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Distances and Strategies 
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Distance, Strategy, Science! 



Highlights 
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Three Phases – Three Opportunities 

Standard Candle (?)  
•  SN theory 
•  Distance 
•  Flavor conversions 
•  Multi-messenger 
    time of flight 

Strong variations  
(progenitor, 3D effects, 
 black hole formation, …) 
• Testing astrophysics of 
   core collapse 
• Flavor conversion has 
   strong impact on signal 
   (Collective & MSW) 
 

EoS & mass dependence 
• Testing nuclear physics 
• Nucleosynthesis in  
   neutrino-driven wind 
• Particle bounds from 
   cooling speed (axions …) 
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The Takeaway 
•  Introduction 

–  Different phases of SN explosion and different oscillation physics 

•  Oscillation theory 

–  MSW : Adiabatic and Non-adiabatic 

–  Collective : Slow/Fast both need spectral crossings 

•  Non-oscillation observables 

–  timing, pointing, mass, lifetime, E-loss, SASI, failed SN, exotica 

•  Oscillation-sensitive observables 

–  Mass ordering, Earth effects, SN properties, equilibration, … 

•  Upshot 

–  Neutrinozation burst : MSW-like 

–  Accretion : If crossing exists then fast, else MSW-like 

–  Cooling : Spectra are very similar 
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What’s so special 
about SN neutrino 

oscillations? 
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SN Neutrino Oscillations 
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MSW effect depends on 
ordinary matter density L, 
i.e. mainly electron density 
	
  

Vacuum oscillations depend 
on neutrino mass matrix M 
Overall minus sign for 
antineutrinos 

In general, a 7 dimensional problem  
3 momentum (E, θp, φp) + 3 space (r, θ, φ) + 1 time (t) 

Dimensionality of calculations denoted by np + nx + nt 

Collective effects 
depends on the 
neutrino density 
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Dighe	
  and	
  Smirnov	
  (1999)	
  	
  

Can compute energy spectra of each flavor at Earth in terms of pre-MSW spectra 



Collective Effect 
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Pantaleone	
  (1992)	
  

Forward scattering 
neutrinos exchange flavor 
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Collective Effects 
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When neutrino density is high 
 
 
 

the system is synchronized 
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As neutrino density gets lower 
 
 
 

the system starts wobbling 
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Pioneering	
  work	
  by	
  Pantaleone,	
  Kostelecky,	
  Samuel	
  in	
  the	
  1990s	
  

Instability grows at rate 
proportional to geometric mean 

of ω and µ



Spectral Swaps 
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Dasgupta,	
  Dighe,	
  Raffelt,	
  Smirnov	
  (2009)	
  
Friedland	
  (2010)	
  

Seminal	
  papers	
  by	
  Duan,	
  Fuller,	
  Carlson,	
  Qian	
  (2005,	
  2006,	
  2007)	
  
Raffelt	
  and	
  Smirnov	
  (2007,	
  2007)	
  
Fogli,	
  Lisi,	
  Marrone,	
  Mirizzi	
  (2008)	
  

Portions of the energy spectra 
get exchanged 
 
Initially thought to occur for 
Inverted ordering 

Later realized that this occurs for 
both orderings and there can be 

multiple spectral splits 



Crossing of Spectra 
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The main dynamical quantity turns out to be Fe – Fx 
This is often what we refer to as the “spectrum” as a function of energy, 
or emission angle, etc. If this spectrum has a “crossing” the system tends 

to become unstable and there is flavor conversion. 

Dasgupta,	
  Dighe,	
  Raffelt,	
  Smirnov	
  (2009)	
  



Dense Matter Effect 
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The	
  electron	
  background	
  is	
  different	
  for	
  the	
  different	
  trajectories,	
  and	
  while	
  
most	
  of	
  it	
  drops	
  out	
  as	
  a	
  common	
  phase,	
  the	
  differences	
  are	
  large	
  enough	
  to	
  
“block”	
  collec/ve	
  effects.	
  

