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ABSTRACT 

The observation of a neutrino burst within three houra of the as~ 

sociated optical burst from Supernova 1987 A in the Large Magel~ 

lanic Cloud provides a new test of the weak equivalence principle, by 

demonstrating that neutrinos and photons follow the same trajecto-

ries in the gravitational field of the Galaxy. The accuracy of the test 

depends on the poorly-known mass distribution in the outer parts of 

the Galaxy, but is at least 0.5% and probably much better. This result 

provides direct evidence that the Shapiro geodesic time delay is iden~ 

tical, to this accuracy, for different elementary particles, independent 

of spin and internal quantum numbers. 
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'the oboervalion o! neutrinos from Supernova 1987 A )1 ,2] hu provided many impor

tant new inaighta into the propertieo of neutrinoa and the phyaics of supernovae. In this 

Leiter we argue that it alto yielda a novel leal of the weak equivalence principle (WEP). 

For our purposes we take the WEP to alate that any uncharged test body travelling in 

empty space will follow a trajectory independent of its internal structure and composition 

)3). An alternative, aomewhat tlronger, statement is that spacetime is endowed with a 

metrit and the world lines of uncharged lest bodies are geodesics o! that metric. 

'there are a number of wayo in which one might phrue the existence of possible vio

lations of the WEP. For massive objects, one might suppose that the passive gravitational 

mass, mp, is not equal to the inertial ma~s, m1. Alternatively, one might suppose that 

not all "freely falling• uncharged bodies follow geodesic trajectories. Such might be the 

cue if there exist non-electromagnetic long-range forces that couple to internal quantum 

numbers such u any combination of baryon or lepton number, or spin. 

The most famous teste: of the WEP are the EOtvOs-type experiments {3), which mea

eure the acceleration of laboratory-sized objects made of different materials in a known 

gravitational field. In this way strong limits have been placed on the equivalence of vari· 

ous contributions to the inertial and passive gravitational masses of objects. or particular 

rdevance for our discussion is the limit of ;$ 1% on the fractional difference of the weak 

interaction contributions to passive versus inertial mass [4]. 

The comparison of inertial and passive masses meuures the accuracy of the WEP 

in a Newtonian context. Such a comparison is inappropriate for particles like photons or 

neutrinos, since their motion in a gravitational field is not correctly described by New· 

tonian dynamics. In this case an appropriate context is provided by the parametrized 

pool-Newtonian (PPN) formalism (3). Most theories o£ gravitation aalia£ying the WEP are 

encompassed by this formalism, and each theory is specified by a set of numerical coeffi· 

dents (PPN parameters). The accuracy of the WEP may then be characterized by limits 
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on the differences in PPN parameters !or different species ol particle, 

For example, Shapiro )5] hu pointed out thai lhe time interval required for photons 

to traverse a given distance is longer in the presence of a gravitational potential U(r) by 

Al = -
1 ~ 'Y f.' U(r(l)]dt, 

c • 
(I) 

where "e" and "a" denote times of emission and absorption and-y is a PPN parameter. 

This result hu been ueed to measure the parameter 1 using radar ranging in the Solar 

System and 1 is found to be very nearly unity, consistent with the prediction of general 

relativity. To leal I he WEP, however, the isaue is not the value of 'Y but whether il io I he 

same for all species of particles, that is, whether, for example, the same time delay would 

be measured if neutrino radar rather than photon radar were used. 

We suggest that the close coincidence in time of arrival o£ the photon and neutrino 

bursts from Supernova 1987 A provides a strong test of the WEP of precisely this kind. 

The neutrino burst from SN 1987 A was detected at the Kamioka and IMB detectors 

on February 23.316 UT. Rapid optical brightening was first detected 1.0 x 104 a (less than 

three hours) later, on February 23.443 UT (6). This lime delay io conaialenl with the 

time required for the shock wave from core collapse to propagate to the stellar surface for 

plausible models of the progenitor star [7 ,8}. Thus there is no evidence for any difference 

in propagation times of the neutrino and photon signals from the supernova to Earth. To 

be conservative we shall use an upper limit 6t = to• s on the difference in propagation 

times. 

The principal uncertainly in the Shapiro lime delay (eq, (1 )) is the unknown gravita

tional potential of the Galaxy at large distances. We shall examine two simple models: (a) 

the Keplerian potential U(r) = -GM fr, where M = 1.0 X 1011 M0 is chosen to match the 

observed circular speed Vc = 220 kms-1 at the Solar radius r0 = 8.5 kpcj {b) the isothermal 

potential U(r) = v~{ln(r/r111u) -1] for r < rm.ax 1 where the circular speed Vc = 220kms- 1 

is usumed independent of radius and the potential is Keplerian for r > rm.ax = 100 kpc. 
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Case (a) assumes that most of the mass of the Galaxy lies inside the Solar radius and 

hence underestimates the time delay, while cue (b) provides a plausible upper limit to 

the muo and extent of the Galaxy and hence io likely to overestimate the delay. Neither 

model accounts properly for the disklike distribution of some of the Galactic mass, but 

this should not have a strong influence on the result. 

Using the known distance("' 52kpc) and direction of the supernova, we find from 

equation (I) that the lime delay due to the Galactic potential is 

t.t = { 1.3 x 101 (1 + 1') s for case (a), 
7.1 x 101 (1 + 1') 1 for case (b), 

(2) 

that is, one to three months for 1' "' !. If then the WEP is violated, so that I + 1' is 

different for photons and neutrinos, the upper limit of 104 s on the difference in arrival 

times implies 

6(1 + .,) < { 4 x 1o-• 
I + 1' 7 X 10-· 

where we have assumed 7 ~ 1. 

for case (a), 
for caae (b), 

(3) 

These results remain valid if the neutrino hu a small non-zero rest mass m0 , so long 

as "rr = E/(m0c2 ) satisfies 'Y~IUI/c2 ::> 1 so that the special-relativistic time delay is much 

Ieos than the Shapiro time delay. Since IU[/c2 "' 10-• but 1': ;=: 1012 (the meaoured 

neutrino energies exceed 0(10) MeV, and dispersion arguments for the neutrino signal 

limit the maas to be le11 than 0(10) eV [see, for example, 9,10]), this inequality is eaoily 

satisfied. 

Thus the coincidence in timing of the neutrino and photon bursts from SN 1987 A 

verifies the WEP for neutrinoe and photons to better than 0.5% accuracy. This accuracy is 

based on a very conservative estimate of the uncertainty in the time difference between core 

collapse and the optical brightening of the supernova, and may be substantially reduced as 

our understanding of the supernova growo. This it the firot direct verification of the WEP 

for relativistic particles, and provides the most stringent teat of the WEP for masa·energy 

due to weak interactions. 
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