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We study the impact of neutrino oscillations on the interpretation of the supef@Val987A neutrino
signal by means of a maximum-likelihood analysis. We focus on oscillations betwesaith V_,_L or v, with
those mixing parameters that would solve the solar neutrino problem. For the small-angle MSW solution
(Am?~10"° eV?, sirf20,~0.007), there are no significant oscillation effects on the Kelvin-Helmholtz cool-
ing signal; we confirm previous best-fit values for the neutron-star binding energy and average spectral
temperature. There is only marginal overlap between the upper end of the 95.4% C.L. inferred range of
<E,,—e> and the lower end of the range of theoretical predictions. Any admixture of the sTjﬁepectrum by
oscillations aggravates the conflict between experimentally inferred and theoretically predicted spectral prop-
erties. For mixing parameters in the neighborhood of the large-angle MSW soluliof~10"° eV?,
sirf20,~0.7) the oscillations in the SN are adiabatic, but one needs to include the regeneration effect in the
Earth which causes the Kamiokande and IMB detectors to observe differespiectra. For the solar vacuum
solution Am?~10"1°eV?, sirf2@,~1) the oscillations in the SN are nonadiabatic; vacuum oscillations take
place between the SN and the detector. If one of the two large-angle solutions were borne out by the upcoming
round of solar neutrino experiments, one would have to conclude that the SN ﬁ&?ﬂaﬁ\d/orv_e spectra had
been much softer than predicted by current treatments of neutrino trar@666-282196)02613-4

PACS numbdis): 14.60.Pq, 97.60.Bw

I. INTRODUCTION range of progenitor star masses and depending on the equa-
tion of state, numerical computations yield
Neutrino oscillations can modify the characteristics of the 3
neutrino signal from a supernoyaN), in particular if matter Ep=15-4.5¢10"° ergs @)
effects are includedl]. After the observation of the SN
1987A neutrinos by the Kamiokandl2] and IMB [3] detec-

tors many authorf4] discussed the impact of matter-induced The expected average SN 19874 energy implied by

oscillations on the prompt, burst because the first event at the detected signal is about 9-10 MeV, with a 95.4% confi-

Kamiokande had been observed in the forward direction, al- ; : .
lowi . o . dence interval reaching up to 14 MeV in some analyses
owing for an interpretation in terms af.-e scattering. If

this interpretation were correct, one could exclude a Iargég’lo]’ e, barely up to the lower end of the theoretical

area of mixing parameters where the Mikheyev—Smirnov—predic'{iOnS quoted in Eqd). If a partial SW&pV_eHV_M had

Wolfenstein(MSW) effect in the SN envelope would have occurred, the expectea, energies should have been lower,
rendered the prompt, burst unobservable. causing an even larger strain between measured and pre-

Because a single event does not carry much statisticall icted ve energies. For. an inverted” mass matrix with
significant information (the first Kamiokande event may ve” My, the ve-v,, oscillations would have bee.n.resonant
have coincidentally pointed in the forward directipa more ~ @nd thus nearly complete for a large range of mixing param-
interesting question for the interpretation of the SN 1987Aeters. Therefore, such inverted-mass schemes are likely ex-
neutrino signal is the impact of oscillations on the majn ~ cluded on the basis of the SN 1987A d@fal1]. _
pulse which is detected by the reactiogp—ne*. The SN If the mass hierarchy is “normal” Wlthn,,e< m, oscil-
emits roughly equal amounts of energy(antjneutrinos of lations in the antineutrino sector are significant only for large
all flavors, but with different spectral characteristics. Currentmixing angles which are often thought to be unlikely. There-
treatments of neutrino transport yidlf] fore, in the original analyses of the SN 1987A neutrinos,
little attention has been paid to antineutrino oscillations.
10-12MeV  forv,, _Since then, much progress has be_en made \{vith the obser-

¢ vation of solar neutrinos in four experiments which all report
(E,)=4 14-17MeV forv, (1)  a deficit and thus point to oscillations. While it remains un-
24-27 MeV forv. . andv. certain if the solar neutrino deficits are indeed caused by
T o oscillations, it has become clear that there is no simple “as-
trophysical solution.” If the oscillation interpretation is
e, (E,)~%E;) and(E,)~3(E;) for the other flavors. adopted, there remain three islands in th&2fiR-Am? plane
A partial conversion between, say,’s andv¢'s due to os-  (vacuum mixing angl®,) where the results from all experi-
cillations would “stiffen” the v, spectrum observable at mental measurements of the solar neutrino flux are consis-
Earth[6,7]. (We will always takeve-v, oscillations to rep- tently explained, namely, the ‘“vacuum solution” with
resent eithew-v,, or ve-v . oscillations) Within a plausible Am? near 101° eV? and nearly maximum mixin§12], the

for the total amount of binding enerd@]. It is almost en-
tirely released in the form of neutrinos.
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“small-angle MSW solution” withAm? around 10° eV?  their modification by oscillations. Because we will need to

and sif20,~0.007, and the “large-angle MSW solution” Vary neutrino mass differences and mixing angles, the over-

with about the samam? and sif20, in the neighborhood all number of parameters would get out of hand if we were to
of 0.7 [13]. It will turn out that if one of the large-angle analyze the time structure of the burst together with neutrino

solutions would be borne out by one of the forthcoming ex-0Scillation effects. _
periments Superkamiokande, SNO, or BOREXINO, then a Numerical simulation$16] and an analytic argumeft 7]
significant impact on the interpretation of the SN 1987A sig-indicate an approximate equipartition of the energy emitted
nal could not be avoided. in different (antjneutrino species with different time-