Esteban-­‐Pretel,	
  Mirizzi,	
  Pastor,	
  Tomas,	
  Raffelt,	
  Serpico,	
  Sigl	
  (2008)	
  	
  

longer path = 
more  matter  



Numerically challenging … 
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Duan,	
  Fuller,	
  Carlson,	
  Qian	
  (2006)	
  
Mirizzi	
  and	
  Tomas	
  (2010)	
  

Neutrinos Anti-Neutrinos 

Em
iss

io
n 

An
gl

e 

Energy 

Normal 
Mass 

Ordering 

Inverted 
Mass 

Ordering 
State-of-the-art 
(1+1)+1+0 dims 

or  
(0+2)+1+0 dims 



Linear Stability Analysis 
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FIG. 1. Schematic geometry of the model and flavor-dependent zenith-angle distributions of neu-
trino fluxes. The 3 ellipses are schematic polar plots of the normalized angular distributions of the
⌫
e

(blue), ⌫̄
e

(red), and ⌫
x

(green) fluxes at the point where the arrows originate.

Interestingly, a major simplification suggests itself if one is interested in studying flavor
conversions only at small distances from the SN core. Most of the neutrinos are emitted
around a radius O(10) km from the center of the SN. For phenomena that take place very
close to this emission region, the curvature of the neutrinosphere is not relevant. We therefore
model the source region as a di↵use flat infinite plane, as shown in Fig. 1.

The neutrinos are conveniently labelled by !, v

z

, and', that define the Cartesian com-
ponents of the momenta

p =
⇣
E

p
1 � v

2
z

cos', E
p
1 � v

2
z

sin', Ev

z

⌘
, (5)

where v
z

= cos# is the component of the neutrino velocity along the z-axis, and # and ' the
zenith and azimuthal angles, respectively. Note that v

z

can take negative values, i.e., the
zenith angle # can take values between 0 and ⇡, not merely up to ⇡/2 as usually taken in
the “bulb” model, representing neutrinos with trajectories that range from radially outward
to radially inward into the star.

The state of the neutrino population can then be represented as
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where �1 < s

!,v
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< 1 and s
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!,v
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+ |S
!,v

z

,'

|2 = 1. Neutrinos are produced as fla-
vor eigenstates and no flavor mixing occurs as long as S

!,v

z

,'

= 0. What is relevant
for oscillations is the di↵erence of the di↵erential flux distributions for the two flavors,
g

!,v
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/ d�

⌫
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/d� � d�

⌫

x

/d� for neutrinos and / d�

⌫

x

/d� � d�

⌫̄

e

/d� for antineutrinos rep-
resented by negative !, where we have assumed identical angular distributions for ⌫

x

and
⌫̄

x

. This encodes the distribution of neutrino fluxes in energy, zenith angle, and azimuthal
angle, i.e., over d� = d! dv

z

d'/(2⇡), and �
⌫

is the normalization of g
!,v

z

,'

, determined by

Off-­‐diagonal	
  element	
  of	
  density	
  matrix	
  measures	
  departure	
  
from	
  ini/al	
  pure-­‐flavor-­‐state.	
  	
  

Linearize	
  equa/on	
  in	
  S	
  see	
  if	
  there	
  are	
  	
  
exponen/ally	
  growing	
  solu/ons	
  

Bannerjee,	
  Dighe,	
  Raffelt	
  (2010)	
  

Turns	
  out	
  to	
  be	
  equivalent	
  to	
  	
  demanding	
  that	
  	
  
there	
  be	
  a	
  crossing	
  in	
  the	
  spectrum	
  

Abbar	
  and	
  Duan	
  (2017)	
  



Azimuthal!asymmetry!develops!in!neutrino!flavor!field!
above!neutron!star!!

enhanced!instability!!
in!the!neutrino!flavor!field!!
–!not!easily!macer_suppressed!

