v fluxes. Since the originat), and v, fluxes = V1= dv,+dvs; the pure active and pure sterile mixings
are identical, no matter effect should be seen inupdlux  correspond t&=0 andé=1, respectively. Now the flux

tel . o 00 0
[15,20. Moreover, thev, flux will have the hard spectrum of " the d.etector is given by Eq’g)_w'th F=1-9F,.
the original»’, and»” fluxes, which is disfavored by obser- 1nus, with respect to the pure active case, one gets a reduc-
vations[11] # 7 tion by a factor~(1—6) of the hard part of the detected

If |Uos2< 1073, the adiabaticity in the high density reso- spectrum. Fo=<0.5 still one gets a good fit of the K2 and

nance is broken. The effect of this resonance can be néMB signals.
glected and the pattern of the three neutrino conversion is
reduced to the two neutrino case discussed in the paper.

If |Ueg/?=10"5-10"3, one can observe an intermediate  We have studied properties of the oscillation effects in the
situation: hardew, spectrum and partially suppressed Earthmatter of the Earth on neutrino signals from supernovae. We
matter effect. show that certain features of the neutrino signal from SN

If |Ugs/?=10"2 (which looks rather plausible in view of 1987A detected by K2 and IMB detectotdifference of
the large mixing between the first and the second as well agpectra, absence of events abdve 40 MeV) can be ex-
the second and the third generatipn@ come to the conclu- plained by oscillations in the Earth and different positions of

sion that the observation of the Earth matter effect inithe the detectors. The consistency of thg spectra implied by
channel implies a scheme with normal mass hierarchy anf2 and IMB data improves when oscillations are taken into
the LMA solution of the solar neutrino problem. account.

(3) Let us consider the Earth matter effect for supernova The existence of the Earth matter effects on the neutrino
neutrinos in the case af,-v, mixing. As for active neutri- burst from supernovae has crucial implications for the neu-
nos, forve-vg a significant effect is possible for large mixing trin0 mass spectrum.
angles(notice, however, that large mixing,— v conver- (1) The oscillation parametersm?® and sirf 26 should be
sion gives poor fit of the solar neutrino data in the range of the LMA solution of the solar neutrino prob-

We assume that no sterile antineutrino fluxes are genetem. Moreover, the values afm* and sirf20 should lie in
ated in the central part of the stain this case we get the rather narrow bands.

result for thev, flux at the detector from Eq(8) setting (2) The mass higrarchzym t@% three neutrino context
should be normal, ifUg3/*=107° and it can be inverted

V. CONCLUSIONS

F2,=0:
p provided thafU 4|?<10 2.
D s 0 It should be stressed that, in view of the low statistics of
Fe=PrFe (29 SN 1987A neutrino signals, our conclusions have an indica-

o tive character, as far as the interpretation of the K2 and IMB

Here Pig is the probability of v;— v, oscillations in the data is concerned. If the LMA solution will be identified in
matter of the Earth for mixing with sterile neutrino. future experiments, the inclusion of the effects of oscillations
The difference of potentials for the.-v, system,V., inthe matter of the Earth in the analysis of SN 1987A data

= \/EGF(ne_ Nn/2)=Ve,/2, is about two times smaller than will be unavoidable, and the interpretation of SN 1987A sig-
the one of thev, andv,, speciesV, . In the last equality we nals given in this paper will be confirmed. The analysis per-
considered that the medium is almost isotopically neutral iformed in this paper shows that searches for oscillation ef-
the mantle of the Earth. Correspondingly, the refractionfects in the matter of the Earth in future observations of
length is two times larger than in the active-active case, s@alactic supernovae will give important information on the
that, according to Eq12) the range of large matter effects is nNeutrino mass spectrum, independently of supernova models.
shifted to smallenm? by a factor 2. Note addedIn the recent papd21] a new analysis of the

From Eq.(25) we see that, in contrast Witﬂ?b-V,'L mixing, SN 1987A signal is performed, based on the Kolmogorov

. — test of the K2 data only, with the conclusion that the LMA
the observed events in the detector are due to the original ; . . .
solution of the solar neutrino problem is excluded at high

flux only, and no hard tail appears in the spectrum. As & _ . .
consequence, no improvement in the fit of K2 and IMB dat confidence level. However the Earth matter effect, which we

ahave shown here to be crucial, is not taken into account.
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