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Outline	

•  Core-‐collapse	  supernova	  explosion	  
– collapse,	  bounce,	  and	  stalled	  

•  Neutrino-‐driven	  explosion	  model	  
– by	  neutrino	  hea:ng	  (and	  cooling)	  
– with	  some	  hydrodynamic	  instabili:es	  

•  Neutrino-‐induced	  nucleosynthesis	  
– Light	  elements	  (Li	  &	  B)	  
– Heavy	  elements	  (Nb,	  La,	  &	  Ta)	  

•  Summary	  



Core-collapse Supernova Explosions	
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Figure 1: Schematic representation of the evolutionary stages from stellar core collapse through the onset of
the supernova explosion to the neutrino-driven wind during the neutrino-cooling phase of the proto-neutron
star (PNS). The panels display the dynamical conditions in their upper half, with arrows representing velocity
vectors. The nuclear composition as well as the nuclear and weak processes are indicated in the lower half
of each panel. The horizontal axis gives mass information. MCh means the Chandrasekhar mass and Mhc

the mass of the subsonically collapsing, homologous inner core. The vertical axis shows corresponding radii,
with RFe, Rs, Rg, Rns, and Rν being the iron core radius, shock radius, gain radius, neutron star radius, and
neutrinosphere, respectively. The PNS has maximum densities ρ above the saturation density of nuclear matter
(ρ0).
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Figure 1: Schematic representation of the evolutionary stages from stellar core collapse through the onset of
the supernova explosion to the neutrino-driven wind during the neutrino-cooling phase of the proto-neutron
star (PNS). The panels display the dynamical conditions in their upper half, with arrows representing velocity
vectors. The nuclear composition as well as the nuclear and weak processes are indicated in the lower half
of each panel. The horizontal axis gives mass information. MCh means the Chandrasekhar mass and Mhc

the mass of the subsonically collapsing, homologous inner core. The vertical axis shows corresponding radii,
with RFe, Rs, Rg, Rns, and Rν being the iron core radius, shock radius, gain radius, neutron star radius, and
neutrinosphere, respectively. The PNS has maximum densities ρ above the saturation density of nuclear matter
(ρ0).
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A VLA image of SN 1986J in the 
galaxy NGC 891.	

An artist’s impression of SN 1986. 
(c) N. Bartel, M. Bietenholz, G. Arguner	

(Janka+’06)	



•  Gravitational binding energy 
of the collapsing core       
（>~1053 erg）　>> 　　　
Typical SN explosion energy 
（~1051 erg） 

•  Neutrinos carry away most   
of the energy, but .. 

•  A small fraction of emitted 
neutrinos can interact with 
the matter behind a shock, 
deposit energy, and revive 
the stalled shock wave. 

•  Hydrodynamic instabilities 
enhance the neutrino heating. 

Neutrino-driven SN explosion mechanism	
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Neutrino-induced explosion model (2-D)	
Snap shots of entropy distributions from our simulations with (left) and without (right) 
neutrino heating. 

Example) Lνe  = L0 exp(-tpb/td)  ← L0 = 2.4×1052 erg/s, td = 1.1 s	

600 km	 3500 km	

Time after core bounce:	
100 ms	 200 ms	 300 ms	



Neutrino-induced explosion model (3-D)	

•  3-dimensional MPI-AMR code 
•  High-performance computer (XT4) @ 

NAOJ 
•  KN+ (in preparation) 
•  => Movie	



Previous studies of SASI+ν -induced explosion	
•  Marek & Janka (2009) 
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Figure 12. Four snapshots from the evolution of our 11.2 M! explosion model at times t = 230 ms, 250 ms, 275 ms, and 303 ms after core bounce. The figures contain
the same features as shown in Figure 4.
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Figure 13. Mass (top left), neutrino-heating rate (top right), heating efficiency (bottom left), and heating and advection timescales (bottom right) in the gain layer as
functions of time for our 11.2 M! explosion model.
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Figure 10. Same as Figure 2 but for our two-dimensional explosion simulation of an 11.2 M! progenitor star. Note that the mass-shell spacing outside of the red
dashed line at an enclosed mass of 1.25 M! (marking the composition interface between the silicon layer and the oxygen-enriched Si shell) is reduced to steps of
0.0125 M! instead of 0.025 M!.

plane later than in the polar directions (see the panels for
t = 250 ms and 275 ms after bounce in Figure 12). Therefore
a wedgelike region around the equator remains for some time,
where silicon and sulfur are still present with higher abundances
between the shock and the oxygen layer, while the matter swept
up by the shock consists mostly of iron-group nuclei and α-
particles. The mass-shell plot of Figure 10, which is constructed
from the laterally averaged two-dimensional data at each radius,
is misleading by the fact that this preshock material appears to be
located behind the angle-averaged shock radius (at post-bounce
times 270 ms ! t ! 300 ms). We note that the penetration into
the oxygen-rich infalling shells, beginning at t ∼ 250 ms p.b.,
does not have any obvious supportive or strengthening effect on
the outgoing shock.

