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On the delayed low-energy events in the neutrino-burst data from SN 1987A
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An attempt has been made to attribute the delayed low-energy events in the neutrino-burst data
from SN 1987A obtained by the Kamiokande-II and the Irvine-Michigan-Brookhaven Collabora-
tions to a few energy-dependent effects on the propagation of the neutrinos. While attribution of
the events to the neutrino-mass effect provides no attractive information on the mass, analysis of the

data with a novel energy dependence of the velocity of massless particles due to an unknown ele-

mentary length Io in space yields an interesting result: the observed time-energy profiles of the burst
are roughly explained when one assumes Io —1X 10 ' cm and the related increases of —1/10" and
—1/10' in velocities of massless particles of energies 10 and 30 MeV, respectively. This assump-

tion appears not to be rejected by any existing experimental data. Precision velocity measurements
at higher energies are desirable for checking this possibility.

It is well known that the neutrino-burst events from
SN 1987A recently detected by the Kamiokande-II'
(KII) and the Irvine-Michigan-Brookhaven ' (IMB) Col-
laborations have proved for the first time the validity of
the outline of the current theory on stellar core collapse
of type-II supernovas. As for the details of the observa-
tions, however, there seem to be some problems yet left
beyond our complete understanding.

One of those problems is the physical meaning of the
low-energy events observed in each detector with a sub-
stantial delay ( -9 sec in KII; —5 sec in IMB). While the
observed number of such delayed events is only two
(IMB) or three (KII), the weight of those events could be-
come comparable to that of the preceding higher-energy
events if energy dependence of trigger efFiciency of the
detector and that of cross sections for neutrino reactions
are taken into account. According to the standard
scenario of stellar core collapse of type-II supernovas,
the width of the burst peak in the time-versus-neutrino-
luminosity curve is in typical cases less than about 0.5
sec, and the luminosity becomes more than an order of
magnitude lower than the peak value when one goes to
the tail of the curve. Attention should therefore be
directed to the reason for the occurrence of those delayed
low-energy events.

It might be possible to construct an improved scenario
of the core collapse in SN 1987A in which such delayed
low-energy events are reasonably explained in terms of
cooling of this newborn neutron star, increasing gravita-
tional red-shift, and/or possible accretion of the col-
lapsed core which might have occurred continuously for
several seconds following its collapse. There appears,
however, not yet to be any numerical computation which
explains in a convincing manner the time-energy profiles
of the burst observed by KII and IMB. In view of these
circumstances, it would be of meaning to investigate the
observed too-long duration of the burst from some
different angles.

The purpose of this paper is thus to try to interpret the
delayed low-energy events with some conceivable effects

on the propagation of the neutrinos. We should first no-
tice that, in the said observations of the neutrino-burst
events, the neutrinos have been detected indirectly via the
electrons emitted in some reactions caused by themselves
in the water pools. In searching for an energy-dependent
effect on the burst profiles, therefore, it is important that
we can be convinced, for every event, of the near equality
of the observed electron energy to that of the arriving
neutrino. For neutrinos of energies 10—20 MeV, inverse
beta decay (v, +p —+e++n) is dominant in water, ' '

and therefore the observed electron energy is unambigu-
ously regarded as equal to the energy of the neutrino
apart from a small energy loss of less than about 10%%uo.

On the other hand, for neutrinos of energies about 35
Me V, for instance, contributions from the reactions
v, +0—+e +F and v, +O~e++N become much more
important. The total cross section (multiplied by the
number density of the target) for each of these reactions
amounts to about one-third of that for inverse beta de-
cay; that is to say, about 40% of the reactions caused by
35-MeV neutrinos in water should be regarded as v, -Q or
v, -O (Ref. 10). In these nuclear reactions, more than
10—15 MeV of the neutrino energy is transferred to the
nucleus, and the electron is ejected with the remaining
half of the neutrino energy. Because of the high thresh-
old energy in the electron detection ( -20 MeV), the IMB
detector is considered to be almost insensitive to such a
low-energy electron. Thus we may safely assume that
every burst event detected by IMB is due to the v, -p reac-
tion and hence the observed electron energy is close to
the energy of the arriving neutrino.

In view of the above argument, the said examination of
the burst profiles in this work wil1 be performed in the
following two steps. First, a preliminary analysis will be
made on the IMB data only. If once an attractive result
is found, then the result will be tested to see what
modification is required of it when the KII data are also
included in the analysis.

