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We calculate limits to the properties of massive, unstable neutrinos using data/frayndetectors on the
Pioneer Venus OrbitefPVO) Spacecraft. The absence ofyaray signal in the PVO detector constrains the
branching ratio to photons B(,), mass (n,), and radiative lifetime f,=7/B,). For low-mass
(m=T~8 MeV) neutrinos  decaying v—v'y, B,<3X 107 for m,r<1CFfkeVsec, and
B,<2Xx10" 13m, r/keV sec form, 7= 10° keV sec; limits for high-mass neutrinos are somewhat weaker due to
Boltzmann suppression. We also calculate limits for decays that proguags through the bremsstrahlung
channel,y— v'e" e y. With one exception, the PVO limits are roughly comparable to those from an analysis
of data from the Solar Max MissiofBMM) Satellite(which observed at highey-ray energies but for a much
shorter timé. For neutrino mass states that are nearly degenefat®m?~0.1<1, our limits for the mode
v— v’y become more stringent by a factor as larger&s6m?, because more decay photons are shifted into
the PVO energy window. For this same reason, SMM cannot constrain this[ 8@§66-282(97)05912-7

PACS numbsg(s): 13.35.Hb, 14.60.St, 95.30.Cq, 97.60.Bw

I. INTRODUCTION of the Earth’s radiation beltdeading to lower backgroungls
In addition, more high-quality data is available- 8000 sec
The occurrence of Supernova 19878N 1987A in the vs 10 sec for SMM These factors combine to give limits
Large Magellanic Cloud has proven to be among the mosthat are comparable to, but slightly weaker than, those from
fruitful experiments in the heavenly laboratory, confirming SMM [6], cf. Sec. Ill. For the case of nearly degenerate
“known” physics and constraining new physics. Aside from neutrinos(Sec. V), most of they-ray flux is at a lower
its obvious impact upon the study of the late stages of stellagnergy, and the PVO limits are correspondingly stronger.
evolution in general and upon supernova physics in particu- The paper is organized as follows. In the next section an
lar, models for SN 1987A have become a test bed for th@xact formula for the expecteg-ray flux is derived and
study of the couplings of light particle®.g., neutrinos, ax- important approximations are developed. In Sec. Ill, the
ions) to ordinary mattef1]. In this work, we discuss limits PVO data are discussed and rigorous limits are derived in the
on the properties of neutrinos based upon their thermal emisimplest regime. The next four sections build upon these
sion from the hot nascent neutron star. results, expanding to more complicated regimes. The final
When a supernova occurs, the bulk of the binding energgection is a brief summary.
of the neutron star{3x 10 erg) is released in neutrinos,
as predicted by theory and confirmed by the observation of a
neutrino burst from SN 1987A. The temperature of electron Il. y-RAY SIGNAL

neutrinos is about,=4.5 MeV; u and r neutrinos are pre- . . .
The fluence ofy rays from decaying massive neutrinos

dicted to have a higher temperature=8 MeV, because diated f h ‘ " tar d 4 th
they couple to the prevalent electrons only through neutraj2d!ated from the nascent neutron star depends upon the par-

current interactionf2—4]. If at least one species of neutrinos ticular decay channel. Here, we will consider the simplest

- TIE )
is massive, unstable and couples to the photon, then some fyyo-body decayp—»"y, with a low-mass daughter neutrino

these neutrinos will decay en route to photons, potentiall)famd al_sh?_rt I'fet'rr?e;]'rr: Secs. Itvb_ Vil bEIOW_’ Wz allow Iurth_erl
detectable as MeVy rays. At the time of the supernova complications which have not been examined as extensively

burst’s arrival at the Earth, there were several satellites op"Zlnd for Wh'Ch. the PVO data is better suited.
We can write the expected fluence pfrays from decay-

erating in the solar system capable of detecting the deca.l)r/] ) h q liteti g
photons in the course of their watch fgrray bursts. Analy- g neutrinos with mase, and mean lifetimer as(8]

ses of the data from one of these detectors, on board the
Solar Max Mission(SMM) Satellite, have already been pre-

sented[5,6]; here, we examine the data from the Gamma yN= BVL#(E)dEn(,u)d,ue td/wdt 5(t—t 1-vu
Burst Detector on the Pioneer Venus Orbi@VO) [7]. 47D* YT d d

