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Sanduleak -69 202 Sanduleak  -69 202 

Large Magellanic Cloud  
Distance 50 kpc        
(160.000 light years) 

Tarantula Nebula 

Supernova 1987A 
23 February 1987 
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Neutrino Signal of Supernova 1987A 

Kamiokande-II (Japan) 
Water Cherenkov detector 
2140 tons 
Clock uncertainty  1 min 

Irvine-Michigan-Brookhaven (US) 
Water Cherenkov detector 
6800 tons 
Clock uncertainty  50 ms 

Within clock uncertainties, 
all signals are contemporaneous 
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Interpreting SN 1987A Neutrinos 

Jegerlehner,  
Neubig & Raffelt, 
PRD 54 (1996) 1194 

Contours at CL 
68.3%, 90% and 95.4% 

Recent long-term 
simulations 

(Basel, Garching) 



Georg Raffelt, MPI Physics, Munich HANSE 2011, DESY (Hamburg), 19–23 July 2011 

Predicting Neutrinos from Core Collapse 

Phys. Rev. 58:1117 (1940) 
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SN 1987A Burst of Papers 
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      Annual citations in SPIRES of the papers reporting the 
      KII, IMB & BST neutrino observations  
      (total of 1053 citations 1987-2010) 
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Flavor Oscillations 

Signal Dispersion 



Georg Raffelt, MPI Physics, Munich HANSE 2011, DESY (Hamburg), 19–23 July 2011 

Neutrino Limits by Intrinsic Signal Dispersion 

 Time of flight delay by neutrino mass “Milli charged” neutrinos 

• Barbiellini & Cocconi, 
   Nature 329 (1987) 21 
• Bahcall, Neutrino Astrophysics (1989) 
 

Loredo & Lamb 
Ann N.Y. Acad. Sci. 571 (1989) 601 
find 23 eV (95% CL limit) from detailed 
maximum-likelihood analysis  

 
Assuming charge conservation in 
neutron decay yields a more 
restrictive limit of about 310-21 e 
 

G. Zatsepin, JETP Lett. 8:205, 1968 Path bent by galactic magnetic field,  
inducing a time delay 

SN 1987A signal duration implies SN 1987A signal duration implies 
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Some Papers on SN 1987A Neutrino Mass Limits 
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Evidence for Cosmologically Interesting Masses? 

If all neutrinos left the 
SN at the same time, 
evidence for the two 
mass values 4 and 22 eV 
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Neutrino Mass Sensitivity by Signal Dispersion 

Time of flight delay 
of massive neutrinos 

 SN 1987A 
 (50 kpc) 

mn  
≲ 20 eV 

 E  20 MeV,  Dt  10 s 
 Simple estimate or detailed maximum 
 likelihood analysis give similar results 

 Future  
 Galactic SN 
 at 10 kpc 
 (Super-K) 

mn 
~ 3 eV 

Rise-time of signal ~ 10 ms 
(Totani, PRL 80:2040, 1998) 

mn 
~ 1 eV 

Full signal 
(Nardi & Zuluaga, NPB 731:140, 2005) 

 With late 
 black-hole 
 formation 

mn 
~ 2 eV 

 Cutoff “infinitely” fast 
 (Beacom et al., PRD 63:073011, 2001) 

mn 
~ 1-2 eV 

 D  750 kpc, Dt  10 s 
 few tens of events 

 Future SN in 
 Andromeda 
 (Megatonne) 
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Variability seen in Neutrinos 

Luminosity Detection rate in IceCube 

Lund, Marek, Lunardini, Janka & Raffelt, arXiv:1006.1889  
Using 2-D model of Marek, Janka & Müller, arXiv:0808.4136 

Smaller in realistic 3D models 
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Do Neutrinos Gravitate? 

