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The neutrin08 detected by the 1MB [1] and Kamidearlde U [2] collaberatiens 

from the Supernova 19tH A in the Large MageUanic Cloud (L tvC) on the one 

hand confirms the important role played by the neutrinos in the explosion 

and subsequent radiation of energy and on the other hand gives a rare q:lPortuntty 

to extract infermation about neutrino m988es and mixing .. The initial attempts 

concentrated at ebtaining, in a model independent fashion, masa 'limits on 

neutrin08 using delays for the 11 KAMOKA events in the 12.4s pulse (more 

often the 8 events in the first 2a) and the 8 INB events in ~he 5.6s pulse. 

In this manner no reliable constraints better than the current lab\..atory limits 

( m" -;::::. 20 eV) resulted [3]. The other efforts used realistic neutrino luminosities 

calculated using detailed mechanisms of neutrino transport after the core 

coUspee of supernovae and predicted the expected number of event. in the 

two detectors using the SN 1987 A parameters to estimate the time delay. 

[4,5]. In this letter we combine these efferts and prebe haw the results using 

realistic luminosities change by introducing a neutrino masa and also mixing 

among masaive neutrin08 .of three flavoura. 

Neutrino flavour mixing ( and OICillation ) has been attracting some 

attention on its own right over the last several yeElr&. The mixing of quark 

flavours - Cabibbo mixing and its generalisations -is an experimentally verified 

fact the most recent manifestation of which is the ebservation of SO - t¥ 
mixing '1t DESY [6]. It is natural therefore to expect the existence of mix'ing 

m the leptonic sector also. Neutrino oscillations [7] have been lodeed fer in 

accelerator and reactor experiments for many years and has led to limits 

on their mass splitting and mixing angles [8]. The solar neutrino preblem [9] 

can also find a so1utiOl'l within the same framework. It is, therefore, of interest 

to 8Ik what effect. if any, it has on the neutrinos from the SN 1987A. 

It is now quite clear that the time scale of the neutrino emiBSion 

( ,..., 1 second not 1 millisecond ) and the average energy of the neutrinos 

( -10 Iv1eV) agree with the current supernova models of neutrinos diffusing 

out at a hot, opaque, protoneutron star [10]. But the somewhat long timespan 

of the events and the correlation of the time sequenc ing of the neutrinos 

with their energaes motivated people to look for the possible effects of m8S8 

and mixing. The number of events being small it is proper to lode at the cUO'llda

live number of events Nit) as a function of time. To calculate this quantity 
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one must fold the luminosities of the different neutrino and antineutrino types 

with their corresponding cross-sections for interaction with the detector material 

to estimate the prdlabUity of dlservation. For the energies of interes~ the 

v L - P cross-section ( ~ p...,. e+ n ) dominates by more than two orden of 

magnitude over all other processes. The luminosities of the different species 

being of the same order it is a good approximation to retain only this process 

in our calculation. We thus find 

3.) rt t r" clNo (E l t')
Nc:l(t)-:.(Np I +'If"R lcU.JclE o-(E) ""\.,-) (I> 

o 0 CIlE 

where N is the number of protons in the detector, R the distance of LM:' 

and fT' ( 
P

Eo) the cross-section for the 
-Vc.- p procesa for neutrinos fA energyE. 

cl~c.t t"/J...E is the differentiai i .. number luminasity and "\c.e) is the 

detector efficiency. 

Eq.(1) is derived under the assumption of massless neutrinos. If inst'!ad 

the neutrino has a mass m then the time gap between its emmission at the 

SN 1987A (t,) and its dlsarvation on earth (t.) is 
. 	 y ) (&0)t ..-t. ': (ft.../c.)/(\- _"-/6a.) a. -;::::.(R/c.)('+ ..".",!2.E.... 

When flavour mixing is present, the mass eigenstate. "i. with masses mi ' 

o = 1,2,' for :3 flavours) are related to the neutrinos ..);,. (i=l,2,3) through a 

unitary 	mix jng matrix Nt. 

t 


'A-;' : r. M.·..;· , y~:. 1.. (t1 	):'i :>tj
• \) J 	 "\I 

~ J 
This mixing leads to the p.ossibility of neutrino oscillations in a standard way. 

As an exsm;:>le, if at time t::O a V" is produced then at any subsequent time 

the state is given by _ i. Ej t 

\ -t'Ct» 'S ~ <. H1')~.l e. (+) 
., 

The prdlability of dlserving a ~ at this time is 

~ .. irE,j t a. 
 c.s)?(y,.. ..... .J.. ,t): \<~\i'(f:)\a.-= \ ~(M ~j (t-1).lL e. \ 

J 

This t~pe of oscUlation phenomena dlviously also take place for antineutrin08. 