While the PVO detector was smaller, and its energy window D

(0.1-3 MeVj not well matched to that of the supernova neu- + —{J1—(vtq/D)3(1— u?) - 1}} ) dt, (1
trinos, it had 4r acceptance and was in an environment free ty
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whereB, is the fraction of decays that producey @ay. The  sive neutrinos This includes photons that have left the su-
first factor is the overall flux of neutrinos from a supernovapernova pointing far away from the detector but which de-
at a distanceD. L4(E) is the differential number flux of cayed at large angles toward the detector. Obviously, for
neutrinos, sEt=fdEEL is the total luminosity in neutri- low-mass neutrinos which leave the supernova at highly rela-
nos. The second factor gives the fraction that decays into tvistic speeds, the fraction that takes such a path is very
“laboratory-frame” angle arccqs. The third factor gives small. To simplify this expression, we shall require that
the fraction that decays at timtg. Finally, the 8 function  ty<D~5X 10" sec, the assumption that most of the neutri-
selects the photons with a giveq, E, u that arrive at atime nos decay well before they reach the earth. In Sec. VII we
t after the arrival of massless neutrinos at the detector. Thediscuss long lifetimes, in which case the flux is greatly re-

Lorentz factor isy=E/m, and the speed=+1—y 2. duced and the limits are correspondingly weaker.
The functionn(u) depends on the distribution of daugh-  In the present limit, thes function becomes simply

ter photons in the neutrino rest frame and, therefore, on thél[t—tq(1—vu)]=(2yk/m)&(ty—2ykt/m), and we can
particular decay channel. First, we consider the two-bodyerform the integration ovely :
decay,v— v’ y. Because the neutrino is a spin-1/2 particle,
and the photon a spin-1 particle, this reaction can proceed in dN= L#(E)f(E k)z_k872kt/m,,fdtdEdk (5)

. . . = Vi )
one of two ways: with the helicity of the daughter neutrino 47D
parallel or antiparallel to the photon helicity. From quantum ) _ )
mechanics, then, the distribution of the photon in the resSimilar expressions have also been derived in Ré{40])
frame of the parent will be proportional to either¢%)/2, ~We shall assume that the neutrino-number luminosity is
where & is the cosine of the rest-frame angle between théliven by a zero-chemical-potential Fermi-DireD) distri-
directions of the parent neutrino and the photon. Transformbution with known temperature and total energy, a reason-
ing into the laboratory frame gives the distributiof.).  @ble approximatiof3]. For now, we consider low-mass neu-
Note that we have assumed neutrinos are emitted in an iffinos (i.e.,m,<T,) where
stantaneous burst; as long as the actual duration is small

»vT

€ . o 120 Er  E?
compared to the timing resolution of the detector, which is LiE)= = il , (6)
the case, this is a good approximation. # 7t T, 1+eM Ty

Because we are not interested in the decay angle, but 3 ) . .
rather the photon energy, we write(u)du="f(E,k)dk, where E;=10° erg is the total energy in one species of
wherek is the y-ray energy, related to the decay angle by massless neutrinos. We treat the cage=T, in Sec. V be-

low.
y m Finally, we can integrate the above expression over neu-
w= —( 1— _) 2) trino energyE and over one time bin, frormto t+ 6t, to get
-1 27k an expression for the spectrum of photons incident on the
detector during that time interval to obtain
This gives
d(k,t) ftwt dN dt
1 s = —_—
f(EK) = g2 (EvFE=2K), 3) t dkdt
B, 240 E
for each of the helicity possibilitie§For reference, an iso- = Féz ﬁT_Tzh(k/Tv)efkum”T(l_efzkm/m”f)-
tropic decay would givef (E,k)=1/(Ev)=1/p, wherep is Y
the neutrino momenturh. For ultrarelativistic neutrinos (7)
(m,<T,), v=1, In this expression, the functiam(k/T,) results from the in-
2k/E2  no flip, tegration over the neutrino energies. It is of order unity for
. the parameter ranges of interest, and it is largest in the case
f(E, k)= 2(E—K)/E* flip, (4 of “no flip,” which we will assume from now on since it
1/E, isotropic. gives the most conservative estimates of the parameters. In

that case, it is given bia(y)=yIn(1+e™).