In a recent study, Smirnov, Spergel, and Bahi@ifound averaged energies as quoted in E. The detailed spec'tral
that the large-angle solutions were essentially excluded b§hape, however, is not well known. Monte Carlo studies of
the SN 1987A data because of the “stiffened” spectra they€Utrino transport18] indicate that _the instantaneous neu-
would have caused at the detectors. However, this concldfin0 spectra are “pinched,” meaning that their low- and
sion relies heavily on theoretical predictions for the spectrafligh-energy parts are suppressed relative to a Maxwell-
properties of a SN neutrino signal. Kernan and Krauss, _Boltzmann spectrum of the same average energy. Usually the
on the other hand, arrive at the opposite conclusion, namelyfStantaneous spectra are expressed in the fagh
that a significant oscillation effect was actually favored by E2
t_he data. Of course, they disc_arpi certain theoretical predic- f(E,t)oc—E,W’ 3
tions for the signal characteristics. Smirnov, Spergel, and €

Bahcall have performed a joint analysis for the Kamiokande h . fective d and
and IMB detectors. However, in the neighborhood of theWnere » 1S an € ec_:tlve egeneracy parameter. Bﬂi‘t‘ n
large-angle MSW solution, matter-induced oscillations in the”? &€ functions of time. it must be stressed that the "pseudo-

Earth are important. They cause a different amount of “re-d€generacy parameterij for », and v is the same as that
generation” of the oscillations on the neutrino path throughfor ¥, andv., in contrast with the degeneracy parameter of
the Earth which was 3900 and 8400 km for the Kamiokande? €@l Fermi-Dirac distribution which has the opposite sign
and IMB detectors, respectively, which thus would have ob_for antlneutrmqs relative to neutrinos. Thereforg, Bj.is a
served differenty, spectra15]. Kernan and Krauss, on the somewhat arbitrary two-parameter representation of the neu-

other hand, have only considered nonadiabatic oscillation%”no spectra which allows one to fit two of their moments,
which restrict the validity of their analysis tam?<10-1°  for example{E) and(E"). Janka and Hillebrand1.8] found

eV?, thus ignoring the important case of the Iarge-anglethat throughout the emission procegslecreases from about

MSW solution. 5 to 3 for v, from about 2.5 to 2 fow,, and from about 2
Therefore, we presently reexamine the impact of largef® 0 forv,, . andv, ;.
angle neutrino oscillations on the SN 1987A signal interpre- _1h€ time-integrated spectrum, however, need hot be
tation. If neutrino oscillations betwean, and another flavor Pinched. We characterize it by thg momze_(ﬁ's and(E%),
occur at all with a large mixing angle, the mixing parameters2nd call it “pinched” if the ratio(E®)/(E)~ is smaller than
probably correspond to those solving the solar neutrino probf©r the Maxwell-Boltzmann case, “antipinched” otherwise.
lem. Therefore, we focus on mixing parameters in the neigh\S @ Simple example we consider a cooling model where
borhood of the large-angle MSW solution and of the vacuunf'€utrinos are emitted from a neutrino sphere with a fixed
solution of the solar neutrino problem. We will assume ther-radius and an exponentially decreasing effective temperature.
mal neutrino spectra with different temperatures for!f the instantaneous spectra are of the form B).with a
the v,’s and vg's. We will then perform a maximum- fixed #, then the time-integrated spectrum is pinched for
likelinood analysis for the neutrino temperature and total”7= 1.7 and antipinched fop=1.7. Forp~1.7 it is approxi-
emitted energy. mately of the Maxwell-Boltzmann form. o
In Sec. Il we discuss the assumed primary neutrino spec- AN exponential cooling model is, of course, very simplis-
tra and their modification by oscillations. Section Iil is de- ti¢- In @ real SN thev, temperature will initially rise, and
voted to our statistical methodology and Sec. IV to detailedM@y Stay approximately constant for some time, while the

numerical results. In Sec. V we summarize our findings. ~ €ffectively radiating surface shrinks quickly within the first
second. Still, the exponential cooling example illustrates that

a thermal Maxwell-Boltzmann spectrum may be a relatively

Il. NEUTRINO SPECTRA good approximation for the time-integrated spectrum be-
' cause of the compensating effects between instantaneous
A. Primary spectra pinching and the superposition of different spectra in the

The most detailed statistical analysis of the SN 1987ACOUrse of the protoneutron star’s _cooling history. Certainly,
neutrino signal has been performed in the papers by Loredf€re is no reason to expect the time-integrated spectrum to
and Lamb[9,10] where one of the main goals was to esti- be of the form Eq(3)._Th|s parametrization _does not allow
mate the Kelvin-Helmholtz cooling time scale of the newly On€ to describe antipinched spectra, only pinched ones.
formed neutron star, and to derive limits on themass from For the rest of this study we will make the simplifying
the absence of pulse dispersion effects. Therefore, the tir@SSUMption that the time-integrated spectra are described by
structure of the neutrino signal was crucial; it had to be pathe Maxwell-Boltzmann form
rametrized in terms of a variety of cooling models. In our .
study, on the other har)d, we will focu; on the spectral char- F(E):J dtf(E,t)xE2e E/T, (4)
acteristics of the neutrino fluen¢éme-integrated fluxand 0
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with a different effective temperature for, andv_u. These vacuum. TheAm? values corresponding to the large-angle
“temperatures” are parameters which characterize the timesolutions of the solar neutrino problem are representative of
integrated spectra by virtue @=3(E) and thus do not ex- two cases that need to be distinguished for the further flavor
actly correspond to a physical temperature at the neutroavolution of the neutrino burst.
star. The simpler case is the vacuum solution for
Am?<10 eV The propagation out of the SN is not adia-
B. Modification by oscillations batic so that the neutrinos emerge essentially as flavor eigen-