In Figure 13, we provide information about the conditions
and neutrino energy deposition in the gain layer of the 11.2 M!
model. As in the 15 M! case, the mass in the gain layer increases
when the shock begins its outward expansion. At the same
time, the infall (advection) timescale of matter between the
shock and the gain radius increases, but continues to be well
defined. Again, as in the 15 M! explosion model, this suggests
the presence of ongoing accretion of gas through the gain layer to
the neutron star (which can also be concluded from the continued
contraction of mass shells in this region in Figure 10). Shortly
after the (net) neutrino-heating rate has reached a pronounced
peak of about 7.5 × 1051 erg s−1 at t ≈ 70 ms, it makes
a rapid drop to around 3 × 1051 erg s−1. This decline is a
consequence of the decay of the neutrino luminosities at the
time when the mass infall rate onto the shock and the neutron
star decreases. The decrease occurs when the steep negative
density gradient (and positive entropy step) near the composition
interface between the silicon layer and the oxygen-enriched Si
layer of the progenitor star (near 1.3 M!) arrives at the shock (at
t ≈ 100 ms after bounce). Nevertheless, the heating timescale
shrinks essentially monotonically, which points to an evolution
of the matter in the gain layer toward an unbound state, i.e.,
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Figure 11. Left panel: mean shock radius (arithmetical average over all
lateral directions, dashed line) and maximum and minimum shock positions
as functions of post-bounce time for our two-dimensional explosion simulation
of an 11.2 M! progenitor. Right panel: “explosion energy” of the 11.2 M! star,
defined as the total energy (internal plus kinetic plus gravitational) of all mass
in the gain layer with positive radial velocity, as a function of post-bounce time.

the absolute value of the total gas energy in the numerator of
Equation (5) goes to zero.

3.4. Explosion Energy

In both our 11.2 M! and 15 M! explosions, the energy of
the matter in the gain layer with positive radial velocities
(“explosion energy”) reaches ∼2.5 × 1049 erg at the end of
the computed evolutions and rises with a very steep gradient
(Figures 9 and 11). Therefore, reliable estimates of the final
explosion energy cannot be given at this time. For that to be
possible, the simulations would have to be continued for many
hundred milliseconds more (which is numerically a challenging
task and currently impossible for us with the sophisticated
and computationally expensive neutrino transport and chosen
resolution). This is obvious from the neutrino-driven explosion

•  Scheck et al. (2008) 
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Fig. 10. Evolution of the explosion energy (thick) and the neutron star
velocity (thin) for Models W12F (solid) and W12F-c (dotted).

τ∇aac ≡
∫ Rsh

R∇

dr
|v| +

∫ Rsh

R∇

dr
c − |v| · (18)

The consistency of the advective-acoustic interpretation is fur-
ther tested by comparing the timescale of deceleration |dv/dr|−1

with the oscillation time of the instability. If velocity gradients
are indeed responsible for the acoustic feedback, unstable flows
should correspond to abrupt deceleration while smoothly decel-
erated flows should be stable. Moreover, the amplification fac-
tor Q during one oscillation is compared to the value measured
in the simpler setups studied by Blondin & Mezzacappa (2006)
and Foglizzo et al. (2007).

5.2. Extracting eigenfrequencies from the simulations

In Fig. 12, advected perturbations are displayed by the
amplitudes of the largest modes of the spherical harmonics of
a quantity A(r, t, θ), which turns out to be particularly useful for
a quantitative analysis of the SASI. It is defined as

A(t, r, θ) ≡ 1
sin θ

∂

∂θ
(vθ(t, r, θ) sin θ) , (19)

with r−1A being the divergence of the lateral velocity compo-
nent, i.e., A ≡ rdiv(vθ eθ), which scales with the size of the lateral
velocity of the fluid motion. At the gain radius, its expansion in
spherical harmonics Yl,m(θ, φ) is written as

A(t,Rg(t), θ) =
∞∑

l=0

al(t) Yl,0(θ, 0), (20)

where due to the assumption of axisymmetry only m = 0 has to
be considered.