nonlinearity:))
neutrino)flavor)field)may)not)retain)the)symmetry)
of)the)neutrino)sphere)ini8al)condi8ons))

G. Raffelt, S. Sarikas, and D. de Sousa; ArXiv:1308.142 

A. Mirrizi; ArXiv:1308.5255 

Spontaneous Symmetry Breaking 
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Solu/ons	
  do	
  not	
  preserve	
  the	
  approximate	
  symmetries	
  of	
  
ini/al	
  condi/ons	
  and	
  the	
  equa/ons	
  of	
  mo/on	
  	
  

Neutrinos emitted with aziuthally-symmetric fluxes but their flavor 
evolution depends on the azimuthal angle 

In the red/blue shaded region, 
flavor composition changes 

exponentially fast 
 

The red region (for NMO) 
breaks azimuthal symmetry 

Raffelt,	
  Sarikas,	
  Seixas	
  (2013)	
  

But suppressed by matter 

Chakraborty,	
  Mirizzi,	
  Saviano,	
  Seixas	
  (2014)	
  	
  

(1+2)+1+0 dims 



SSB of Spatial Translation 
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Initial conditions are homogeneous, but evolution breaks homogeneity 

In 1+2+0 dims 
Mirizzi,	
  Mangano,	
  Saviano	
  (2015)	
  

Duan	
  and	
  Shalgar	
  (2014)	
  
Mangano,	
  Mirizzi,	
  Saviano	
  (2014)	
  



SSB of Time Translation 
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Initial conditions are approximately static, but flavor composition 
spontaneously picks up a pulsation that grows and breaks stationarity 

Frequency M
ode 

Space Space 
Dasgupta	
  and	
  Mirizzi	
  (2015)	
  

Capozzi,	
  Dasgupta,	
  Mirizzi	
  (2016)	
  
See	
  also	
  linearized	
  study	
  by	
  Abbar	
  and	
  Duan	
  (2015)	
  

	
  

In 1+1+1 dims 



Fast Conversions 

Basudeb Dasgupta (TIFR Mumbai)                                          9 June, Neutrino 2018, Heidelberg 22

5

FIG. 1. Schematic geometry of the model and flavor-dependent zenith-angle distributions of neu-
trino fluxes. The 3 ellipses are schematic polar plots of the normalized angular distributions of the
⌫
e

(blue), ⌫̄
e

(red), and ⌫
x

(green) fluxes at the point where the arrows originate.

Interestingly, a major simplification suggests itself if one is interested in studying flavor
conversions only at small distances from the SN core. Most of the neutrinos are emitted
around a radius O(10) km from the center of the SN. For phenomena that take place very
close to this emission region, the curvature of the neutrinosphere is not relevant. We therefore
model the source region as a di↵use flat infinite plane, as shown in Fig. 1.

The neutrinos are conveniently labelled by !, v
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, and', that define the Cartesian com-
ponents of the momenta

p =
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where v
z

= cos# is the component of the neutrino velocity along the z-axis, and # and ' the
zenith and azimuthal angles, respectively. Note that v

z

can take negative values, i.e., the
zenith angle # can take values between 0 and ⇡, not merely up to ⇡/2 as usually taken in
the “bulb” model, representing neutrinos with trajectories that range from radially outward
to radially inward into the star.

The state of the neutrino population can then be represented as
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Crossing = Fast Instability 

Instability grows 
at rate 

proportional to 
neutrino density 

Sawyer	
  (2005,	
  2015)	
  
Chakraborty,	
  Hansen,	
  Izaguirre,	
  Raffelt	
  (2016)	
  

Dasgupta,	
  Mirizzi,	
  Sen	
  (2016)	
  
Izaguirre,	
  Raffelt,	
  Tamborra	
  (2016)	
  

Capozzi,	
  Dasgupta,	
  Lisi,	
  Marrone,	
  Mirizzi	
  (2017)	
  
Dasgupta	
  and	
  Sen	
  (2017)	
  