Early light curve of SN 1987A 
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Millisecond Bounce Time Reconstruction 

Super-Kamiokande IceCube 

Halzen & Raffelt, arXiv:0908.2317 
Pagliaroli, Vissani, Coccia & Fulgione  

arXiv:0903.1191 

Onset of neutrino 
emission 

• Emission model adapted to 
   measured SN 1987A data 
 

• “Pessimistic distance” 20 kpc 
 

• Determine bounce time to 
   a few tens of milliseconds 
 
 
 
 
 
 

10 kpc 
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Flavor Oscillations 

Energy-Loss Argument 
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Supernova 1987A Energy-Loss Argument 

          SN 1987A neutrino signal 

Late-time signal most sensitive observable 

Emission of very weakly interacting 
particles would  “steal” energy from the 
neutrino burst and shorten it. 
(Early neutrino burst powered by accretion, 
 not sensitive to volume energy loss.) 

 Neutrino 
 diffusion 

Neutrino 
sphere 

 Volume emission 
 of new particles 
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SN 1987A Axion Limits 

Excluded 

 Neutrino 
 diffusion 

 Neutrino 
 diffusion 

 Volume emission 
 of new particles 

Free streaming Trapping 

Axion 
diffusion 
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Axion Bounds 

Direct 
searches 

Too much 
cold dark matter (classic) 

Tele 
scope Experiments 

Globular clusters 
(a-g-coupling) 

Too many 
events 

Too much 
energy loss 

SN 1987A (a-N-coupling) 

Too much 
hot dark matter 

CAST 
ADMX 
CARRACK 

Classic 
region 

Anthropic 
region 

103 106 109 1012   

 [GeV]  fa 

eV keV meV meV 
ma 

neV 

1015   

White dwarf 
cooling? 
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Do White Dwarfs Need Axion Cooling? 

Isern, Catalán,  
García-Berro & Torres 
arXiv:0812.3043 

White dwarf  
luminosity function 
(number of WDs per 
 brightness interval) No axions 
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Diffuse Supernova Axion Background (DSAB) 

Raffelt, Redondo & Viaux 
work in progress (2011) 

• Neutrinos from all core-collapse SNe comparable to photons from all stars 
 

• Diffuse Supernova Neutrino Background (DSNB) similar energy density as 
   extra-galactic background light (EBL), approx 10%  of CMB energy density  
 

• DSNB probably next astro neutrinos to be measured 
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Cooling Time Scale 

Exponential cooling model:  T = T0 e-t/4,  constant radius,  L = L0 e-t/ 

Fit parameters are  T0, , radius, 3 offset times for KII, IMB & BST detectors 

Loredo and Lamb 
Unpublished preprint 1995 
 

Loredo and Lamb, Bayesian analysis 
astro-ph/0107260 
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Long-Term Cooling Calculations (Basel 2009) 
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Long-Term Cooling of EC SN (Garching 2009) 

L. Hüdepohl et al. (Garching Group), arXiv:0912.0260 

Neutrino opacities without these effects 
(~ Basel case?) 
Much longer cooling times 
 



Georg Raffelt, MPI Physics, Munich HANSE 2011, DESY (Hamburg), 19–23 July 2011 

Next Steps 

Possibility for long-term cooling calculations suggests that one should 
 
• Study cooling behavior for a range of EoS, progenitor masses and  
     opacity assumptions 
 

• Impact of PNS convection? 
 

• Compare with SN 1987A neutrino signal 
 

• Include generic energy loss by new channel 
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Flavor Oscillations 

Energy Transfer to Gain Region 
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Novel Forms of Energy Transfer? 

 Picture adapted from Janka, astro-ph/0008432 

 New particles or neutrinos with novel properties could provide a 
 channel of energy transfer from proto neutron star to shock wave 

Must not transfer too much energy: Limits on decaying neutrinos 
[Falk & Schramm, PLB 79 (1978) 511] 
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Shock Revival by Novel Particles? 
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Viable Scenario with Axion-Like Particles 

Stalling 

shock 

wave 

Decay 
-  eea

PNS 
  Thermal flux of axion-like 
  particles from “axion sphere” 

Coupled to nuclear medium 
by bremsstrahlung 

aNNNN 

a
f

1
L e5e m

m gga
f

1
L N5N m

m gg

Berezhiani & Drago, PLB 473 (2000) 281  

Apparently consistent with  f = few 105 GeV  and  m = few MeV 
Not excluded by other arguments, but also not independently motivated 
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Swapping Neutrino Spectra by Oscillations 