Each of these should be multiplied by a Heaviside function Although this signal depends nonlinearly on the param-
O (E—K) to require that the daughter photon be less enereter m,r, the expression simplifies whem,r is much
getic than the parent. Further, we ensure that the decay dogseater tharkt or much less thakét, wherek is a typical
not occur inside of the progenitor envelope which wouldphoton energy,
considerably alter the energetics of the explosion and lead to
an independent constraint which is important for short life- B, 240 Er S0, M,T<KAL,
i d(k,t — —h(k/T,)
times[9]. A7D2 77% T2 2kst/m,r,  m, 7>kt

The factor inside thes function in Eq.(1) is especially (8)
complicated. This is because at any given time, the detector
is receiving photons from neutrinos that have decayed on &or smallm,r, there is no appreciable relativistic time delay
surface with a complicated shape that is approximately ellipbefore the decay of the neutrinos, so essentially all of the
soidal with the supernova at one focus and the detector ataughter photons arrive in the first time bin. In the case of
another, and further complicated if the speed1 (for mas- largem, 7, the flux is essentially constant over the time of the
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for each detector are high enough to be well described by a

150 =
normal distribution, which we use for ease of calculation
the 1-3 MeV bin, with the lowest fluence, there are approxi-
mately 40 counts per bjnThis gives a likelihood function
100 | . £(6)=I1 N[Dj; ;b;ot;+S;(6),07], (10
o L _
a | 1 where
i) j
2 1 1( )2
Q ] ) 2 __ - _ - X_,U/
[ &} 50 a N(X,,LL,O’ ) —277-0-2 exr{ 2 —0_2—} (11)
r 0.2 - 0.5 Mev 1
i 7 is the normal distributionb; is the background in channel
v (observed for a timéy), 6t; is the length of time birj, and
- W--mewwwm&m . Dij, S; are, respectively, the observed and theoretical signal
0 " T = 20 eV in those time bins, calculated with the set of parameters rep-
. P A R R resented by 6. Finally, the variance is given by
0 2000 4000 6000 8000

UT — 27325 [sec]

o5 =S;j+Db;0t;(1+ 8t /t,), the sum of the theoretical vari-

ance of the signal and that due to the background?rsite.

define ay? statistic:
FIG. 1. The PVO GBD data for the time immediately before and X

after the arrival of the neutrino pulse from SN 1987A at the PVO

spacecraffUT = 27325. Time bins are either 12 or 16 sec; we XZE—2|nE+COI’]St=Z
show the average counts per second in each bin, for each energy i
channel, as marked.

s bi6t;i—D;))S;;

ij
(Djj—b;ot)?
ke L

O'ij

+ . (12

observations, so the signal is proportional to the width of the
time bin. Only in the latter case does the fluence actually

depend on the value of, 7. . . .
In order to calculate the expected signal, we must fold th(;rhe model is nonlinear, and the vanant% depends on the

. . model parameters, so we have defined this quantity including
photon spectrum with the detector response function. Th(tah i o
. C : e Ino;; term; the usualy~ distribution does not exactly
signal expected in thih energy channel is apply !

Because of the two terms contributing to the variance, the
form of x? depends on which term dominates. For
S;>bidtj, of~S;, and theSj/of, term dominates, so
whereR;; is the response of detectbto energy birk;, and X ~ZXS;. When the neutrino signal is small, the back-

(1) is the theoretical spectrum averaged over energy biground contribution dominates, angf~const. These re-
j at time (or time bin t. gimes are shown in Fig. 2, where we pjgt as a function of

m, 7 for several values 0B, .

Immediately, we see the character of the limits on the
parameters. Fom,7=<10" keVsec,x’xB.; in this regime

To obtain our limits we use data from the Pioneer Venusonly the data from the first time bin after the supernova con-
Orbiter Gamma Burst DetectdPVO GBD) [7,11] around tributes. Fom,7/B =< 10" keVsec,XzocBy/mVr ; how, the
the time of the supernova. The GBD has four energy chanfull data set provides information. Finallyy?=const for
nels, roughly 100-200 keV, 200-500 keV, 500—-1000 keV m,7/B,= 10" keV sec; in this regime the background domi-
and 1-2 MeV. The supernova was propitiously directly over-nates over the theoretical signal. Note that this latter area of
head at the time, giving the maximum effective area. Weparameter space provides the “maximum likelihooddr
have data for about 1500 sec prior to the arrival of the sux? minimum); there is no neutrino signal and we calculate
pernova neutrinos at Venufor calculating the background  only limits on parameters. In fact, there is a slight deficit of
and for 8000 sec after, for time bins of either 12 or 16 sec ircounts with respect to the background calculated from the
duration. We show the data in Fig. 1. We have verified thatime before the supernova; otherwise, we might expect to see
there is no clear signal in any of the four channels: the data ia weak maximum likelihood somewhere in the larggr
consistent with a constant Poisson rate in each detector. regime. In Fig. 3, we show a single contour gf in the