Crossing and Back-flux 
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vz

⌫̄e
⌫e

b 10

1 + a
1/(1 � b)

vz

⌫̄e

⌫e

b 10

1/(1 � b)

�1

(1 + a)/2

FIG. 2. Sketches of the schematic zenith angle distributions of ⌫
e

(blue) and ⌫̄
e

(red), used for
the calculations in this section. The left panel shows a spectrum that corresponds to Eq. (9) with
no ingoing ⌫

e

or ⌫̄
e

, while the right panel shows a spectrum with ingoing ⌫
e

and ⌫̄
e

as in Eq. (24).
The ⌫

e

and ⌫̄
e

have a flux ratio 1 + a, i.e., more ⌫
e

than ⌫̄
e

when a > 0, and the ⌫̄
e

have a more
forward-peaked distribution, controlled by the parameter b which we always choose to be larger
than the min(v

z

) for ⌫
e

.

spectrum is independent of '. However, we shall find that this azimuthal symmetry often
gets spontaneously broken. Most importantly, however, the zenith angle distributions for the
neutrinos and antineutrinos are not the same. While neutrinos are emitted over the entire
forward hemisphere (0  v

z

 1), the antineutrinos are contained in a narrower forward
cone b  v

z

 1, with b > 0. As long as 1/(1 � b) > 1 + a, there is a crossing of the
two flux-weighted angular spectra. This kind of a “non-trivial” flavor-dependent angular
distribution is believed to be be crucial for fast conversion.

We will also investigate the impact of extending the range of v
z

to negative values, i.e.,
(�1  v

z

 1) for neutrinos and with b > �1, as shown in the right panel of Fig. 2, to
understand the role of inward going neutrinos and antineutrinos. However, we limit our
focus to physically motivated spectra such that ⌫

e

have larger fluxes and wider distributions
in the zenith angle, compared to ⌫̄

e

.

A. Stationary Solutions with Evolution in Space

We begin by looking for a steady state or stationary solution, i.e., the density matrices do
not change with time. In that case it is appropriate to drop the time-derivative in Eq. (8),
and the eigenvalue equation for S = Qe

�i⌦z becomes
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where we have defined the integrals over the spectrum,
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Toy Model SN Inspired Models 

1+0+1 dims 
Dasgupta,	
  Mirizzi,	
  Sen	
  (2016)	
  



Challenges 

•  Mean-field treatment via Wigner fns. 

•  Wavepackets/Kinematic decoherence 
 

•  Sterile nus, NSI, …  
•  Interpretation of collective effects 

•  Dynamical decoherence 
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Birol,	
  Pehlivan,	
  Balantekin,	
  Kajino	
  (2018)	
  
Stirner,	
  Sigl,	
  Raffelt	
  (2018)	
  

Vlasenko,	
  Fuller,	
  Cirigliano	
  (2014)	
  
Volpe,	
  Vaananen,	
  Espinoza	
  (2013)	
  

Cardall	
  (2008)	
  

Akhmedov,	
  Kopp,	
  Lindner	
  (2017)	
  	
  
Hansen,	
  Smirnov	
  (2016)	
  

Hansen	
  and	
  Smirnov	
  (2018)	
  
Morinaga	
  and	
  Yamada	
  (2017)	
  

Skipping	
  non-­‐standard	
  physics	
  for	
  lack	
  of	
  space	
  and	
  time	
  



Collisions vs. Oscillations 
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Collisions can be strong enough to 
create a difference between electron 

neutrinos and antineutrinos. 
Yet, may not damp oscillations.  

Capozzi,	
  Dasgupta,	
  Mirizzi,	
  Sen	
  (2018,	
  to	
  appear)	
  

Do fast conversions, once generated, penetrate the SN core? 



Main Results 
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•  Neutrino-Neutrino interactions can lead to large flavor changes 

•  Can find “when” and “how fast” using stability analysis 

•  Solutions are space-time dependent and can spontaneously 

break symmetries 

•  The spatial growth of slow collective effects typically blocked 

by the dispersion in dense ordinary matter 

•  Crossing in the ELN distribution leads to fast conversion that 

can make all flavors almost equally populated in situ 



What can we learn? 