i i states which then oscillate on their way to Earth. Therefore,
In the Kamiokande and IMB detectors, SN neutrinos arg,q permutation factor has the form

almost exclusively detected by the reactiyp—ne* where
the final-state positron is measured by its Cherenkov emis-
sion of photons. If neutrinos do not mix, their fluence

F,,—e(E) relevant for the detection process is identical with
the pimaryv, spectrumF%e(E) emitted from the SN. In the
presence of— v, oscillations, on the other hand, each pri- We note thatAm?~10-1° QVZ is at the borderl?ne for this
mary v, arrives with a probability in thev, flavor state at ~ statement to apply; for slightly larger mass differences the
the detector, while each primany, arrives asv, with the  detailed propagation through the SN envelope must be taken

p= 3sirf20,. (8)

“survival probability” 1 —p so that into account 7].
For the Ilarge-angle solar MSW solution with
z=(1—p)F?,—e+ pFe. (5) Am?~107° eV? we are in the adiabatic regime where the
"

neutrinos stay in a propagation eigenstate throughout their

This incoherent superposition of the individual flavor fluxesjourney out of the SN7]. What emerges is a flux ah,
is justified by the incoherent neutrino emission from differ- €igenstate neutrinos with the, spectrum, and one ah,
ent regions in the star and by different proceds@s eigenstates with the,, spectrum.

The “permutation factor’p is in general a function of the ~ We stress that this statement applies even though the neu-
neutrino energyE, the mass differenceAm?, and the trinos encounter a density discor_1tinuity corresp_onding to the
vacuum mixing angl®,. In addition, it is important to note outward moving shock wave which ultimately ejects the SN
that the neutrinos are produced in a region of high matteMantle and envelope. At the neutrino sphere, the propagation
density. The effective mixing angle in a medium is given byand flavor eigenstates coincide because of the medium-

the well-known formula induced demixing effect described above. When the neutri-
nos encounter a density discontinuity in a medium so dense
sin20 that they are sufficiently demixed, then no significant flavor
tan20 = m, (6)  transitions will occur even though this discontinuity violates
res

the adiabaticity condition. Within the first few seconds after

collapse the shock wave may reach a radius of at most a few

10°km. In typical progenitor star models the density varies

approximately ag ~3. Initially, the neutrino sphere with a

density of about 1% gcm 2 is at a radius of about

100 km. Therefore, within the Kelvin-Helmholtz cooling

Pre= , 7) phase the shock wave may reach a density about nine orders
2\2GeY.E of magnitude smaller than the neutrino sphere, i.e., a den-
sity as low as 1® gcm 3. For Am?~10"° eV? the reso-

whereAm?=m3—m? with m, the dominant mass admixture nance density is about 10 gcfh Hence, during the entire

of v, andm, that of v,. For neutrinos with a normal mass Kelvin-Helmholtz cooling phase the medium mixing angle is

hierarchy (n,>m,) the denominator in Eq6) vanishes for small when the neutrinos encounter the shock wave. There-

P= preL0SD, causing maximum mixing witld = /4 and  fore, the impact of level crossing between the propagation

thus a “resonance.” For antineutrinos, and because we akigenstates on the neutrino spectra arriving at the detector

ways assume a normal mass hierarchy, the denominator ean be neglected.

Eq. (6) is always larger than co€R so that the medium Because neutrinos withm?~10"° eV? emerge from the

mixing angle is always smaller than the vacuum one. SN as propagation eigenstates, no oscillations occur on the

For our purposes with neutrino energies 10 MeV and  way from the SN to Earth. Thus, we would hape: sir’®,

mass differenceAm?<10"2 eV? the resonance density is of if there were no further intervening matter.

order 18 gcm 2 or less. Withp~10' gcm 2 at the neu- However, in order to reach the Kamiokande and IMB

trino sphere, the effective antineutrino mixing angle at thedetectors, the neutrinos had to travedsg,,= 3900 km and

production site is®=<10"°, even if the vacuum mixing d,ys=8400 km of matter in the Earth, with an average den-

angle is maximal. Therefore, the medium effects “demix” sity of aboutpx,m=3.4 gcm 3 and pyg=4.6 gcm 3, re-

the antineutrinos, causing the flavor eigenstates at the pr@pectively[7]. Therefore, the permutation factor relevant for

duction site to coincide essentially with the propagationeach detector if7]

eigenstates.