Stalling 
shock 
wave 

Effective energy  
transfer 

-n epne
n enpe

Not effective  
 - nn ee

PNS 



Georg Raffelt, MPI Physics, Munich HANSE 2011, DESY (Hamburg), 19–23 July 2011 

Swapping Neutrino Spectra by Oscillations 

Stalling 

shock 

wave 

PNS 
Flavor 
Oscillations 

Effective energy  
transfer 

-n epne
n enpe

Not effective  
 - nn ee

   Swapping neutrino spectra by flavor oscillations enhances the rate of energy 
   transfer to stalling shock wave [Fuller et al., ApJ 389 (1992) 517] 
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Flavor Oscillations 

Non-standard interactions 
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Degenerate Fermi Seas in a Supernova Core 

Trapped lepton number 
is stored in e- and ne  

  

n p e- ne nm n 
Particles 

Anti- 
particles 

In true thermal equilibrium with flavor mixing, only one chemical 
potential for charged leptons and one for neutrinos. 
No chemical potential for Majorana neutrinos (lepton number violation) 
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Degenerate Fermi Seas in a Supernova Core 

n p e- ne nm n 

Equilibration by flavor  
lepton number violation, 
but flavor oscillations  
ineffective (matter effect) 
 

Non-standard interactions 
could be effective, most 
sensitive environment 

Equilibration by lepton 
number violation, but  
Majorana masses too small 

R-parity violating SUSY  
interactions? 
TeV-scale bi-leptons? 
 

Consequences in core 
collapse should be 
studied numerically 
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Bi-Leptons and Core Collapse 
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Flavor Oscillations 

Flavor oscillations 
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Neutrino Oscillations in Matter 

Lincoln Wolfenstein 

Neutrinos in a medium suffer flavor-dependent 
refraction  

f 

Z 
n n n n 

W, Z 

f 

Typical density of Earth:  5 g/cm3 
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Suppression of Oscillations in Supernova Core 

• Inside a SN core, 
   flavors are “de-mixed” 
 

• Very small oscillation 
   amplitude 
 

• Trapped e-lepton  
   number can only 
   escape by diffusion 
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Flavor Oscillations in Core-Collapse Supernovae 

Neutrino 
sphere 

MSW region 

Neutrino flux 

Flavor eigenstates are 
propagation eigenstates 

Neutrino-neutrino 
refraction causes 
a flavor instability, 
flavor exchanged 
between different 
parts of spectrum 
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Collective Supernova Nu Oscillations since 2006 
Two seminal papers in 2006 triggered a torrent of activities 
Duan, Fuller, Qian, astro-ph/0511275, Duan et al. astro-ph/0606616 