This so-called vacuum neutrino oscillation is to be distinguished from resonant 

. neutrino oscillations of the Mkhayev-Smirnov-Wolfenstein (MSW) kind [11] 

which we do not consider in this letter. 

, 
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~\'e.1lt.,..... stbtlety which we must nON' address. Eqn.(5) has been derived 

...ssuming that the w~\Ie-function remains a coherent ~erpositioo [see eq.(4)) 

after the time 1. This, in fact, seta a limit to the range of validity of eqns.(4) 

and (5) (12]. Due to the if , mass difference, the \>..;>15 in eq.(4) will separate 

from each other with the passage of time. Eqs.(4) and (5) can be safely applied 

only so long as this separation is smaller than the size of the initial neutrino 

wave-packet. r or the neutrinos from the SN 1987 A this is !!.Ql the case. The 

neutrino energy E is typically - 10 MeV. For neutrinos of mass in the eV 

range ~E. and A,,,,,,,.; iY4~ ~ 2 x 10·12 cm. For a rough estimate 

of the separation, d, between two mass eigenstates we choose :: 10 eV,m1 
m :: SeV and E.:: 10 MeV~ Then with R :: 1.1 x 1023 cm we get from eq.(2)2 2 2 2 10 .
d :: R (m - m )/2 E: QI 6x10 em. Thus d ».o.~ and we must consider 1 2 
the neutrinos to be' an incoherent mixture of the ?\j when they arrive. (Note 

that even if A'lC. is chosen to be as large 88 the size of the core of the supernova 

~ 100 km • still this conclusion remains valid). We must therefore replace 

the coherent superpoeitioo in eq. (5), for example, by the incoherent one : 

l' - f. £.~ t 2.. 
(10.)'P ("..... ~ "Ie.) t).. I. \ (t1 ) . ("") . '" L \ 

. .....~ J
J 

It is straight-forward to incorporate the effect of neutrino mass and mixing 


into eq. (1). We now .mtain - .. -0 cl N "ee) 

N4Iltt:)·:. tNt-1 ~'1t a2.) 1: ~ \ to\~c. l-\",)L. \2. 5,.J..£ ~ (1"(&) ""l.(E) 


. . . .la'i...."'.'t 
(t ; / __,1/ ",,:lLJ '/a.)

• J cA.tc.. t (t...- R (\- ...-.... /
o 

(~) 

In writing eq.(1) we have assumed the differential number luminosity for the 

ith neutrino flavour to be in a factorised form with its energy~ dependence 

determined by .I·.'~OO Jelf: and its dependence 00 the time t (at the . s 

supernova) fixed by the functions fl. 


In our calculations we have considered two supernova models based on 15MS 
a~ 12Me stars. The time dependence of the neutrino . luminosities. - the functions 

fl - are obta~.fr(ll'O ~yte [1:'1. The energy distribution" dN~ /.aIlE, is known 

to be Fermj-D~ toa ~ood' accuracy and in Une with the expectations {5] 

we choose thet"~"' to be 5MeV for ~ and 6MeV for ~~ and ":j-c • 
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As already mentioned we retain only the dominant 
-
Y4. P-+..+ "'- reaction in 

41our work for which the cross-section is given byrr(~) = (0.S9x1O- cm 2) lIC 

( E /10 NleV)2. If we neglect CP-violation in the neutrino sector then the mixing 

matrix M is orthogonal. In analogy with the empirical form of the quark mixing 

matrix we choose it to be of the form 

-). 

where ~ is the analogue of sin 8c:, • &c. being the Cabibbo angle. The distance 
23of the LMC is not known precisely ; we choose R=1.7x10 em ~ 54.9 kpc 

1:2». 

Our results for the KAMOKA and 1MB detectors are shown in Figs 1a and 
32 32lb. For KAMIOKA OMB) we take Np ::: 1.4 x 10 (2.2 x 10 ) and "'\.. (E. )::; 

i 1- ",xl' t- (e ,""S' Mr.V)3>]! (~> - ~f [- (E/3>+ Ht.'i)'&·\ J } ) 

which are known to be in good agreement [14] with the published values of 

these groups. We have also shown in the figures the cumulative observed events 

at the two detectors. F or the KAMIOKA sample we have excluded their sixth 

event with very low energy. In both Fig 1a and 1b we have plotted three sets 

of curves for each supernova model: one for a massless ie.. (riot-dashed lines), 

another for a :;it. of mass 5eV ( broken lines ) and a third ( solid lines) for 

a three flavour model with mass eigenvalues 5, 10 and 20eV and with the 

mixing parameter ). (see eq.8) ch03en to be O.S. There is one issue which 

perhaps needs clarification : The zero of time of the detector and those of 

our calculation are not related and on the face of it "an be chosen arbitrarily. 

