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Motivation

• Standard Model is finally complete 
• Natural scales aren’t furnishing the evidence we 

hoped for; energy frontiers now seem far away 
• Dark matter: 

• where can we find it? 
• supernova = intense new particle source
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Supernova 1987A
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Credit: NASA/JPL-Caltech/M. Meixner (STScI) & the SAGE Legacy Team

• Nearby core-collapse supernova 

• “Late-time” evolution agrees 
roughly with analytic 
expectation 

• New “energy sink” competes 
with Standard Model processes 

• Limited amount of luminosity 
may be diverted to novel 
particles ⟺ bounds on new 
coupling with SM
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38 OBSERVATION IN THE KAMIOKANDE-II DETECTOR OF THE. . . 457
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FIG. 15. Scatter plot of energy and time of the 12 events in
the burst sample observed in Kamiokande-II, and the 8 events
in the burst sample observed in the IMB detector. The earliest
event in the sample of each detector has, arbitrarily but not un-
reasonably, been assigned t =0.

V. SUMMARY AND CONCLUSIONS

The event burst at 7:35:35UT, 23 February 1987, ob-
served in Kamiokande-II, is a genuine neutrino burst.
This is the only burst found in Kamiokande-II during the
period 9 January to 25 February 1987. Intensive analyses
of the Kamiokande-II data of shorter time intervals sur-
rounding 7:35:35 UT have yielded no statistically
significant evidence for another similar burst of perhaps
fewer events, or of an enhanced rate in the lower-energy
region of the background in the detector. We conclude,
therefore that the burst on 23 February 1987 at 7:35:35
UT was the only burst observed in Kamiokande-II.
The properties of the event burst coincide remarkably

well with the current model of the basic nature of type-II

min, the uncertainty arising from the absence of an abso-
lute time calibration source in the Kamiokande-II equip-
ment. It would have been straightforward after
SN1987A to have made an absolute calibration of the
clock in the event time circuit (see Fig. 2) which assigned
a precise relative time to each event, but an abrupt power
outage took place in the Kamioka mine on 25 February
1987, and precluded that alternative measure. If it is as-
sumed, arbitrarily but not unreasonably, that the earliest
events observed by the two detectors coincided in time,
the plot in Fig. 15 is obtained. Figure 15 suggests that
the two observations agree on a cluster of 14 events
within the first 2 sec, and indicates a tailing off of the
remaining 6 events to 12.44 sec.

supernovae and neutron-star formation. The observed
energies of the neutrinos, their number, and type of in-
teraction, in conjunction with the time duration of the
burst, are consistent with the free-fall collapse of the core
of a massive star, and the evaporation within a few
seconds of all flavors of neutrino-antineutrino pairs with
total energy amounting to -3X10 ergs from the newly
born neutron star at temperature kT=4 MeV. To elicit
descriptions and explanations of more specific properties
such as, for example, the time separation of events within
the burst, the time interval between the core collapse, and
the earliest optical sighting, and the possible infiuence of
the bounce of the in-falling massive core and the resul-
tant shock wave on neutrino emission is the subject of
much present theoretical study.
There are two principal conclusions of significance in

elementary-particle physics which may be reached from
the Kamiokande-II neutrino burst data. First, the life-
time of v, and v, must be greater than about
1.7)&10 [m(v, )/E(v, )] yr, taking the distance to the
LMC to be 55 kpc. Second, an upper limit on the mass of
v, and v, may be obtained from the burst data subject to
simplifying assumptions. The totality of attempts to do
so using a variety of assumptions has led to upper-limit
estimates ranging' from a few eV to 24 eV.
The observation in Kamiokande-II and in the IMB

detector of the neutrino burst from SN1987A is the first
direct observation in neutrino astronomy. The coin-
cidence in time with the optical sighting of SN1987A,
and the clarity of the burst signal in the neutrino detec-
tors suggest that future observations in neutrino astrono-
my may well proceed independently of other astronorni-
cal observations. If the expected rate of occurrence of su-
pernovae in the Galaxy, ' i.e., one supernova per 10-20
yr, is roughly correct, the detailed study of neutron-star,
and perhaps even black-hole, formation may become a
reality, providing that adequate neutrino telescopes are
maintained as active instruments over long periods of
time. Clearly, observation of additional neutrino bursts
from supernovae would also contribute importantly to
improved determinations of the intrinsic properties of
neutrinos.
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Outline

I. Kinetic Mixing and Finite Temperature 

II. Resonance and “Trapping” 

III. Current and future directions
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Kinetic Mixing
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Kinetic Mixing
in vacuum:

in plasma:

SM photon self energy, ~(ne/me)1/2

L = ✏J (EM)
µ A0µ

L =
✏

1�⇧/m02 J
(EM)
µ A0µ
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Resonant Production
all interactions go like:

can be a resonance if ReΠ≫ImΠ
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Resonant Production
on resonance, details of production mode  

cancel since ImΠ~Γ’ and Δω~Γ’

10

dP ⇠
Z

d!dV
!3�p

0 + (Im⇧/m02)2

power on the resonance is

~1069 erg/s (εm’/MeV)2

~Lν (ε/5x10-9)2 (m’/MeV)2
dPres

dV
=

✏2m02!3
resv

3

2⇡
�
e!/T � 1

� 1

2 + (m02 � 3!2
p)/!

2
res|L,T



How much power escapes?
define a luminosity dL = e-τ dP 

with an optical depth τ
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odds of 
getting out
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How much power escapes?
define a luminosity dL = e-τ dP 

with an optical depth τ
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odds of 
getting out

at low mixing, τ is small and dL ~ dPres 
resonance production is dominant

at large mixing, τ is large so dPres is suppressed 
is there additional power?

τ(r)=∫rRf Γ’(r’) dr’



Energy emission at high ε
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dP/dVdω

τ(r)=∫rRf Γ’(r’) dr’
Γ’~nnnpσnp/ω3  ⇒ high energy particles escape!

T~10MeV



Energy emission at high ε
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dP/dVdω

τ(r)=∫rRf Γ’(r’) dr’
Γ’~nnnpσnp/ω3  ⇒ high energy particles escape!

(peak is above T, ωres!)

T~10MeV



Results (preliminary)
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τ(r)=∫rRf Γ’(r’) dr’
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Results (preliminary)
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Future Directions

What if A’ ψψ is on shell? (no trapping?) 
“How thermal” are axions at large mixing? 
What other DM varieties can be constrained?
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Thanks!