Balantekin, Gava & Volpe, arXiv:0710.3112. Balantekin & Pehlivan, astro-ph/0607527. Blennow, 
Mirizzi & Serpico, arXiv:0810.2297. Cherry, Fuller, Carlson, Duan & Qian, arXiv:1006.2175. 
Chakraborty, Choubey, Dasgupta & Kar, arXiv:0805.3131. Chakraborty, Fischer, Mirizzi, Saviano, 
Tomàs, arXiv:1104.4031, 1105.1130. Choubey, Dasgupta, Dighe & Mirizzi, arXiv:1008.0308. 
Dasgupta & Dighe, arXiv:0712.3798. Dasgupta, Dighe & Mirizzi, arXiv:0802.1481. Dasgupta, 
Dighe, Mirizzi & Raffelt, arXiv:0801.1660, 0805.3300. Dasgupta, Mirizzi, Tamborra & Tomàs, 
arXiv:1002.2943. Dasgupta, Dighe, Raffelt & Smirnov, 0904.3542. Dasgupta, Raffelt, Tamborra, 
arXiv:1001.5396. Duan, Fuller, Carlson & Qian, astro-ph/0608050, 0703776, arXiv:0707.0290, 
0710.1271. Duan, Fuller & Qian, arXiv:0706.4293, 0801.1363, 0808.2046, 1001.2799. Duan, 
Fuller & Carlson, arXiv:0803.3650. Duan & Kneller, arXiv:0904.0974. Duan & Friedland, 
arXiv:1006.2359. Duan, Friedland, McLaughlin & Surman, arXiv:1012.0532. Esteban-Pretel, 
Pastor, Tomàs, Raffelt & Sigl, arXiv:0706.2498, 0712.1137. Esteban-Pretel, Mirizzi, Pastor, Tomàs, 
Raffelt, Serpico & Sigl, arXiv:0807.0659. Fogli, Lisi, Marrone & Mirizzi, arXiv:0707.1998. Fogli, Lisi, 
Marrone & Tamborra, arXiv:0812.3031. Friedland, arXiv:1001.0996. Gava & Jean-Louis, 
arXiv:0907.3947. Gava & Volpe, arXiv:0807.3418. Galais, Kneller & Volpe, arXiv:1102.1471. 
Galais & Volpe, arXiv:1103.5302. Gava, Kneller, Volpe & McLaughlin, arXiv:0902.0317. 
Hannestad, Raffelt, Sigl & Wong, astro-ph/0608695. Wei Liao, arXiv:0904.0075, 0904.2855.  
Lunardini, Müller & Janka, arXiv:0712.3000. Mirizzi, Pozzorini, Raffelt & Serpico, 
arXiv:0907.3674. Mirizzi & Tomàs, arXiv:1012.1339. Pehlivan, Balantekin, Kajino, Yoshida, 
arXiv:1105.1182. Raffelt, arXiv:0810.1407, 1103.2891. Raffelt & Tamborra, arXiv:1006.0002. 
Raffelt & Sigl, hep-ph/0701182. Raffelt & Smirnov, arXiv:0705.1830, 0709.4641. Sawyer, hep-
ph/0408265, 0503013, arXiv:0803.4319, 1011.4585. Wu & Qian, arXiv:1105.2068. 
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Flavor-Off-Diagonal Refractive Index 

2-flavor neutrino evolution as an effective 2-level problem 

Effective mixing Hamiltonian 

Mass term in 
flavor basis: 
causes vacuum 
oscillations 

Wolfenstein’s weak 
potential, causes MSW  
“resonant” conversion 
together with vacuum 
term 

Flavor-off-diagonal potential, 
caused by flavor oscillations. 

(J.Pantaleone, PLB 287:128,1992) 

Flavor oscillations feed back on the Hamiltonian: Nonlinear effects! 

Z 
n n 
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Fermi-Dirac Spectrum 

infrared 

infrared 

High-E tail 
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Flavor Pendulum 

Dasgupta, Dighe, Raffelt & Smirnov, arXiv:0904.3542 
For movies see http://www.mppmu.mpg.de/supernova/multisplits 

Single “positive” crossing 
(potential energy at a maximum) 

Single “negative” crossing 
(potential energy at a minimum) 
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General Stability Condition 

Banerjee, Dighe & Raffelt, arXiv:1107.2308 
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Stability of Fermi-Dirac Spectrum 

Banerjee, Dighe & Raffelt, arXiv:1107.2308 
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arXiv:1107.2308 
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Summary 

Neutrino signal duration provides most useful particle-physics information 
• New long-term simulations with non-standard cooling would be welcome 
• Neutrino signal of next nearby SN makes this argument much more precise 
• Theoretical uncertainties of emission rates (dense medium) remain large 
 
Impact of non-standard neutrino interactions on hydrodynamics should be studied  
• Flavor lepton number violation (leading to flavor conversion at high density) 
• Lepton number violation (leading to internal deleptonization) 
 
Collective flavor oscillations remain to be investigated  
• Flavor instabilities where and when?   
   → Systematic linear stability analysis (Ray Sawyer’s talk) 
• Which impact? 
 
Ordinary MSW conversion (Amol Dighe’s talk) 
• What can we learn about neutrino mixing parameters from next SN? 
 
 
 
 