To calculate limits on our parametes andm, 7, we use ~ m,7-B,, plane.
the expected sign&; (t) and our measurement of the back-
ground over a time intervd}, in each detector to construct a
likelihood function given the observegray counts in each  We include a small contribution reflecting the uncertainty in that
detector. We assume th3{(t) gives the mean of a Poisson rate; this latter effect is somewhat more difficult to include if a
process governing the detected number of counts; the rat&visson distribution is explicitly used but is in any case negligible.

si<t)=fdka<k>¢<k,t>=; Rij#;(1), (9)

Ill. y-RAY DATA AND ANALYSIS
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L I T L LILIN L L N L B B B'}/<3><10_7’ mVTSlo6keVSGC,

B = 1 _ mVT
10 = Dy — < 13 =
[ _ B,<2x10 oveee M7 10° keVsec, (13
- T for neutrinos with a temperature of 8 MeV, appropriate for
L ] w and 7 neutrinos(The limits scale roughly a§~2.) This is
8l | less restrictive than the limits of Oberaustral. [6], due to

o< the fact that the PVO GBD could only detegtrays with
@ T il energies below 2 MeV, compared to 25 MeV for the SMM
- . Satellite. However, we believe this analysis to be more rig-
orous and the PVO data to be of higher quality.

6 ] IV. OTHER DECAY MODES—BREMSSTRAHLUNG
| | So far we have considered only photons produced from
the simplest radiative decay mode of a massive neutrino spe-
i ] cies:v—v'vy; three- and four-body modes are also possible.
4l ' L For these modes, where the rest-frame photon energy is no

-5 0 5 10 15 20

log[m,r/(keV sec)] longer given by the simplek_z m,/2, we must allow for a

distribution of decay product${ k,«)d kdz gives the frac-
FIG. 2. The value of thee? statistic, defined in the text, as a tion of photons produced with rest-frame enekginto angle

function of the parametem,, for values of the branching ratio ;= cosg. Then, the final spectrum is

B, as marked, for the decay process:v’y. The logarithm is to

base 10. dN 1 B,

k™ 3707 | SEE)

To connect with other analyses, we shall assume that our
x2-like statistic has g? distribution. We have 550 time bins y f o
and four detectors, so there are 2200 degrees of freedom. For K
this distribution, a o fluctuation corresponds to
Ax?>=2230, a 3 (or 99% fluctuation toA x?>=2357; we where we have still assumed that the decays occur near the
choose the latter as our limit; from the shape of the likeli-supernova anth,<T, and the energy integral is taken from
hood function it is clear that any comparaldig? will give  k to«. (We discuss the case of large masses=T, in Sec.
similar bounds. We also note that a signal in the smgh- V below,) In particular, we consider the bremsstrahlung pro-
regime may not be detectable with this algorithm; the abcess,v—v'e’ ey, wherev=wv,, v'=wv,. Because this is
sence of a local minimum in that region, however, impliesN0 longer a two-body decay, the kinematics are considerably
that this should not be a significant worry. The allowed re-more complicated, and no exact calculation of the spectrum

gion is shown in Fig. 3. It corresponds approximately to  has been performed. Following Oberaeel. [6], we make
several simplifications{l) We assume isotropy of the pho-

tons in the rest frame of the neutrinos; this is reasonable if

" e—y(l+v;t/7, (14)

y(1+vp)

20 ‘ ' ' ' ' ] the helicity states of the parent neutrinos are produced in
r equal numbers. This givel{ k,x) = f(k)/2 (which still im-
_ 15 7 plicitly depends onu through the Lorentz transformation to
§ ] the laboratory frame (2) Up to factors of order unity, we
- 10 assume that the bremsstrahlung energy spectrum is given by
< (6]
~
E sf
— - dr B, — aly a 1
> I D V()= — = (15)
2 ol dk T T Kk T K7
whereI'y and 7, refer to the process without a daughter
=5 photon:v—v'e*e™, absorbing a branching ratio factor into
-10 To= 7/B.. Now, they-ray flux is
log B,
Il d i f th I for the 2-bod dN—l 1adeLEE
FIG. 3. Allowed region of them,7-B,, plane, for the 2-body dkdt 4D m 7. 7w n( )E

decay process— vy, corresponding toA y?<2357 (see text

Here and below, contours continue to infinity as long as the appro-

priate assumptions, discussed in the text, still hold. The logarithm is X f
to base 10.