For l > 0, the spherical harmonics coefficients al of this
quantity are proportional to the ones of the shock displace-
ment (see Foglizzo et al. 2006, Appendix F), so A(t,Rg, θ) con-
tains basically the same information as Rs(t, θ). As Blondin
& Mezzacappa (2006), we prefer to consider a local quantity
A(t,Rg(t), θ) in the postshock layer here rather than the shock
displacement δR = Rs(θ)−〈Rs〉θ (used in Blondin et al. 2003 and
Ohnishi et al. 2006), because A is much less affected by noise
(A(t) = 0 for a non-stationary spherical flow, whereas Rs(t) is
varying) and allows one to measure the oscillation period and the
growth rate much more sensitively than it is possible by using Rs.

Fig. 11. Time evolution of the amplitude of the dominant spherical har-
monics mode of the pressure, normalized by the amplitude of the l = 0
mode, as function of radius for Models W00, W00F and W12F. The
solid lines are the minimum, average, and maximum shock radius, the
dotted line is the gain radius, the dashed line is the neutron star surface
(defined as the location where the density is 1011 g cm−3), and the dash-
dotted line marks the position, R∇(t), of the largest velocity gradient.
A low-mode oscillation develops in the postshock flow. A pronounced
phase shift is visible at a radius Rϕ(t) that agrees well with the position
of the largest velocity gradient. The “noise” (short-wavelength sound
waves) visible in the early phase after bounce is caused by the shock
propagation and is not related to the advective-acoustic cycle. (Color
figures are available in the online version.)

Tests showed that for our models, in which relatively large seed
perturbations were imposed on the infalling stellar matter ahead
of the shock, A as defined in Eq. (19) yields a cleaner measure
of the SASI even for very low amplitudes than the perturbed en-
tropy or pressure considered by Blondin & Mezzacappa (2006).
As an example, the absolute values of the coefficients a1 and a2
are shown as functions of time for Model W00F in Fig. 13.
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Fig. 7. Entropy distribution of Model W00 for several moments near the beginning of the nonlinear phase (the displayed times have a separation
of half an oscillation period), and at t = 1 s. Within each SASI oscillation cycle the postshock entropies vary strongly and steep, unstable entropy
gradients develop in the postshock flow. Finally, the Rayleigh-Taylor growth timescale becomes smaller than the oscillation period and the char-
acteristic mushroom structures are able to grow. In the subsequent evolution the low-mode oscillations saturate and the model does not develop an
explosion. (Color figures are available in the online version.)

Fig. 8. Entropy distribution of Models W12F-c (left column) and W12F (right column) for several times. Model W12F-c quickly develops
anisotropies because of the onset of convection, whereas in Model W12F convection is initially suppressed and low-mode SASI oscillations be-
come visible after about 100 ms. After these oscillations have grown to large amplitude and have begun to trigger convection also in Model W12F,
the two models explode in a qualitatively very similar way, although the detailed structure and asymmetry of the postshock flow and supernova
shock are clearly different. (Color figures are available in the online version.)



•  Explosion energy 
–  red: explosion energy = Σ(Ekin + Eint + Egrv)i for vri & Etoti > 0 
–  green: net burning energy 
–  blue-dotted: explosion energy in the case without nuclear burning	

Contribution of nuclear reactions 
to explosion energy	
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Short summary	

•  We can reproduce SN explosion based on neutrino-heating 
model if we assume high neutrino luminosity (and simple 
treatment of neutrino transport).	

REAL properties of  
SN neutrinos 

(luminosity, spectra) 	
Observations	

When will the next  
Galactic SN explode?	

Nucleosynthesis	

The neutrino-process	

With some assumptions: 
Fermi distribution,  
exponential decay, ..	