As the neutrinos leave the SN they propagate through a
certain density profile and ultimately reach the surrounding p=sirf®,—sin20sin(20,—20)sir(7d//).  (9)

where®, is the vacuum mixing angles the matter density,
and the upper sign refers g the lower tov. The “reso-
nance density” is defined by

myAm?
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The medium mixing angle relevant for each detector is giveragain with the additional requirement that it should be
by Eq. (6) with p=pkam OF pive » respectively, the distance bounded by a contour of constafitin parameter spadd.9].
in Earth isd=dy,y or dyys , and the oscillation length is Further,k is the number of parameters which for our study
will usually bek=2. Note thatyz(2)=2.3, 4.61, and 6.17
~ 47E sin20 for 8=68.3%, 90%, and 95.4%, respectively. We stress
" T AM? sin20 .’ (100 that the confidence regions thus determined are not exact
Am- sin20, g ,
especially when they are very distorted so that the param-
with the relevant medium mixing angle. For the solar€ters are strongly correlated.
vacuum solution withAm?~10"1° eV? the Earth effect is

unimportant. B. Likelihood function
It is not trivial to determine the likelihood function appro-
IIl. STATISTICAL METHODOLOGY priate for our problem. The primary observations of the wa-
A. Parameter estimation and confidence regions ter Cherenkov detectors consist of the information when a

) . given photomultiplier has fired. This information can be used

The purpose of the present study is to estimate the paranl reconstruct the event location in the detector and the en-
etersE,, and T which characterize the neutrino fluence ergy of the detected charged particle. For our purposes it is
from SN 1987A and to study the impact of neutrino mixing probably sufficient to use the reported event energies as the
on this estimate. Because of the small number of SN 1987Arimary data set and assume that they are related to the true
events in the Kamiokande and IMB detectors, this task iositron energies by a Gaussian distribution.
rather delicate. One needs a statistical estimator which is In order to model the likelihood function we consider de-
consistent and unbiased, and which exploits the sparse datéction energy bingE; ,E;+ SE] with i=1, ... Ny,. The
efficiently. The maximum-likelihood methdd 9,20 is par-  spectrum of detected energiesniéE) so that the number of
ticularly well suited for such problems, i.e., problems whereexpected counts in binis to lowest orden(E;) SE. How-
it is essential to extract the maximum possible informationever, in a real experiment one obtains an integer number
from a small number of events. This method has been used; of counts in a given bin. The probability for such an
by several authors to analyze the SN 1987A neutrino signautcome is
e.g., Refs[9,10,14,18

The method consists of deriving the set of parameters, _[n(E)sET™
collectively denoted byy, for which the probability of pro- Pi= N;!
ducing the observed data set, collectively denote bige-
comes maximal. The probability density as a functiomof  \yhere theN; are the actual observations and thus represent
for producing the observed data is called the likelihood funcihe data. The likelihood function is
tion £(X,a). The maximum-likelihood estimatioa, for the
true but unknown parameter se is implicitly defined by

e N(E)E (13)

Nbin

£(x,a) =MaxL(x,a), (1) c=1 e 14
aeDbD

whereD is the parameter domain. This expression can be transformed to

An estimationa,, of the true parameters, is useful only Ngy

if one also determines a confidence region aroapdwvhich B * T

contains the true parameters with a specified probahdity /:—Cex;{ B fo n(E)dE) iﬂl n(E), (19
To construct this region assume that the true parameigrs

are given. We can then determine the probability distributiothere N

Pao(“*) of the likelihood estimator and define a region ops IS the total number of experimentally observed

N events. The constar@@ is irrelevant for the purpose of pa-
D g4, from the conditionP, (a,)=p for a, €Dg,. TO  rameter estimation and the determination of confidence re-
make it uniqgue we additionally require thﬁao(a*) is  gions. For a joint analysis of the Kamiokande and IMB de-

larger for all @, within Dy, than for those outside. Put tectors, the likelihood function is the product of the
another way, we requirBB,a0 to be bounded by a contour of likelihood functions for each detector.
constantPao(a*). The confidence regioz can now be

defined as the region of parametess for which «, o
€Dy .. Note that this set is in general not equallg ,, . In order to translate the. fluenceF- (E) at Earth to

In practice, this region is difficult to calculate becausean expected spectrum(E) of counts we must first deter-
finding Dy , alone requires integrating over the space ofmine the energy spectrum of secondary positrons in
possible observations, a task usually achieved by Montéhe vep—ne’ reaction. Its cross sectiom, , as a function
Carlo sampling. However, if is Gaussian, the confidence of neutrino energyE is

region is given by the condition ) 11
EV(,-9)-0, o m (16
70\ m, E E EZ ’

C. Expected energy spectrum

INL(X,a,)—InL(X,a)< %Xﬁ(k), (12
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whereQ=1.29 MeV is the neutron-proton mass difference, 1 — | : —
m, the electron mass, angy,=2.295< 10 ** cnm?. We ig- i 1
nore Coulomb and radiative corrections as well as neutron > 08 F -
recoils. Therefore, the positron spectrum in the detector is £ [ ]
N 2 o6 -
_ P _ ° C ]
n+(E)_mzavep(E+Q)FVe(E+Q)i (17) ;6 04 C b
= C ]
whereD =50 kpc is the distance to the SN aNd the num- § 0o [ b
ber of target protons in a given detector, namely, T ]
1.43x 10°2 for Kamiokande and 4.5810°2 for IMB. oL L