+1d_ . _
5 (Lrvme g
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V. VERY MASSIVE NEUTRINOS

Bremsstrahlung
20f ' ‘ ’ | ] All of these expressions are considerably more compli-
L 4 . . .
A cated in the casen,=T. We will still assume a zero-
- 15:_AHOWGd chemical-potential FD distribution, this time applying to
o : massive particles:
> 10
A Er EVE?+m,?
\ L - —t . 14
lé 5 r L#(Eimv) 7774 TV4J(mV/TV) l+eE7TV ’ (19)
S with a ‘“suppression factor”j(x), along with the require-
or ment thatE>m,,. The factorj(x) is just the usual Boltz-
i mann suppressiofj (x)=x%% %, for x>1]; we use an ap-
=5¢ L : proximation good fom/T<few, j(x)=exp(—0.15?). (Sigl
-10 -8 -6 and Turner[2] have calculated the effect of the changing

log B, neutrinosphere temperature and radius on this naive expecta-
tion; the effect is small for m,<40 MeV, and
FIG. 4. Allowed region of then, 7-B, plane, for the bremsstrah- > 10—25ec) For low-mass neutrinos we assumiegm, ;
lung decay process, as above. The logarithm is to base 10. now, we can only integrate over neutrino energies greater
than maxtn, k). In this expressiorE=103 erg remains the
integrating over decay angle and the time bin gives a flux afotal energy for the low-mass case; the total energy released

the detector is E1j(m,/T,), which for large masses is less tharP3érg
sincej<1.
_ 1 o 1 1 m,7\? In addition to the mass threshold effects, we must now
p(kt)= W;mﬂf dEL,(E)E Et take into account the loss of photons produced inside the
envelope of the supernova.,~100csec=3x 10" cm.
X[1—e 2EY™7(14 2Et/m,7)]. (A7) Thus, we require thaity>Rgpy, OF
The integration over the time bin can be done analytically, 1+ (Renym,)
but the remaining energy integration must be computed nu- E>Een=m, 2kt ' (20

merically. [For yt<7, the angular average becomes unity

and using a Maxwell-Boltzmann distribution far,(E) re-  Note thatEg,~>m,, so this supersedes the requirement that
produces Eqs(6) and (7) of Oberaueret al. [6].] With the  E>m,, but the requirement th&>k remains. Thus, we
usual assumption that a negligible fraction of the decays ocmust  integrate  over  neutrino  energies  from
curs inside of the progenitor and that detectedays have E ,=maxkEg,). This integration, the equivalent of
energiesk<T (i.e., E;in<<T), the flux is again a function h(k/T) above, cannot be done in closed form, but again it
only of m,7. Form,r<Tét, whereét is the timing resolu- can be approximated by a Gaussjanleast for the isotropic
tion of the detector, the flux is proportional to casef(E,k)=1/p]:

Bo/m,7=1/m,7,; for m,r>Tt, it is proportional to

Bc.m, 7. This latter behavior results in an excluded region dN _ B, j(m /T )1_20 Er 2_ke—2kt/m,,rg(E IT)
with B> 1/m, 7. The photon energy dependence is ffom  dkdt 4#D?""" " V77T 2 m,r min® ©/
the spectrumtimes a slowly-varying function ok/T from (21

the integration over neutrino energies. Again, we show the

allowed region of parameter space in Fig. 4. with
Using the same definition of a 99% confidence level gives " X 72
limits of approximatel - ~— 0.2
PP y g(x) fx dy T =13¢ ; (22

—5
Be<2x10°°,  m,7=10"keVsec, the factor of 0.2 in the exponent approximates the shape of

the integral forx<few. This differs from the massless case

m, i
B,<7x10 12 m, 7= 10° keV sec, by a total suppression factor
keVsec )
J(mv/Tv)g(Emin/T) m, 2 Emin 2
=exg —0.13 —| —0. .
-1 h(k/T) T, T,
B.<5x 1015 — T (18) (23
€ keVse