Parameter study  Theory	

How can we solve the  
full Boltzmann equation?	
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  The ν-process 
  Neutral current reaction: 

(Z, A) + ν → (Z-1, A-1) + ν’ +p 
(Z, A) + ν → (Z, A-1) + ν’ +n 

  Charged current reaction: 
(Z, A) + νe → (Z+1, A) + e-  
(Z, A) + νe → (Z-1, A) + e+ 

Neutrino-induced Nucleosynthesis	

  Huge number of neutrinos (>1058 !) 
  σv ~ O(10-42) cm2 

  Some interact with materials and induce 
   nucleosynthesis 
     →  “ν-process” (Woosley+ 1990) 

  7Li, 11B, 19F,      138La, 180Ta  

!e !"#
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!"#$%&%'"()*+$,-*(.13 $%~ 1000 g/cm3

NS

R-process 

!

!

!-process  (7Li, 11B /(0(

Various roles of !1#(
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Light ν -processed elements: 7Li & 11B	

Supernova !-Process & Key Reactions
Yoshida, Kajino & Hartman, Phys. Rev. Lett. 94 (2005), 231101
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Production Sites of 6,7Li, 9Be, 10,11B	

H,He	

C,N,O	

fragiles	

Duncan et al. (1992) 
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H-rich      He    C/O	

0.8M⦿<M<8M⦿ 

（4M⦿<M<6M⦿）	

stellar winds	

H-burning shell	



•  Production site is out of the resonance radius. 
–  mixing angle and hierarchies 

•  We have to squeeze out information from entangled 
stellar abundances.	

the variation of the 7Li /11B ratio for a given value of sin22!13 is
mainly due to the uncertainties of T"e and T"̄e . If the uncertainty of
T"e and T"̄e becomes small, the range of 7Li /11B in adiabatic res-
onance becomes small.

In an inverted mass hierarchy, the 7Li /11B ratio is not distin-
guishable from the one with normal mass hierarchy or without
neutrino oscillations. If the H resonance is nonadiabatic, the
7Li /11B ratio is identical in normal and invertedmass hierarchies.
The 7Li /11B ratio for an adiabatic H resonance is smaller than the
one for a nonadiabatic resonance.

For completeness, we also show the elemental abundance ra-
tios of light elements in Figure 11. The Li/B ratio is almost iden-
tical to the 7Li /11B ratio. This is because most of Li and B are
produced as 7Li and 11B, respectively. The Be/Li and Be/B ratios
are much smaller than the Li/B ratio because the Be yield is much
smaller than those of Li andB. TheBe/Li ratio shows a dependence
onmass hierarchies in the case of sin22!13k 2 ; 10!3. The Be/Li
ratio is smaller than 1:8 ; 10!4 in a normalmass hierarchy. On the
other hand, it is larger than 2:1 ; 10!4 in an invertedmass hierarchy.
While the 7Li abundance increases, the 9Be abundance becomes
slightly smaller, due to the destructive reaction 9Be( p;#)6Li. The

contribution of 12C("e; e!x)
9Be does not affect the 9Be yield,

because the cross section is very small, even with the enhance-
ment of the average "e energy (see Figs. 2 and 3).
The Be/B ratio has a small dependence on mass hierarchies

and mixing angle !13. The variation of the ratio due to these pa-
rameters is roughly equal to the uncertainty resulting from the neu-
trino temperatures. From the viewpoint of elemental abundance
ratios, the Li/B and Be/Li ratios depend on mass hierarchies and
the mixing angle !13.
We have shown above that the 7Li /11B ratio in a normal mass

hierarchy and adiabatic H resonance (sin22!13k2 ; 10!3) is larger
than the one obtained in the other cases. This increase is attrib-
uted to the effect of neutrino oscillations, and remains after taking
into account uncertainties in neutrino energy spectra. Therefore,
we confirmwith the new "-process cross sections that the 7Li/11B
ratio is a promising probe of oscillation parameters. If we find that
the yields of 7Li and 11B produced in supernovae require a 7Li/11B
ratio larger than 0.78, the mass hierarchy should be normal, and
sin22!13 should be larger than 2 ; 10!3. We expect that 7Li and
11Bwill eventually be detected in stellar material, indicating traces
of SNmaterial. Supernova remnants are also promising candidates

Fig. 11.—Elemental abundance ratios of (a) Li /B, (b) Be/Li, and (c) Be/B as a function of the mixing angle sin22!13. Dark and medium shaded regions correspond
to normal and inverted mass hierarchies, respectively. The lightly shaded region indicates the ratio obtained without neutrino oscillations. Each range is drawn using the
results of models 1, 2, LT, and ST.
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SN neutrino properties deduced from Li & B	