The first propagation effect to be discussed here is that
of neutrino mass. " Let m denote the mass and L,
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a) I MB
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denote the distance to SN 1987A ( —55 kpc) (Ref. 12).
Then the delay in the arrival time of a neutrino of energy
E is given in the form

At, =+(L/2c)(m c /E)

Note that this delay is inversely proportional to E .
Figure 1(a) shows a result of fitting of Eq. (1) to the

new IMB data (open circles) (Ref. 4). The best fit is ob-
tained with m =34 eV/c as shown by the solid line.
The dashed lines in the figure define a possible area for
the burst profile to be expected when it is tentatively as-
sumed that the emission of neutrinos from SN 1987A
continued for 3 sec. Similar fittings with m as a parame-
ter set a range 34+~ eV/c (significant at the 95%-
confidence level) of the neutrino mass. This lower limit is
a little too high as compared with some of the upper lim-
its set by several laboratory experiments on tritium beta
decay: 17 & m &40 eV/c (Moscow) (Ref. 13), m, &27
eV/c (Los Alamos) (Ref. 14), I &18 eV/c (Ziirich)
(Ref. 15), m, &32 eV/c (Tokyo) (Ref. 16), and m &28
eV/c (Tokyo) (Ref. 17). Since, as seen in the above, the
result of the analysis of the IMB data does not appear to
be attractive, we shall not discuss the mass effect further
in this work.

The neutrino burst in SN 1987A is the only known
phenomenon which affords us today an opportunity to
test the propagation of particles of different energies leav-
ing the same source almost at the same time and arriving
at the same detector after having traveled an astronomi-
cal distance. It might be indicating some new effect too
fine to have so far been noticed on Earth. The observed
spread in the arrival times of the neutrinos should there-
fore be examined carefully but free from any constraint of
today's common sense. The second effect on the neutrino
propagation which we wish to discuss here is the possible
increase in the velocity of photons and other massless
particles with the increasing energy. ' In truth, such a
possibility will improve short-distance behavior of the
propagators of all the particles effectively and make the
field theories finite. This was first pointed out by Pavlo-
poulos' and later formulated independently by the
present author into a much more elaborate, logically
consistent method for finitizing field theories without
changing their conventional form. In a recent work, ' a
finitized form of the Coulomb potential and an improved
short-distance behavior of the quantum-electrodynamic
coupling constant have been derived as typical examples
of the finitization.

In this theory, existence of a pure-imaginary elemen-
tary length 2ilo is assumed in the three-dimensional
space, where lo is the possible third natural constant to
be searched for. On this assumption, velocity of a mass-
less particle of energy E is modified to

C (E)=c cosh [arcsinh( l OE /Pic ) ]

]0
=c[1+,'(loE/Pic) ]—forE «A'c/lo . (2)
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If neutrinos are assumed to be massless, then the resul-
tant shortening in the time of fiight (between SN 1987A
and Earth) of a neutrino of energy E is written in the
form
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FIG. 1. Fitting of Eq. (1) (possible mass effect) or Eq. (3) (pos-
sible elementary-length effect) to the neutrino-burst data from
SN 1987A (closed circles for Kamiokande; open circles for
IMB). In plotting the experimental data, it has been tentatively
assumed that all the events were detected via inverse beta decay,
and hence the observed electron energies are close to those of
the arriving neutrinos. This assumption could be inappropriate
to some of the several earliest Kamiokande events, while it
would be appropriate to the IMB ones. The detailed discussion
is found in the text.

Notice that At2 is proportional to E just contrary to Eq.
(1).

Figure 1(b) shows a typical result of fitting of Eq. (3) to
the new IMB data. The best fit between them is ob-
tained with IO=8X10 ' cm as shown by the solid line.
When 3-sec duration of the neutrino emission is tenta-
tively assumed (thin broken lines), all the events fall in
the predicted area within their possible experimental er-
rors. Similar fittings with lo as a parameter set a definite
lower limit Io) 6X10 ' cm on this parameter, while the
upper limit is found to be larger than 3X10 ' cm. A
more stringent upper limit on lo will be placed by an ex-
isting terrestrial experiment as mentioned later.