Basudeb Dasgupta (TIFR Mumbai)                                          9 June, Neutrino 2018, Heidelberg 27



DSNB 
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Super-­‐Kamiokande	
  Collaboration	
  (2013)	
  

Zeldovic	
  (1964),	
  Bisnovatyi-­‐Kogan	
  and	
  Seidov	
  (1982)	
  
Plot	
  from	
  Beacom	
  and	
  Vagins	
  (2003)	
  
See	
  reviews	
  by	
  Lunardini	
  (2010)	
  and	
  Beacom	
  (2010)	
  

We may be close to detecting the DSNB. 
With Gd upgrade of Super-K this can be very promising. 



Are there failed SN? 
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DSNB	
  is	
  sensitive	
  to	
  the	
  failed	
  SN	
  fraction	
  
Lunardini	
  (2009)	
  

Moller,	
  Suliga,	
  Tamborra,	
  Denton	
  (2018)	
  

Some	
  supernovae	
  are	
  not	
  expected	
  to	
  explode	
  
O’Connor	
  and	
  Ott	
  (2013)	
  
Ertl,	
  Janka,	
  Woosley,	
  Sukhbold,	
  Ugliano	
  (2016)	
  

SN	
  without	
  a	
  bang	
  
Gerke,	
  Kochanek,	
  Stanek	
  (2014)	
  
Reynolds,	
  Fraser,	
  Gilmore	
  (2015)	
  



Timing 
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Pagliaroni,	
  Vissani,	
  Coccia,	
  Fulgione	
  (2009)	
  
Plot	
  from	
  Halzen	
  and	
  Raffelt	
  (2009)	
  

Nakamura,	
  Horiuchi,	
  Tanaka,Hayama,	
  
Takiwaki,	
  Kotake	
  (2016)	
  

Improved ability to spot the signal with different messengers 



Pointing 
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For	
  triangulation:	
  see	
  Beacom	
  and	
  Vogel	
  (1998)	
  
Muhlbeier,	
  Nunokawa,	
  and	
  Zukanovich	
  Funchal	
  (2013)	
  

Brdar,	
  Lindner,	
  Xu	
  (2018)	
  

Using	
  directionality	
  of	
  elastic	
  scattering	
  events	
  and	
  subtraction	
  of	
  tagged	
  inverse	
  beta	
  “background”	
  
Beacom	
  and	
  Vogel	
  (1998)	
  
Beacom	
  and	
  Vagins	
  (2000)	
  
Tomas,	
  Semikox,	
  Raffelt,	
  Kachelriess,	
  Dighe	
  (2003)	
  
Plot	
  from	
  Abe	
  at	
  al.	
  for	
  Super-­‐K	
  (2016)	
  

Pointing accuracy of a few degrees for SN at 10 kpc 
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Copyright:	
  The	
  University	
  of	
  Chicago	
  



SASI Signatures 

Basudeb Dasgupta (TIFR Mumbai)                                          9 June, Neutrino 2018, Heidelberg 33

27 Msun star 
Multiple SASI 
episodes and 
convection 

20 Msun star 
Single SASI 
episode and 
convection 

11.2 Msun star 
No SASI 

episode; only 
convection 

Tamborra,	
  Raffelt,Hanke,	
  Janka,	
  Mueller	
  (2014)	
  	
  
Tamborra,	
  Hanke,	
  Mueller,	
  Janka,	
  Raffelt	
  (2013)	
  

The next galactic SN may reveal distinct signatures of the neutrino mechanism 



QCD transition in SN 
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Dasgupta,	
  Fischer,	
  Horiuchi,	
  Liebendoerfer,	
  Mirizzi,	
  Sagert,	
  Schaffner-­‐Bielich	
  (2009)	
  
Simulation	
  by	
  Sagert,	
  Fischer,	
  Hempel,	
  Pagliara,	
  Schaffner-­‐Bielich,	
  Mezzacappa,	
  Thielemann,	
  Liebendoerfer	
  (2008)	
  

Neutrino telescopes are exquisitely sensitive to anything  
that affects the electron antineutrino lightcurve 



Fast Conversions = Heating? 
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May be possible if 
fast conversions that 
occur below r_gain! 