The positron spectrum . (E) produced in the detector is 0 40 60
not identical with the spectrum(E) of events that one ex- E, [MeV]

pects to detect. The reported enefgy for an event is re-
constructed from the number of photomultipliers that have FIG. 1. Efficiency curves for Kamiokande and IMB. A 13%
been triggered by the Cherenkov light of the positrons prodead-time effect for IMB is not included. Thg curves(dashed
duced in the detector. Because this involves a Poissoniaftrves represent the overall efficiencies published in Ré2s3]
process, a certain number of active photomultipliers correwhile the 7, curves(solid curves are corrected according to Eq.
sponds to a range of possible positron ener§ieghat may (20 for the “smearing out” ofE e relative to the positron energy
have caused this event. Moreover, there is arfF+:

E . -dependent efficiency curvgy(E ) that a given positron
will trigger the detector at all. While this function is essen-
tially a step function for the Kamiokande detector, it is fairly

In Fig. 1 we showzn(E,) and 5o(E.) for both Kamio-
kande and IMB where for the latter detector a 13% dead-time

nontrivial for IMB where about a quarter of the photomulti- effec.t is not taken intp account in the efficiency curve. For
pliers were not operational at the time of SN 1987A due to g<@miokande, 7,(E..) is essentially constant down to the
failed power supply. threshold, revealing that the efficiency curyéE ) is domi-

The spectrum of possible reconstructed event energigddied by the trigger threshold and by the Poissonian nature
E4etthat may be attributed to a true positron enegyis not of t_he q_etectlon Process. Fo_r I.MB’ on thglothgr hand, there is
universal throughout the detector: there are nontrivial geom@ Significant geometrical efficiency modification.
etry effects. Still, we use a universal distribution for the  1he expected spectrum of detected energies is thus related

probability of findingE g, if the true energy wag, , to the actual positron spectrum by
_ (E+ - Edet)2

1
ex . (18
V27 (E,) p( 202(E+)) (18
for Egee= Ecyut, @andn(Egye) =0 otherwise. With this result we

Motivated by the Poissonian nature of the detection prOCES§re armed to perform the maximum likelihood ana|ysis_
we approximate the energy-dependent dispersion by

o(E,)= \/ﬁ (19) D. Detector background
The statistical analysis described above ignores the detec-

For each detector we fiE, from the uncertainties of the tor background, i.e., the fact that any event ascribed to the
reported experimental event energ[@s3]. We find that a SN burst can also be due to background, and conversely, any
good approximation i&€,=0.75 MeV for Kamiokande and event attributed to background can have been caused by the
1.35 MeV for IMB. SN burst. In Loredo and Lamb’s analysgks10] the back-

Instead of using a universal function f&(E,,E) we  ground spectrum was included in the expected event rate.
could have used the reported experimental erserfor each  Events much earlier or much later than the main burst are
event. This procedure would leave our results almost unautomatically discriminated against and thus do not over-
changed while causing complications for the definition of andominate the low-energy part of the expected event distribu-
overall detector efficiency curve below. tion. Without the possibility to discriminate against back-

In both detectors a trigger threshold for the minimumground events by the temporal relationship to the main burst
number of photomultipliers was used in order to attribute ave must use the cut represented by the energy threshold
given event to an external signal rather than to backgroundz.,;. We stress that including the background as in Loredo
This corresponds to a lowéty,, threshold ofE.,=7.5 MeV  and Lamb’s analyses does not cause a large modification of
for Kamiokande and 19 MeV for IMB. The published trigger the implied SN binding energy and neutrino temperature.
efficiency curvesy(E ) are thus to be interpreted as

P(EgenE. )= n(Edet)Zfo dE,P(Eget.Ex) mo(E4)N(E4)  (2D)

IV. NUMERICAL RESULTS
7(Ey)= 7]0(E+)fE dEgeP(Eget,E4), (20 A. No mixing
cut

For comparison with previous work we begin our
where 7o(E,) represents efficiency reductions from other maximum-likelihood analysis with the case of no neutrino
causes such as geometry and dead-time effects. mixing. We search for the best-fit SN binding enekyand
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TABLE I. Best-fit values for the SN 1987A parameters for three

30 phih
L neutrino mixing scenarios with a relativer, temperature
i T:TTM/TZZZ.O each. The expected event numbers and energies
—_ L result from the joint analysis for the Kamiokande and IMB detector.
gn 20 The maximum likelihoodAIn(L,,.) is relative to the no-mixing
%? I case. The case of vacuum oscillations corresponds to
=4 L Am?<10"1° eV? but is otherwise independent of the mass differ-
= ol ence.
of L
r Data Best fit for mixing
i None Vacuum Adiabatic
@ t Sire20, — — 0.58 1
30 TT 1T r [T vr 1T frrrryprrrrpvroroT Amz[evz] - - - 32>< 1076
- i . E, [10°® ergg — 3.4 5.6 9.6
i ] TV: [MeV] — 3.6 2.1 1.9
T ool b AIN(L e — 0.0 1.3 3.7
gL ] Nevents Kam 11 145 14.6 13.1
8 T KAM+IMB 7 IMB 8 45 4.4 5.8
= [ | (E5) [MeV] Kam 154 19.9 19.3 17.1
e 10 - . IMB  32.0 32.6 345 33.7
A, identified with E, without allowing for a smearing-out ef-

—
o2}

2 3 4 5 . : o
(o) T, [MeV] fect, and by their use of a Gaussian rather than a Poissonian

modulation of the detection process.