Since E,=m,, this is always less than
Because the bremsstrahlung spectrum peaks at a lower e@xd —0.35(m,/T,)?] for interesting masses, =T, ; unfor-
ergy and the time baseline of the PVO data is much longetunately, the time now appears in the expressiorkEgy,, so
this limit is comparable to other SN 1987A limits for this thedt integral is no longer trivial. First, then, let us consider
channe[5,6], and, we believe, more reliable, due to the morethe suppression factor if we ignore the effect of decays inside
careful calculation of the flux and the higher-quality data setthe supernova envelope, integrating frép;,=maxm, k).
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20( T ' ' . ] change the limits significantly. The allowed parameter space
i 1 for the bremsstrahlung process with a neutrino mass of 30
151 ] MeV is
R
» 3 m,7
> 10 '—A]Hlowed —2° _>15x102keVsec
} L
2 I , Be 1 lepel
or J(m,,/T)m T<7>< 10 B¥keV lsecl. (25)
-5C !
~10 -8 VI. NEARLY DEGENERATE NEUTRINOS

log B, Thus far, we have assumed that the daughter neutrino in
] _ the v— v’y channel is much less massive than the parent
FIG. 5. Allowed region of them,7-B, plane, for neutrinos of  neytrino. If, however, the mass of the daughter is appre-
fznisz 28 MeV, 30 MeV, and 40 '\él.eg&fg;gggst;)(“ghﬁt: )f(;thEe ciable, the energy of the photon will be decreased by a factor
-body decay process, correspondin = see te e 22— 2_ 2 2 2 11?2 e im-
logarithm is to base 10. om/m —(ml _ m2)/fn.1. For 1> ém</m“=1/100, this im
proves our limits, shifting the bulk of the photons down from
o i energies too high to detect into one or more of the energy
Then the time integral can be done as in the low-mass casgpannels of the PVO detector. To make the matter more
and we can simply write down the time-independent suppyacise, we see that in the case of nearly degenerate neutri-

pression factos=j(m,/T)g(Emin/T)=j(m,/T)g(m,/T). nos, we make the change
These mass effects enable us to break the degeneracy be-
tweenm, and r, at the price of a more complicated analysis f(E,k)dk— f[E,(m? sm?)k](m?/ m?)dk,  (26)

of a three-dimensional parameter space. To simplify matters,
we will base the results for massive neutrinos directly on thevhere we now are constrained to have photon energies
limits from the low-mass case. That is, we will calculate thek<(Sm*m?)E. This, in turn, results in changing
limits as before, and then apply the suppression factor at the(k/T)— (m?/ sm?)h[ (m? sm?)k/T]. As expected, the flux
end. We can do this because the suppression factor comissenhanced by as much amy/ sm?), along with another
into the expression for the flux in exactly the same way adactor accounting for the shift of the spectrum. For
the branching rati@,, so we translate limits oB,, in the 1= Sm?/m?<1/10 essentially all of the photons fall in the
massless case to limits om,Xs, where s is the PVO detector bands. For massless daughter neutrinos, of or-
k-independent part of the suppression factor. In addition, weler 1/10 of the photons can be detected; therefore, we might
do the calculation for an isotropic decay, and assumingxpect limits as much as an order of magnitude stronger. In
k<m,. For two-body decay, this results in the limit fact, for this case, the lower energy window of the PVO
detector(down to 0.1 MeV compared with the SMM win-
dow (sensitive only above 4.1 MéMs actually an advan-
tage. Unfortunately, for smaller values 6m?/m?<1/100,
many or most of the daughter photons have energies below
m, the PVO detector window, and remain unobserdthough
$B,<6X 10_14%6 m,r=10°keVsec. (24  they would perhaps be detectable as x Jay§or
om?/m?<1, the flux is enhanced by approximately
[ 6m?/m?]~2exd — (K/T,)m?/on?] over the nondegenerate
If we allow the effect of decays inside the progenitor en-cage.

velope, the calculation is somewhat more complicated, and |n Fig. 6, we show the limits on the neutrino parameters
the integration over each time bin can no longer be done ifgr sm?/m2=10"3, as well as a more favorablghat is,
closed form. We must now recompute everything at eachjetectabl possibility of Sm?/m2=0.1; for values consider-
pair of m, and 7. We show the results of such a calculation gp|y pelow 103, very few photons would be seen by even
for several values of the neutrino mass in Fig. 5; the limitsihe |owest-energy detectors of PMOf course, SMM, sen-

are not too different from those with the simpler time- sjtive to even higher energies, would fare even wprse
independent suppression.