Not possible with slow 
conversions that occur 

above r_gain 
Dasgupta,	
  O’Connor,	
  Ott	
  (2011)	
  



O-Mg-Ne Supernovae 
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Duan,	
  Fuller,	
  Carlson,	
  Qian	
  (2007)	
  
Duan,	
  Fuller,	
  Carlson,	
  Qian	
  (2008)	
  
Dasgupta,	
  Dighe,	
  Mirizzi,	
  Raffelt	
  (2008)	
  
Cherry,	
  Fuller,	
  Carlson,	
  Duan,	
  Qian	
  (2010)	
  

Star has sharply falling matter density, so 
MSW resonance occurs before (slow) 

collective effects. 

Explained using 
synchronized MSW 

Application	
  of	
  3	
  flavor	
  formalism	
  by	
  Dasgupta	
  and	
  Dighe	
  (2007)	
  



Mass Ordering 
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Plot	
  from	
  E.	
  Worcester’s	
  talk	
  at	
  Neutrino	
  2018	
  
Wallace,	
  Burrows,	
  Dolence	
  (2015)	
  

Kachelriess,	
  Tomas,	
  Buras,	
  Janka,	
  Marek,	
  Rampp	
  (2004)	
  

Serpico,	
  Chakraborty,	
  Fischer,	
  Hudepohl,	
  Janka,	
  Mirizzi	
  (2011)	
  	
  

No neutronization peak seen in 
electron neutrinos for inverted 

mass ordering  

Electron antineutrino signal rises 
faster for inverted ordering 

Note: This can change if fast conversions 
occurs in the accretion phase  

Neutronization burst can reveal the neutrino mass ordering 



Shock Wave 

Basudeb Dasgupta (TIFR Mumbai)                                          9 June, Neutrino 2018, Heidelberg 38

Schirato	
  and	
  Fuller	
  (2002)	
  
Tomas,	
  Kachelriess,	
  Raffelt,	
  Dighe,	
  Janka,	
  Scheck	
  	
  (2004)	
  

Shockwave propagation leads to dips/bumps in observed average E 



Phase Effects 
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Density profile is not 
monotonic. There are 
multiple resonances. 

Some of them are close 
enough and lead to 

interference features 
with large wavelength in 

1/E   

Typically gets averaged 
out due to finite energy 

resolution 

Dasgupta	
  and	
  Dighe	
  (2005)	
  



Turbulence 
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Plot	
  from	
  Borriello,	
  Chakraborty,	
  Janka,	
  Lisi,	
  Mirizzi	
  (2013)	
  	
  
Fogli,	
  Lisi,	
  Mirizzi,	
  Montanino	
  (2006)	
  	
  

Friedland	
  and	
  Gruzinov	
  (2006)	
  

Survival probabilities are highly stochastic quantities 



Earth Matter Effects 

Basudeb Dasgupta (TIFR Mumbai)                                          9 June, Neutrino 2018, Heidelberg 41

Boriello,	
  Chakraborty,	
  Mirizzi,	
  Serpico,	
  Tamborra	
  (2012)	
  
Lunardini,	
  Smirnov	
  (2001)	
  

Energy-dependent regeneration in Earth depends on spectral 
differences between flavors and encodes neutrino mass ordering. 

May be hard to see. 