ν-process	
・ Charged Current Reaction 
   (Z,A) + νe → (Z+1,A) + e- 

・ Neutral Current Reaction 
   (Z,A) + ν → (Z,A-1) + ν ’ + n	

Heavy ν -process elements: 138La & 180Ta	

138Ce	 139Ce	 140Ce	

137La	 139La	

136Ba	137Ba 	138Ba	

180W	 181W	 182W	

179Ta	 181Ta	

178Hf	 179Hf 	180Hf	

(ν,ν ’n)	

(νe,e-)	

proton # 

neutron #	

・・・stable nuclei	

・・・unstable	

p-process 
(proton capture capture) 

r,s-process 
(neutron capture reaction) 

92Mb	 93Mb	 94Mb	

91Nb	 93Nb	

90Zr	 91Zr 	 92Zr	



Why niobium-92?	



Numerical scheme (1)	
Simulating supernova explosion

!!  Progenitor model (Type II) 

-! “s15a28” model (Heger & Woosley) 

-! Z = Zsun 

-! Mms = 15 Msun 

-! Mf = 12.5 Msun 

!!  Hydrodynamics code & parameters 

-! 1-dimensional SR HD code 

-! Eex = 1051 ergs 

-! Mesh # = 993 (dr = 1e6 - 1e11 cm) 

Mass fraction distributions Examples of temperature evolution

Simulating supernova explosion

!!  Progenitor model (Type II) 

-! “s15a28” model (Heger & Woosley) 

-! Z = Zsun 

-! Mms = 15 Msun 

-! Mf = 12.5 Msun 

!!  Hydrodynamics code & parameters 

-! 1-dimensional SR HD code 

-! Eex = 1051 ergs 

-! Mesh # = 993 (dr = 1e6 - 1e11 cm) 

Mass fraction distributions Examples of temperature evolution

Maximum Temp.	

•  Progenitor model: 
–  M = 15Msun, Z = Zsun 
    (s15a28 model of Heger+02) 
–  1 zone weak s-process calculation 
    (Iwamoto+) 

•  Hydrodynamics: 
–  1-D spherical code 
–  Eex = 1051 ergs	



•  Neutrino model: 
–  Lνi ∝ (Eν /6) × exp(-t/τ)	

–  Fermi distribution (Tνi = const.) 

Numerical scheme (2)	
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Figure 2: Calculated neutrino-induced reaction rates for 92Nb. Left panel shows the reaction

rates for charged current reactions on 92Zr. 92Nb is predominantly made by the charged reaction.

The right panel shows the rates of neutral current reactions on 93Nb. The inelastic reaction

rate is 10 times larger than that of the neutron emission channel.

Neutrino parameters 
Eν : total neutrino energy 
         = 3×1053 ergs 
τ : decay time scale 
         = 3 sec 
Tνi : neutrino temperature 
      Tνe = 3.2 MeV (r) 
      Tνe = 4.0 MeV (heavy ν) 
      Tνx = 6.0 MeV (heavy ν)	

•  Nuclear reactions: 
–  neutrino-induced reaction rates 

(MK Cheoun, KN+) 
–  nuclear network code  
    including about 3000 isotopes 
–  network calculation as a post-

process  



Results - 92Nb production in ONeMg layer	
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92Nb as a chronometer during SSF	

•  (92Nb / 93Nb)SSF = (92Nb / 93Nb)SN-ν× exp(−Δ / τ) 

–  (92Nb / 93Nb)SN-ν: Nb isotopic ratio derived from our simulation 

–  Δ: time delay between the last SN and SSF = 30-100Myr 
   (estimated from short-lived r-proc.107Pd,129I,182Hf ; Dauphas+’05) 

‒  τ: mean life time of 92Nb = (35Myr / ln 2) 	

Time evolution of 92Nb / 93Nb ratio	

time	

SN material injection	

Δ	

SSF	SN	

(92Nb / 93Nb)SSF  
       = (3.5-0.86) ×10-5  	

   for Δ = 30-100Myr	

consistent with ~10-5	


(Schoenbachler+’02,’05)	



Summary	

REAL properties of  
SN neutrinos 

(luminosity, spectra) 	
Observations	

When will the next  
Galactic SN explode?	

Nucleosynthesis	

The neutrino-process	

With some assumptions: 
Fermi distribution,  
exponential decay, ..	

Parameter study  Theory	

How can we solve the  
full Boltzmann equation?	