FIG. 2. Contours of constant likelihood which correspond to ~ The inferred neutron-star binding energy agrees well with
68.3%, 90%, and 95.4% confidence regions, and best-fit values f¢heoretical expectations oE,=1.5-4.5<10°® ergs. The
T, andE, . Upper panel: Kamiokande and IMB separately. Lower best-fit <E7e>’ however, is rather low compared with the
panel: Joint analysis. Dashed lines mark the 68.3% confidence reange of theoretical predictions quoted in Ed); only the
gions of the separate fit. 95.4% confidence region slightly touches the predicted

the effectivev, temperaturér , Which characterizes the as- range.

sumed Maxwell-Boltzmannv, spectrum of the time-

. . . B. Vacuum oscillations
integrated flux by virtue o(EV—e>=3TV—e. We assume equi-

partition of the released SN energy betweer(aailt)neutrino Next, we study the case of vacuum oscillations which is
species so tha, is given by 6 times the inferred total en- 'elevant  for -~ small  neutrino  mass differences
ergy emitted inv,'s. (Am?<10"%° eV?). The swap probabilitp is given by the

In Fig. 2 we show the contours of constant likelihood in Simple formula Eq(8) which depends only on the vacuum
the T-—E, plane which correspond to 68.3%, 90%, andmixing angle so that no explicit dependenceom? obtains.
e

95.4% confidence regions, respectively, and the best-fit vall analogy to thev,'s we describe the time-integrated,
ues forT;- andE,. In the upper panel we show the results flux by a Maxwell-Boltzmann spectrum with the same total
Ve -

from separate analyses for the Kamiokande and IMB detecz"¢'9Y" but with e_‘ hlghe.r effect|v_e t_emperatcrreﬂ— Ty
tors, in the lower panel from a joint analysis. Our best-fitwhere the factor is predicted to lie in the range 1.4-2.0.
values for the Kamiokande detector afg-=2.5 MeV and _ We begin by performing the maximum-likelihood analy-
E,=4.9x 10°° ergs while for IMB they ;re 3.7 MeV and SIS for a fixed vacuum mixing angle and a fixedfactor

5.4% 10°% ergs, respectively. With the Kamiokande best-fit VM€ allowing E, and T, to float. In Fig. 3 we show as a
spectrum we find 11 neutrino events for Kamiokande andunction of sirf20, the maximum likelihood and the best-fit
about 1 for IMB. Conversely, the IMB best-fit spectrum Ep andT,. We show these curves for=1.4, 1.7, and 2.0.
yields about 24 Kamiokande and 8 IMB events. For 7=2.0 our results agree well with those of Kernan
While the overlap between the separate confidence corand Kraus$14]. The maximum-likelihood curve has a maxi-
tours is somewhat marginal, it is sufficient to allow for a mum for sirff20,~0.5 so that a relatively large mixing angle
joint analysis. The joint best-fit values afle, = 3.6 MeV  appears to be favored by the data. The inferred SN param-
andE,=3.4x 10°® ergs. These best-fit parameters as well asters and expected detector signals for this case are summa-
the event numbers and average event energies correspondiftged in Table I. In Fig. 3 the inferred best-fit binding energy
to them are summarized in Table . is greater for large mixing angles compared to the no-mixing
Our results differ somewhat from those of Janka and Hill-case, while the best-fit spectral temperature is a monotoni-
ebrand{18] in that these authors find more restrictive con-cally decreasing function of sig®,. For sirf26,=0.5 and
fidence contours. We believe that the difference is caused by= 2.0 the best-fitE7-) is below 6 MeV. Such a value is far
their use of a simplified likelihood function whel€y; is  below what is predicted theoretically so that it looks like
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r ] FIG. 4. Likelihood for a fixed E,=3x10°® ergs and
6L N (E;)=14MeV as a function of the vacuum mixing angle.
E r ST T T~ - _ ] The v, temperature is given by'j#er,Te with the indicatedr
5 )/ ~JTE 0 values.
2 5 7 ~ o
S v =1.777
;a i ] The 1.0 case corresponds to no mixing; the contour is
4r - identical with that of the lower panel of Fig. 2. The maxi-
b ] mum v, temperature within the 95.4% confidence region is
gL . L, . ! ] about 4.6 MeV, corresponding roughly to the lower limit for
() "o 02 04 06 08 1 the range of predicte¢E; ) values as given in Eq1).
For 7=1.4 the 95.4% CL region for the, energies does
3.5 "\~. not overlap with theoretical predictions. Therefore, if the
L vacuum solution would be borne out by future solar neutrino
i experiments, one would be forced to conclude that there is a
= 3T significant problem with the predicted SN neutrino spectra
2 [ and energies.
e 25 [
L C. Adiabatic oscillations and Earth effect
5[ The most complicated case obtains if the solar neutrino
C problem is solved by large-angle MSW oscillations where
0 02 04 06 08 1 Am?~10"% eV? The propagation out of the SN is adiabatic
© sin®28, so that no oscillations occur between there and the Earth, but

FIG. 3. Maximum likelihood, binding energy, ang tempera-
ture as functions of the vacuum mixing angle. 'Iﬁgtemperature
is given byT,TM: T, with the indicatedr values.

large mixing angles are difficult to reconcile with the SN

1987A data.

We can also fix the binding energy and neutrino tempera-

we need to include regeneration effects caused by the matter-
induced oscillations in the Earth. The permutation factor Eq.

ture according to theoretical predictions. Figure 4 shows
In(£) for E,=3x 10> ergs andE;)=14 MeV as a func-
tion of the mixing angle for several values of the rela-
tivev_ﬂ temperature. The likelihood is a monotonically de-
creasing function of sfi20, so that, taking the predicted SN
parameters seriously, the best-fit mixing angle is zero, and
large mixing angles are disfavored. For 1.4 the 95.4%
confidence interval is €sinf20,<0.17.