Our next task is to try to explain both KII and IMB
data with a unified model ~ Such an attempt faces inevit-
ably a few insoluble problems arising from the 1-min un-
certainty in the absolute timing of the KII events or from
marked differences in the detector characterist'. 'cs be-
tween the two. Nevertheless, in Fig. 1(c), the KII
(closed circles) and IMB (open circles) events are plotted
in a common diagram on the tentative assumptions that
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the detections of the burst events by the two detectors
started almost at the same time, and that all the neutrinos
were detected via v, -p reactions. Possible inappropriate-
ness of the latter assumption to the KII data will be dis-
cussed shortly. The dashed curves in the figure show, as
an example, the time-analyzed burst spectrum to be ex-
pected from Eq. (3) when 10=1.1X10 ' cm and 5-sec
source duration are assumed. The majority of the events
appear to be well explained with this model within the
possible experimental errors. According to this model,
however, only neutrinos of energy around 35 MeV should
hit the detectors in the period of the earliest few seconds.
This requirement is clearly incompatible with the first six
events at KII, while it is supported to a certain extent by
the nonobservation of neutrinos of energy less than 30
MeV at IMB in the same period. The poor fitting to
those earliest events in the KII burst profile, however,
does not necessarily mean that our /0-effect model is to be
rejected by those events, because there remains a non-
negligible possibility of their being due to reactions other
than v, -p, and hence being much higher in the incident
neutrino energies.

The first KII event [E,=20.0+2.9 MeV, 0=18'+l8
(Refs. 1 and 2) or 10'+l8' (Ref. 2)] is likely to be v, -e
scattering of an electron neutrino emitted in the initial
neutronization burst (see the remarkably high, narrow
peak on the time-versus-v, -luminosity curve shown in
Ref. 5.) as suggested by the KII authors themselves. '
According to weak-current calculation on v, -e scatter-
ing, half of the colliding neutrinos are, in the case of
35-MeV v, incidence, for instance, scattered into angles
5.5 +& from the incidence direction, and at the same time
the electrons are recoiled with the recoil angles 17'+$9.
In such a scattering, fraction of the incident energy
transferred from the neutrino to the electron is not so
high; it is only about a half when the recoil angle is about
10', for instance, thus explaining the lowness in energy of
the first event.

The sixth KII event (E, =6.3+1.7 MeV) is of very low
energy, and hence might be a noise as implicitly suspect-
ed by the KII authors in their earliest report. ' (Notice
that the background trigger rate of the KII detector is,
on average, 0.60 sec of which 0.23 sec is due to radioac-
tive contaminations in the water. ' )

As for the second KII event, two very different values,
15'+27' (Refs. 1 and 2) and 40+27' (Ref. 2), depending
on the vertex-reconstruction program have been reported

for the angle of the electron. If the former should be ac-
cepted, there would arise a possibility that this event, too,
may be a v, -e scattering. In the following, however, we
shall discuss only the possibility that the four KII events
from the second to the fifth may be due to v, -O or v, -O.
As mentioned in the introductory part of the present arti-
cle, about 40%%uo of the reactions caused by 35-MeV neutri-
nos in water should be regarded as v, -O or v, -O. There-
fore, if those four events are assumed to be due to neutri-
nos of energy about 35 MeV, then it is found most prob-
able that two of the four events are v, -O or v, -O, thus
improving the fitting considerably. The probability that
all the four events are v, -O or v, -O is, on the other hand,
given by (0.4) . This value is not high, but still to be con-
sidered as non-negligible. Thus we understand that our
Io-effect model can hardly be rejected by the KII. data.

There are a few velocity measurements ' at about 10
GeV. Guiragossian et ah. compared the velocity of 14-
GeV photons with that of electrons being continuously
accelerated from 15 to 20.5 GeV, and obtained the rela-
tive velocity difference ( l.25+ l. 91 ) X 10 or
( —5.36+5.75) X 10 according to whether or not about
40% of the data had been omitted as being anomalous.
Their results imply that lo ((1.1 —2.0) X 10 " cm.
Then, combining it with our lower limit, we find that

6X10 ' em&la&(1. 1 —2 0)X10 ' cm

as long as the above-mentioned dispersion due to lo really
is the case.