SN Flux Reconstruction 
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Rosso,	
  Vissani,	
  Volpe	
  (2017)	
  
For	
  nue:	
  Laha,	
  Beacom	
  (2014),	
  Laha,	
  Beacom,	
  Agarwalla	
  (2014),	
  Nikrant,	
  Laha,	
  Horiuchi	
  (2017)	
  
Previously:	
  Minakata,	
  Nunokawa,	
  Tomas,	
  Valle	
  (2008)	
  

May be possible to reconstruct fluxes with unknown pinching 



Neutral Current is Key 

Basudeb Dasgupta (TIFR Mumbai)                                          9 June, Neutrino 2018, Heidelberg 43

Beacom,	
  Farr,	
  Vogel	
  (2003)	
  
Dasgupta	
  and	
  Beacom	
  (2011)	
  

Ev
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Neutrino – Proton elastic 
scattering can give the 

unoscillated fluxes if measured 
with enough statistics and 

reconstructed with precision 

Detailed	
  analysis	
  for	
  JUNO	
  by	
  Li,	
  Li,	
  Wang,	
  Wen,	
  Zhou	
  (2017)	
  



MSW or Collective 
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… without assuming any details of the SN neutrino spectra 
Capozzi,	
  Dasgupta,	
  Mirizzi	
  (2018,	
  to	
  appear)	
  

R =
FpES

FIB
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R̄ =
FpES

FLAr
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Normal 
Ordering 

Inverted 
Ordering 

It may be possible to reject “only MSW” or “full flavor equilibrium” 
using a combination of JUNO, Hyper-K, and DUNE 



More Reading 
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Mirizzi, Tamborra, Janka, Saviano, Scholberg, Bollig, Huedepohl, Chakraborty 
Riv. Nuovo Cimento 39 (2016) 

Horiuchi and Kneller 
J.Phys. G45 (2018) 

Dasgupta 
PoS ICHEP2010 (2010) 

Chakraborty, Hansen, Izaguirre, Raffelt 
Nucl.Phys. B908 (2016) 

Duan, Fuller, Qian 
Ann.Rev.Nucl.Part.Sci. 60 (2010) 

Detailed	
  Review	
  

Interpretative	
  

Short	
  review	
  for	
  the	
  impatient.	
  Oscillation	
  section	
  needs	
  update	
  

Covers	
  the	
  “slow”	
  collective	
  effects	
  

Covers	
  SSB	
  effects	
  in	
  detail	
  



Highlights 
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Three Phases – Three Opportunities 

Standard Candle (?)  
•  SN theory 
•  Distance 
•  Flavor conversions 
•  Multi-messenger 
    time of flight 

Strong variations  
(progenitor, 3D effects, 
 black hole formation, …) 
• Testing astrophysics of 
   core collapse 
• Flavor conversion has 
   strong impact on signal 
   (Collective & MSW) 
 

EoS & mass dependence 
• Testing nuclear physics 
• Nucleosynthesis in  
   neutrino-driven wind 
• Particle bounds from 
   cooling speed (axions …) 
 
 

Burst	
   Accre*on	
   Cooling	
  

SN	
  standard	
  candle	
   Fast	
  collec/ve	
  effects	
   Nuclear	
  physics	
  

Mass	
  ordering	
   SN	
  theory	
   Nucleosynthesis	
  

Timing	
   Mass	
  ordering	
   Exo/cs/Axions	
  

SN	
  theory	
   Poin/ng	
   Shock	
  propaga/on	
  

…	
   …	
  



The Takeaway 
•  Introduction 

–  Different phases of SN explosion and different oscillation physics 

•  Oscillation theory 

–  MSW : Adiabatic and Non-adiabatic 

–  Collective : Slow/Fast both need spectral crossings 

•  Non-oscillation observables 

–  timing, pointing, mass, lifetime, E-loss, SASI, failed SN, exotica 

•  Oscillation-sensitive observables 

–  Mass ordering, Earth effects, SN properties, equilibration, … 

•  Upshot 

–  Neutrinozation burst : MSW-like 

–  Accretion : If crossing exists then fast, else MSW-like 

–  Cooling : Spectra are very similar 
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