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Outline

• varieties of core-collapse supernovae 
(CCSNe): theory & observations

• varieties of CCSNe: their neutrinos & 
nucleosynthesis

• neutrino signals with & without oscillations

• what can we learn from neutrino signals: 
CCSN physics & neutrino properties



How to Become a Star

Virial theorem for a contracting gas cloud
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“Onion-Skin” Structure
of Pre-SN Stars
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Neutrino-Driven Explosion 
of a Low-Mass SN
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Figure 11
Explosion and remnant properties predicted by parameterized one-dimensional neutrino-driven supernova (SN) simulations (239) of a
large set of progenitor stars (22). (a) Explosion energy, (b) time of onset, (c) baryonic remnant mass, (d ) neutrino-energy release by the
compact remnant, and (e) ejected Ni mass are shown as functions of stellar birth [zero-age main-sequence (ZAMS)] mass. ( f ) The
compact remnant mass versus the enclosed mass at the bottom of the O-burning shell of the progenitor. Neutrino cooling of the dense
neutron star core was prescribed such that the properties of SN 1987A were roughly reproduced for ∼20 M ⊙ stars ( green histogram
bar). Accretion neutrino luminosity was self-consistently computed by approximate neutrino transport. The ticks in some panels mark
masses for which the computed models did not explode. Bars of remnant masses reaching to the upper panel edge (3 M ⊙) and arrows in
panel f signal the formation of a black hole (BH) containing the whole mass of the star at collapse. The only exception is the 37-M ⊙
progenitor, where the explosion ejects ∼3.2 M ⊙ while fallback creates a BH with 6.5 M ⊙. Blue segments indicate fallback masses, and
orange segments represent Ni-mass uncertainties due to unclear Ni abundance in the ν-heated ejecta.

the implications of neutrino-powered explosions. These results challenge numerous paradigms
for the progenitor-explosion and progenitor-remnant connections. In particular, the limited
blast-wave energy and Ni production support arguments in favor of another explosion mechanism
for HNe. These events are likely to be triggered by magnetorotational processes. More research,
observational and theoretical, will be required to clarify whether there is a continuous transition
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Utrobin & Chugai 2011



Lattimer 2010

Clark et al. 2002

Neutron Star & Black Hole Masses



black hole formation 
& hypernovae



n, p

Fe neutrinosphere

shock

initial trapping surface

� � 1011 g cm�3

“neutronization” pulse at shock breakout

e� + p� n + �e ⇥ predominantly �e

without oscillations
(Thompson et al. 2003)



Woosley et al. 1994

breakout

accretion

thermal 
emission

(20 M�)



Neutrino Emission from Proto-NS Cooling

for a Galactic SN at ~10 kpc

e+ + e� ! ⌫ + ⌫̄

N +N ! N +N + ⌫ + ⌫̄

GM2

RNS
⇠ 3⇥ 1053 erg

) ⌫e, ⌫̄e, ⌫µ, ⌫̄µ, ⌫⌧ , ⌫̄⌧

⌫̄e + p ! n+ e+
~104 events in SK due to



signature of BH formation: interruption of    signals

Fischer et al. 2009

40 M�

stellar 
models
differ

followed 
by

neutrino
emission

from 
accretion 

disk 
around 

BH?

