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SUPERNOVA 1987A



Supernova 1987A

� Type II Supernova observed in 1987

� Closest supernova since Kepler (~50 kpc)

� The only supernova that neutrinos from 
supernova explosion were detected

� Can be used to constrain new particles



Supernova
1987A



� 99% of energy is carried by neutrinos

Supernova
1987A

!



� Kamiokande II, IMB, and Baksan detected 
the neutrinos at the same time

Hirata et al,1988



� Cooling time : ~10 seconds
� Consistent with the SM prediction
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50-

4P - C)

X ss-
50- -., --
p5- t

C)
C)

Cl

I
'

I ' I I I I f i /
I l I

o KAMQ
o IMB

I

p s i 1 i I

p 1 2
I I l s I i I i I i I & l I 1 i I i l

7 8 9 10 11 12 13
(sec)

5 6
TIME

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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� If a new particle exists
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� Supernova cools faster



Raffelt Criterion

� Energy loss through new particles must 
be less than energy loss through 
neutrinos

� !"#$ < !&
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Coupling Strength



Supernova Constraints
� Any type of light novel particles 

coupled to the SM can be constrained

�! ≲ #$ ≈ 30 ()*

� The new particle doesn’t need to be relic 
dark matter

� Provides reasonable lower bounds for 
experiment searches



Supernova Constraints

� Pure dark photons
� Dark sector fermions
� Inelastic dark matter
� Millicharged particles
� QCD Axions
� Axion-like particles
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PURE DARK PHOTON



� !" 3 $ × !" 2 ' × " 1 ) × *(,)′

� Dark photon (/′) is the gauge boson of 
"(1)′

� In low energies, ℒ ⊃ 2
3 456 4′

56

SM
Sector

Dark
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� Dark photon couples to charged SM 
particles with charge !":

ℳ ∝ "× 1
'( ×!'

( = !"

ℒ ⊃ !",-./ 0/1

ϵ

0/ 0′/

ϵ

0′/

" !"



� Dominant production process

� Trapping Process





Novelties in this Work(s)

� Varying temperature and density profiles

� Novel treatment for the upper bounds

� Included the thermal effects to the 
supernova environment for the first time
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Photons in Supernova

� High temperature and high electron 
density in SN change photon behaviors

� Since dark photon interactions to SM 
particles are always through photons, 
must consider these effects



Photons in Supernova

� Photon has a different dispersion relation
◦ Photon gets a plasma mass
◦ Photon has a longitudinal polarization

� Photon can be produced/absorbed 
from/into the plasma

� Can be described with polarization 
tensors



Real Part of Polarization Tensor

� !" − $" = ReΠ

� ReΠ acts like a photon mass

� ReΠ ≈ !*"
!*~15MeV is the plasma frequency



Imaginary Part of Polarization Tensor

� From the optical theorem, but diagrams 
includes background particles

� ImΠ = % Γ'() − Γ+,-.



� In supernova,

ℳ ∝ #× 1
&' − Π×*&

' = # &'
&' − Π *

ℒ ⊃ *.#/012 324 , *. ≡ &'
&' − Π *

ϵ

32 3′2

ϵ

3′2

# *.#



Mixing angle in Supernova

� !" ≡ $%
$%&' !

� ReΠ ≈ ,-., 0. = 23. → !" ≈ "5%

"5%&67%
!

� ,-~15;<= is the plasma frequency
◦ !" ≪ !, 23 ≪ ,-

◦ !" ≫ !, 23 ≈ ,-

◦ !" ≈ !, 23 ≫ ,-





Lower bounds are lifted 
for !" ≪ $%



!" ≈ $%&

$%& − ()&
! ≪ !



There is a dip at 
!" ∼ $%



!" ≈ $%&

$%& − ()&
! ≫ !



!" ∼ $%&

$%& − ()&
! ∼ !





DARK SECTOR 
FERMIONS



� A Dirac fermion charged under ! 1 #: $

� $ is stable → Dark matter candidate

� $ provides a new cooling channel 
→ Stronger lower bounds

� Trapping process is totally different 
→ Upper bounds changes



Dark Photon + Dark Matter
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Lower Bounds : for Small !
� Dominant production process

"#



Lower Bounds : for Small !
� New production channel : Photon decay

� !" ≡ $%
$%&' ! ~ !

because )* ≠ ,-* in general

� Can avoid the thermal suppression at 
small masses

� Flat lower bounds



Dark Photon + Dark Matter
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Upper Bounds : for Large !
� " cannot be absorbed into the plasma 

until it encounter its anti-particle

� Introduced the “Turn-around” criterion

Δ$ < &
'



Dark Photon + Dark Matter
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Dark Photon + Dark Matter
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OTHER MODELS



Inelastic Dark Matter
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Millicharged Particles
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QCD Axions
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Axion-like Particles
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CONCLUSION



Conclusion

� Supernova1987A can give constraints on 
low-mass dark sector particles

� We calculated constraints for various 
models with thermal effects, which 
provides reasonable lower bounds for 
experiment searches
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Particle Luminosity



Particle Luminosity

!" = $%&!'

Odds of escaping
( = ∫ Γ+,-!. is called the 

optical depth
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