For the bremsstra_hlurjg process, the suppression of a high- VII. LONG LIFETIMES
mass neutrino flux is simpler to calculate because the re-
quired integral is simplyf dEEL4(E), the total energy in the For long lifetimes(such that the average decay time of the
massive neutrino specigsf., Eqg. (16); we have again as- neutrino is comparable to or longer than the travel time to the
sumedk<T, so the initial integration ovej simplifies|. detectoy, the above formalism becomes too cumbersome,
Again, we integrate from the sante,;,=maxkE.,); the  because we must integrate over a complicated set of possible
suppression is given by the Boltzmann fagtfE,,;,/T). For  paths for the neutrino and daughter photon. In this case, we
much of parameter space, this is simply the expecteavill make several simplifications. At first, we will only con-
j(m,/T). As before, the time dependence Bf,,, does not cern ourselves with the totgl-ray fluence from the decays,

sB,<3x10/, m,r=10 keVsec,
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(1- e—Z(S‘tEZ/DmVZ)(l_ e~ Dm, /E7)

20_ T T T T

. 1, m<E\28t/D, m,/7=E/D,

15 ]
- 26tE%/Dm,2, m=E\24t/D, m,/7=E/D,
& 0 d ~ 9
s wAllowe Dm,/Er,  m=E\28UD, m,/r=<E/D,
% i 268tE/m, 7, m=E+\26t/D, m,/7<E/D.
E st
g o: Numerically, these breaks occur at

—5’ 1 Ol | ! I ] E { é‘t 1/2

=~ = /
10 8 g _4 _2 0 m=E/25t/D=680 e\,12 Me\/\SSOOsel ,

log B,

FIG. 6. Allowed region of then, 7-B,, plane, for nearly degen-
erate neutrinos, witbm?/m?=10"2,0.1,1 as labeled. The loga-
rithm is to base 10.

E
~ ~ —6 c—
m,/7=E/D=2X10 eV/s;e(‘1 > MeV’ (30)

where E=12 MeV is a typical energy for &,=8 MeV
integrated over time. Then, we will integrate over the decayplackbody. In terms of the lifetimer, the latter limit
time, O<ty<D: occurs at 7=Dm,/E~5X10°sec(n,/eV)—for masses

m,~1 MeV, this is roughlyr~D. When this is propor-

tional to &t, the flux is approximately constant; otherwise,

dN B, _ , the entire pulse is detectédnd its shape is irrelevantPut-
ak 477_sz dEL(E)f(Ek)[1-e P™"F] (27) ting all of this together, and doing the integration o&r
gives

where, as beford,(E, k) gives the fraction of neutrinos with

energyE decaying into photons with enerdgy This expres- fET

sion is to be compared with those presented in Rgf.The ?hO(k/T)'

cost of the simplicity of this expression is the inability to "

determine the exact time of a photon’s arrival. For neutrinos 25 ﬁ (KIT)

and photons traveling on a straight pajla= 1, appropriate dN B, 120 m,> D 2 '

for relativistic particley the arrival time after the supernova ak| T amD2 ﬁx E;m, D (31)

light pulse ist=t4(1—v)=(t4/2)m,/E2. For long lifetimes, o _TQ_V —h_(K/IT),

we will be concerned with neutrinos that decay late in their v T

flight: ty~D. Using this as a typica-folding time, we have E; ot

the ansatz that dN/dt)cexp(—2tE¥Dm,). For lvamV 7hl(k/T)’

t=(D/2)m,?/E?, this should express the character of the
time dependence. Two effects are explicitly missing from
this formula: the extra time delay from nonstraight paibis wherehn(y)=f;°x“+1/(1+ex) is similar toh(y) above, and
the same order as the delay already consideard the pho-  the four cases correspond to those in &§). Here, we have
ton energy dependence of the time delay. Moreover, the timgssumed an isotropic distribution of decays in the rest frame.
dependence will not have exactly this shape; for short timeas pefore, these expressions hold fop<T, and must be

it does not contain the expected slow rise from zero flux, Sqnodified with the appropriate suppression factor otherwise.
it is probably safest to use this formula integrated over the Now, we can just put these results through our statistical
entire duration of the experiment, and not rely on the detailegnachinery and find limits on the parameters. We will write

time evolution. We are left finally with the flux as
dN, _ By 2/Dm,2 dN 1 120E
e P _ a—258tE?/Dm, T
ak | Wj dEL(B)I(Ek)(1-e ) ak| “a-p2 7.4 2NKMXBAM,,7) (32
St v