⌫



CCSN physics & neutrinos without oscillations

duration of accretion phase

progenitors, neutrino-driven explosion

termination of thermal emission

black hole formation

progenitors

nuclear equation of state

existing neutrino detectors: Super-K, IceCube

�̄e + p� n + e+
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Figure 5
(a) Neutrino-powered electron-capture supernova (ECSN) of an 8.8-M ⊙ star with an O-Ne-Mg core (21, 28), visualized by mass-shell
trajectories of a one-dimensional simulation (105). The SN shock (bold, outgoing line) expands for ∼50 ms as an accretion shock (the
downstream velocities are negative) before it accelerates by reaching the steep density gradient at the edge of the core. Neutrino
heating subsequently drives a baryonic “wind” off the proto–neutron star (PNS) surface. Colored lines mark the inner boundaries of the
Mg-rich layer in the O-Ne-Mg core (red; ∼0.72 M ⊙), the C-O shell (green; ∼1.23 M ⊙), and the He shell (blue; ∼1.38 M ⊙). The
outermost dashed line indicates the gain radius, and the inner solid, dashed, and dash-dotted lines represent the neutrinospheres of νe ,
ν̄e , and νx , respectively. (b) Neutrino luminosities and mean energies from an ECSN for the infall, νe breakout burst, accretion phase,
and PNS cooling evolution (107). The average energies are defined as the ratio of energy to number fluxes. Panel a reproduced with
permission from ESO.

burning front that explodes the star. The heating was considered to occur mainly by neutrino-
electron scattering.

Although this is an appealing idea, neither the stellar nor dynamical conditions assumed for
this scenario could be verified by detailed progenitor and explosion models. In, for example,
O-Ne-Mg-core progenitors, which define the low-mass limit of stars that undergo core collapse to
radiate large neutrino luminosities, the C and O shell is initially located between roughly 500 and
1,000 km (at densities !4 × 108 g cm−3) and falls dynamically inward (with compression-induced
burning) long before it is exposed to a high fluence of neutrinos (Figure 5). If, in contrast, the O
and C layers are farther out at r > 1,000 km, as in more massive Fe-core progenitors (Figure 2),
then the neutrino flux is diluted by the large distance from the source, and the electron densities
(and degeneracy) there are much lower than those adopted by the Russians (147–150). Therefore,
neutrino-electron scattering cannot raise the temperature to the ignition threshold.

Presently, PISNe are the only stellar core-collapse events wherein the explosion mechanism is
known to be based on thermonuclear energy release (Section 2.4). However, a closer examination
of the possibility of neutrino-triggered burning in the significantly more compact low-metallicity
stars might be interesting.

4.2. Bounce-Shock Mechanism
The purely hydrodynamical bounce-shock mechanism (4, 5), in which the shock wave launched
at the moment of core bounce (Section 2.2) causes the prompt ejection of stellar mantle and
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Neutrino Emission from a Low-Mass SN
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Setting n/p in the Neutrino-Driven Wind
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Neutrino Opacities!  
Martinez-Pinedo et al. 2012; Roberts & Reddy 2012 



progenitor dependences of neutrino flavor evolution 

density profile

positions and adiabaticity of MSW resonances

modulation by shock propagation 
(Schirato & Fuller 2002)

comparison with neutrino density:
collective oscillations due to neutrino self-interaction 

(Pantaleone 1992; Kostelecky & Samuel 1993;
Duan et al. 2006 & subsequent works;

Raffelt & collaborators; Mirizzi & collaborators)



Tomas et al. 2004
15 M�



inverted mass 
hierarchy
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in IceCube (Wu et al. 2015)�̄e + p� n + e+

inverted

no osc.
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Summary: supernovae and their neutrino signals
interruption of neutrino signals reveals BH formation

progenitor density structure (accretion rate)
nuclear equation of state (phase transition)

rich interplay among progenitor structure, shock
propagation, neutrino emission & flavor evolution

“neutronization” pulse at shock breakout relatively
simple to study as a probe of neutrino properties
bulk emission of “thermal” neutrinos gives potential 
probes of supernova physics & neutrino properties

(systematic study of collective & shock effects needed)

templates of neutrino signals important for study 
of relic/diffuse supernova neutrino background



Interplay between Supernova and Neutrino Physics

�-induced
r-process

4He(�e, e�p)3He
4He(�̄e, e+n)3H

r � 105 km

⌫ signals



LHC, RHIC, FAIR
nuclear EOS, NS properties 

SuperK, IceCube, JUNO
SN neutrino detection

NOvA, PINGU, DUNE, JUNO 
neutrino mass hierarchy, CP violation

LIGO
gravitational waves from NS mergers

FRIB, HIRFL-CSR
nuclear properties far from stability

Astronomical Surveys (APOGEE, GAIA)
elemental abundances in stars