It originates from the difficulty in comparing a discrete observational data 

with a coiltinuous theoretical prediction. We use a procedure employed in 

similar cases in nuclear physics [15J and fix the zero of ti~e at the point 

where the first event is detected and where the continuous predictions reach 

c. Ie value 0.5. 

F rom the f iqures it is evident that the 12 Me model is clos.-:r to the data 

for both KAMIOKA and 1MB. Further, the introduction of a 5eV ,)c. mass changes 

the prediction at srnall times only and is not of much significance, On the 

other hand the three neutrino model with mass and mixing is strikingly closer 

to the· data in every case. F or the 15M model the massless ~ predictione 
is consistently well above the observed data while the introduction of mass 
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with mixing moves it in the right direction by a fair amount. In the 12 Me 

case for the IIVIB detector ( Fig.1b ) the three neutrino model with mixing 

is clearly closest to the data while for KAIvIOKA (Fig.1a) it is also perhaps 

the best - especially for the longer times - though all three curves are in 

fair agreement. 

The physics behind this result can be understood in simple terms from a consi

deration of the supernova neutrino luminosities, L 7:j • According to Mayle 

[13] the time distribution of the different L -;; are all approximately of the 

follOWing nature : There is a peak in the distribution in the first 0.55 beyond 

which it remains fairly constant. Furtheremore, for the 15 Me model L 7c. 

is higher than L '7.... for the entire duration while for 12Me this is true initially 

but asymptotically Lii..... ) L ~c. • In every case L'ii is the sa~e as. L =)i,N' , of 
t 

course. Due to mixing between neutrino flavours, part of the Yc. will be lost 

as Y'...... or ~1: while some initial :;,...... or ~t will register at the detector as 

~c. • The net effect of mixing will thus be to replace the pure ~c. luminosity 

by an admixture of L =t7c. ,L;J,.... and L =1-,: determined by the mixing parameter 

A. However, one cannot immediately relate these L~ distributions to the calcu

lated curves due to the time delay which depends on the neutrino energy. 

F or I IVIB the threshold is rather high ( 34 MeV ) and for neutrinos with masses 

of order 10eV the delay is less than 0.3s acco~ing to eq.(Z). Thus over the 

3s period which we examine (F ig.1b) this delay is of no great consequence. 

Therefore in this case the behaviour of the calculated distributions tallies 

rather well with our expectations discussed earlier. For KAMIOKA the threshold 

is lower ( 8.5 MeV) and the time delay can be as large as 4s. While asymptotically 

the behaviour is again in agreement with the simple minded expectations the 

initial behaviour is more complicated. 

A few remarks are now in order. In an earlier work [16] it was shown 

that in supernova models with shock regeneration through delayed neutrino 

heating, the luminosity played a sE::nsitive role. In this analysiS also it is found 

to be of primary importance and it underSC'ores the necessity of a careful 

calculation of this quantity. 

We have only considered vacuum neutrino oscillations ignoring the WSW 

[11] resonant oscillations which have been found useful in resolving [17J the 

solar neutrino proolem. It may be relevant to recall that for our work the 

oscillation _must be between antineutrinos for significant effect while for the 

solar case it has to be among neutrinos. The WSW mechanism can admit only 

one or the other but not both simultaneously. 
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In conclusion, we find that the neutrino data from the SN 1987 A is 

better reproduced by the realistic neutrino luminosities for a 12Me model 

than for a 15 Me one. The incorporation of a 5eV ~ mass has no significant 

effect while a three flavour model with mass and mixing is in rroch better 

agreement with the data. Needless to say, however, the number of events 

is rather small and the conclusions drawn from them are necessarily tentative. 
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Figure Caption 

The KAtvtO<A (Fig.1a) and ltv'S (Fig.1b) data compared with the 

theoretical predictions based on 12 Me and 15 Me models. The solid lines 

correspond to a three neutrino model with mixirg ( see text ). The dot-dashed 

( broken) lines are for a no mixing situation with a massless (mass 5eV) 

electron neutrino. 
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