Suppose that future experiments will establish vacuum os-
cillations as a solution of the solar neutrino problem. What
would this imply for the SN 1987A parameters? To study
this question we show in Fig. 5 the 95.4% confidence con-

tours in theT—lé-Eb plane for a joint analysis between the SiP20,=

Y — S
r 7=2.0 7
—_ L 1.7 J
0
& 10 - 1.4 5
& L J
s | 1.0 ]
s 5 -
L N i
L RIS BT B R
1 2 3 4 5 6
T, [MeV]

FIG. 5. Best-fit values foTrV—e andE, , and contours of constant
likelihood which correspond to 95.4% confidence regions. In each
case a joint analysis between both detectors was performed with
1 and the indicated reIativeTL temperaturer. The

detectors with sif2@,=1 and with 7=1.0, 1.4, 1.7, and hatched region corresponds to the theoretical predictions of(Egs.

2.0. and (2).
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FIG. 7. Contours oAIn(La relative to the no-mixing case for

FIG. 6. Contours oA IN(Lrg), Which is the maximum likeli- -, g 04 gy binding energE,=3x 10 ergs. The contour lines

Fr?gs ;?Lat'l,:ztg tgeo?(1'méﬁ'gge\éalggfs&i%r:rég&r;rohce coitgur are in steps of 1. Shaded areas correspondIti{L,,.,) <O, i.e.,

il reai In thi) h ar ' disfavored relative t pth n r?nf;zn ’ regions which are disfavored relative to the no-mixing case. The
€., Tegions which are disfavored refative 1o the no- 9 Ca5€ieative temperaturer was 2.0(upper panel and 1.4 (lower
The relativer,, temperaturer was 2.0(upper pangland 1.4(lower pane) #

pane). ’

(9) is different for the two detectors; it is a function of the we should keeiE, fixed at 3< 10™ ergs. In the first analysis

- . 2 - .
mass difference, the vacuum mixing angle and the neutrin/® allow T to float for a fixedAm® and sift2@y. In Fig. 7
energy. we show the relevant contours of the maximum likelihood
As in Sec. IV B we begin by performing the maximum- relative to the no-mixing case. Again, shaded areas corre-

likelihood analysis for a fixedm? and sif20, while allow-  spond to a diminished maximum likelihood. As in Fig. 6 the
ing E, and T~ to float. In Fig. 6 we show contours of maximum likelihood has an absolute maximum for
e

7=2.0(1.4), siR20,=1, and logyAnf/eV?)~—5.7(5.6)
with  AIn(Lphad~1.4(1.1). A local maximum with
AIN(Lma)~0.8(0.3) is found for sif2®,~0.8 and
log,o(AnPleV?)~—5. A similar effect occurred in Fig. 6
where the SN binding energy was also allowed to float.

IN(Lnmay relative to the no-mixing value () = —41.0 in
steps of 1. We have useﬁﬂ fluences with the same total
energy as forv, and a relative temperature=2.0 (upper
pane) and 7=1.4 (lower panel. The shaded areas corre-
spond to a negativAlIn(L,,) and thus to a reduced likeli- " .
hood relative to the no-mixing case. We emphasize that the Next, V\;e hold both spectral characterlstlcs fixed,
areas cannot be interpreted as being excluded even thou =3X10° ergs andF,=4.7 MeV, which corresponds to
they are disfavored. the low end of the range of predicté&;) values given in
For both 7=2.0 and 1.4 we find best-fit mixing param- Eq. (1). The contours of In{) relative to the no-mixing case
eters sif20,=1 and logo(Am?eV?)~—5.5. The absolute are shown in Fig. 8 in steps of 1, again witk 2.0 (upper
maximum of the likelihood iAIN(L,,)~3.7 and 1.6, re- pane) and 7=1.4 (lower panel. Note that all contours now
spectively, relative to the no-mixing case. A local maximumrepresent negativaIn(£), i.e., diminished likelihood val-
with AIN(Lma0~1.4 (0.4) is found for sif20,~0.8 and ues. If we take the predicted SN parameters seriously, we
log,(An?/leV?)~ — 5. The largest increase of the maximum arrive at the same conclusion as in Sec. IV B, namely, that
likelihood occurs for the largest relative_M temperature the no-mixing case is favored.
7=2.0. The corresponding best-fit SN parameters and ex- Finally, we may suppose that future experiments will es-
pected signal characteristics are listed in Table I. They artablish the large-angle MSW solution of the solar neutrino
far away from theoretical predictions so that the apparenproblem, i.e., that the mixing parameters lie within the indi-
improvement of the likelihood is obtained at the price of acated contour of Fig. 9. Specifically, we choose the param-
conflict with SN theory. eters siR20,=0.8 andAm?=10"° eV? with r=1.0, 1.4,
Therefore, as in Sec. IV B we next take the opposite pointl.7, and 2.0 where= 1.0 corresponds to no mixing. As in
of view and assume that SN theory is roughly correct so thaSec. IV B we find that the 95.4% confidence regions barely
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4 C FIG. 10. Best-fit values fof;_ andE, and contours of constant
«~ F likelihood which correspond to 95.4% confidence regions. In each
E C case a joint analysis between both detectors was performed with
E -5 - sinf20,=0.8 andAm*=10"° eV?. The curves are marked with
3 - the relativev,, temperaturer. The hatched region corresponds to
o -6 the theoretical predictions of Eggl) and (2).
o C
-7 F . . :
C interpretation of the solar neutrino problem. For these pur-
_8 oo poses the small-angle MSW solution is equivalent to no mix-
) 0 02 04 . 06 038 1 ing at all because only large vacuum mixing angles lead to
sin?2@,