X (1—e Pmy/Er) (29

where A is the appropriate dimensionless combination of
Unfortunately, the integration over neutrino enekgyjs con- m, andr, along withD, T, anddt; the data give us limits on
siderably more complicated than before, but we can approxiA in each (n,,7) regime. This gives an approximate 99%
mate the two exponential decays for various regimes: confidence limit ofoAslxlo‘6 for T,=8 MeV or
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T
< P P m,<0.4keV, m,/7=1.2x10 °keV/sec,
B,=<1x10 (SMeV), v oI
m, =155 ke\B, 2, m,=0.4keV, m,/r=1.2x10 °keV/sec,
B,m 3
— ¥<1.4x10 BkeVsec!? | m,=<0.4keV, m,/r=1.2x10 °keV/sec,
T 8 MeV
T -1
m,r=1.4x 10 keVsecBy( 5 MIZ'-}V) . m,=0.4keV, m,/r=1.2x10 °keV/sec. (33
|
Where the regimes overlap, these limits are comparable to dN a 2T2 dN

those calculated with the more detailed models above; be- (34
cause we can only calculate limits on parameters, the details
of the data and the analysis are unimportgint fact, the
limits of Eq. (33) are strongerthan, for example, E¢(13)
above; the earlier, more detailed calculation is probably thdéin addition, the functionsh, should also be modified to
more appropriate limlt Again, for neutrinos witm,=T,,  ha+2). This is a significant increase in flux at fam,<T?.
these limits are modified witB,—sB, . As before, we see that the bremsstrahlung spectrum at the
For the bremsstrahlung channel, the flux is changed due tdetector is proportional to &/ Now, the limits correspond to
the different kinematics of the decdy.e., the rest-frame B, AT/m=3X 10 % or
spectrum of Eq(15)]:

—_ e X_
dk brem ™ ka dk two body

m,=2.7x 1 keVB.| ———|, m,<0.4keV, m,/r=1.2x10 °keV/sec,

v 7\ 8 MeV
m,= 800 ke\B., 3 T m,=0.4 keV, m,/r=1.2x10 ° keV/sec,

14 b 8 MeV 1 14 14
7/B,= re=1.9x 10®sec, m,<0.4keV, m,/r<1.2x10 °keV/sec,

7B, -2 T, 9

m,=1.4x 10 keV , m,=0.4keV, m,/r<=1.2x10 °keV/sec. (35

v sec 8 MeV

|

VIll. DISCUSSION lated in Refs[5,6]. In the case where the rays are pro-

duced by bremsstrahlung or the neutrino mass states are
nearly degenerate, the PVO limits are even much more strin-
gent. Finally, the amount and quality of the PVO data adds

additional confidence to the SMM-based limits.

SN 1987A not only confirmed astrophysicists’ standard
model of Type Il (core collapsg supernovae, but also be-
cause of the high fluence of neutrin@bout 18* cm~?2 per
species provided a laboratory for studying the properties of
neutrinos. This large fluence and the space-barray de-
tectors operating on SMM and PVO have allowed stringent

limits to be placed on the radiative decay of neutrinos. Portions of this work were performed under NASA Grant

Although there are only 232 sec of data, in a single timeno, NAG 2-765. In addition, M.S.T. was supported by the
bin, the SMM detectors were sensitive up to energies of 2POE (at Chicagd and NASA (at Fermilah. We would like
MeV, and are better matched to decaying thermal neutrinog thank the PVO GBD team, and especially Ed Fenimore,
with a temperature of 4—8 MeV. Because the limits are defor access to and expertise in the analysis of the PVO data,
termined by the region of parameter where the backgroundnd the response matrix for the PVO GBD. M.S.T. thanks F.
becomes comparable to the sigfege the discussion in Sec. Vannucci for arousing our interest in the possibility of the
[11), the long time base and greater resolution is actually ofeutrinos with nearly degenerate mass eigenstates. A.H.J.
little use in improving the limits on the parameters. To showwould like to especially thank Carlo Graziani and Peter Free-
this, we have performed our analysis with the SMM data, asnan for their patient explanations of the theory and practice
well; as expected, the results are comparable to those calcof statistics.
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