If lo could be about 1X10 ' cm, then the relative in-
crease in photon velocity would be 1X10 at 100 GeV
and 1X10 at 1 TeV. A precision velocity measure-
ment is desirable in the energy range of 10 —10 GeV for
checking this possibility. Such a measurement would not
lose its importance even when it results in a negative con-
clusion, because the negative result would then mean that
the validity of one of the most fundamental postulates in
today's physics (i.e., the energy independence of photon
velocity or, in other words, the continuity of the space)
would have been verified for the first time up to 10 —10
GeV.
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of publication.

K. Hirata et al. , Phys. Rev. Lett. 58, 1490 (1987).
2K. Hirata et al. , Phys. Rev. D 38, 448 (1988).
~R. M. Bionta et al. , Phys. Rev. Lett. 58, 1494 (1987).
4C. B.Bratton et al. , Phys. Rev. D 37, 3361 (1988).
~See, for example, R. Mayle, J. R. Wilson, and D. N. Schramm,

Astrophys. J. 318, 288 (1987); S. W. Bruenn, Phys. Rev. Lett.
59, 938 (1987).

A. Burrows and J. M. Lattimer, Astrophys. J. 307, 178 (1986).
R. Mayle and J. R. Wilson cited in S. E. Woosley, Astrophys.
J. 330, 218 (1988).

8W. C. Haxton, Phys. Rev. D 36, 2283 (1987).
C. Longuemare and D. Casper cited in J. van der Ve1de, Dark

Matter, proceedings of the 1988 Moriond Workshop, Les
Arcs, France, 1988 (Editions Frontieres, Gif-sur- Yvette,
1988).

The cross sections for v, -O and v, -O given in Ref. 2 seem to
be too small as compared with the results of more elaborate
calculations given in Refs. 8 and 9.
This problem has already been discussed by many authors.
See the references cited in Ref. 2.



39 BRIEF REPORTS 1767

' M. Rowan-Robinson, The Cosmological Distance Ladder
(Freeman, San Francisco, 1985).
S. Boris et al. , Phys. Rev. Lett. 58, 2019 (1987).

' J. F. Wilkerson et al. , Phys. Rev. Lett. 58, 2023 (1987).
' M. Fritschi et al. , Phys. Lett. B 173, 485 (1986).

H. Kawakami et al. , Phys. Lett. B 187, 198 (1987).
H. Kawakami and T. Ohshima, Butsuri 43, 429 (1988), in
Japanese.

Noticing the fact that the time difference between the arrival
of the neutrinos and the earliest observation of the visible-

light burst signal from SN 1987A was only a few hours, M. J.
Longo [Phys. Rev. D 36, 3276 (1987)] argues that the validity
of special relativity has been proved to an accuracy
-2 X 10 . In this paper, we are going to discuss a 10-sec
difference between the arrival times of 10- and 40-MeV neu-

trinos. Our test of relativity is therefore more than 3 orders
of magnitude more stringent than Longo's.

' T. G. Pavlopoulos, Phys. Rev. 159, 1106 (1967); Nuovo
Cimento B60, 93 (1969).
K. Fujiwara, Foundations Phys. 10, 309 (1980);Precision Mea-

surement and Fundamental Constants II, Natl. Bur. Stand.
(U.S.) Spec. Publ. No. 617, edited by B. N. Taylor and W. D.
Phillips, (U.S. GPO, Washington, D.C., 1984), p. 681.
K. Fujiwara (unpublished). In this work, it has been shown
that (1) the Coulomb potential due to a point charge q takes a
finite value q/12eolo at the origin, and (2) the QED coupling
constant effective at a large three-momentum transfer Q is
given in the finite form a(Q')-ao/[1 —Aao(M'/Q')'~ ],
where ao is the coupling constant for the bare electronic
charge, A is a positive coefficient, and M =1/2lo is a large
momentum which corresponds to the cutoff momentum in
the renormalization theory.
Z. G. T. Guiragossian et al. , Phys. Rev. Lett. 34, 335 (1975).
See, for example, I. J. R. Aitchison and A. J. G. Hey, Gauge
Theories in Particle Physics (Hilger, Bristol, 1982); F. Halzen
and A. D. Martin, Quarks and Leptons (Wiley, New York,
1986).

24T. Alvager et al. , Phys. Lett. 12, 260 (1964); B. C. Brown
et al. , Phys. Rev. Lett. 30, 763 (1973).