significant modifications of the antineutrino signal from a
) ) o SN. In agreement with previous authors we find that in the
FIG. 8. Contours of Inf) in steps of 1 relative to the no-mixing no-mixing case the inferred neutron-star binding eneigy

case. All values are negative; i.e.; the maximum is on the Iilneand spectraly, temperature are consistent with theoretical
siP20,=0. The spectral parameters were held fixed at P e P

E,=3X 107 ergs and(E, )= 14 MeV. The relativer,, tempera- predictions, but only marginally so with regard Tq,—e; the
ture = was 2.0(upper pane|and 1.4(|Ower pane)_ 95.4% Conﬁdence contour in ﬂ-Eb_TTE plane jUSt bal’e|y

touches the predicted range of averageenergies given in
touch the lowest predicted, energies only in the no-mixing Eq. (1).
case. However, because of the Earth effect, the other cases Neutrino oscillation effects lead to a partial swap of
yield a serious conflict only when the relativg temperature  the v, with the stifferv,, spectrum. The data already point to

is assumed to be large. lowish neutrino energies, especially at the Kamiokande de-
tector, so that even a partial spectral swap aggravates the
V. DISCUSSION AND SUMMARY disagreement between the predicted and experimentally in-

We have studied the impact of neutrino mixing on theferred Neutrino energies.

interpretation of the SN 1987A neutrino signal, focusing on. For the large-angle MSW solution the regeneration effect

. . o the Earth always goes in the direction of partly undoin
those parameter regions which are favored by the oscnlatlof[ﬂe swap caused Bé)y ?he adiabatic oscillation |Fr)1 th()e/ SN envge-

lope. Therefore, the 95.4% confidence contour in Ee

-8 T T+, plane may be shifted only by a small amount, depending
. . on the exact mixing parameters, and depending on the rela-
-4 Small-angle 12rge-angle MSW tive v, temperature(Fig. 10. Even for7=T, /T, =2.0 it
& ] would be difficult to claim a truly convincing conflict be-
N{ 7 tween observations and SN theory. Of course, the true value
g ] of 7is not known. Put another way, if the large-angle MSW
=< °F excluded by absence of E solution would be borne out by future solar neutrino experi-
@ . day-night effect ] ments, the observed SN 1987A signal would have to be
T -TE . taken as evidence for a soft, spectrum relative to the,
. . one.
B S The solar “vacuum solution” corresponds to a very small
sin®20, Am? for which the SN oscillations are not adiabatic; i.e., we

have vacuum oscillations between the SN and here, and no
FIG. 9. Mixing parameters favored by the MSW solutions of the regeneration effect in the Earth. In this case the tension be-
solar neutrino problem and those excluded by the absence of diween the predicted and observationally inferred SN neutrino
observed day-night effect at Kamiokand€ontours according to  spectra would be too significant to ignore; i.e., one would be
Hata and Haxto13].) forced to take the possibility seriously that tig spectra
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and/or v, spectra are softer than had been thought previ- Therefore, we believe that one should view the solar neu-
ously. Conversely, if one could show that theoretical spectradrino experiments as one method for shedding new light on
predictions were accurate within the claimed range of possiSN neutrino spectra. Of course, the most interesting case
bilities, then one would have to agree with the findings ofwould be if one of the large-angle solutions would obtain as
Smirnov, Spergel, and Bahc#lf] that the solar vacuum so- they would provide nontrivial new information on the spec-
lution is incompatible with SN 1987A data. The conclusion tral characteristics of the SN 1987A neutrinos.

of Kernan and Kraus$14] that large mixing angles were  Note added. After this paper had been submitted for pub-
actually favored by the data can be upheld only if one ig-jication, a new study has appeared where the impact of gravi-
nores current theoretical predictions of the SN spectra. In thigational fields on the phase evolution of oscillating neutrinos
case, indeed, the likelihood function has a maximum foris investigated22]. We believe that for the range of mixing
large mixing angles. Earameters and oscillation paths considered in our paper the

At the present time we would argue that the theoreticayravitationally induced phases do not cause an observable
predictions of SN neutrino spectra are not well enough esSgffect.

tablished to achieve a convincing selection between one of
the three solutions of the solar neutrino problem. We note,
for example, that current numerical calculations of the
nonelectron-flavored neutrino spectra are based on energy-
conserving neutrino-nucleon scatterings between their en- We thank H.-T. Janka for numerous discussions concern-
ergy sphere and transport sphere in a SN core. Howeveing the predicted SN neutrino spectra and for very helpful
nuclear recoils as well as inelastic modes of energy transfexomments on the manuscript. This research was supported,
may soften these spectra in a nonneglibile fashigm]. in part, by the European Union Contract No. CHRX-CT93-
There may be other novel effects which modify these0120 and by Deutsche Forschungsremeinschaft Grant No.
spectra. SFB 375.
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