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New era of transient science

Image: PTF/ZTF/COO Image: LSST

• Current (PTF, DeCAM, ASAS-SN) and upcoming wide-field time 
domain astronomy (ZTF, LSST, …) -> wealth of data 

• adv LIGO / gravitational waves detected 

• Computational tools at dawn of new exascale era
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New era of transient science

Image: PTF/ZTF/COO Image: LSST

Transformative years ahead for our  
understanding of these events

• Current (PTF, DeCAM, ASAS-SN) and upcoming wide-field time 
domain astronomy (ZTF, LSST, …) -> wealth of data 

• adv LIGO / gravitational waves detected 

• Computational tools at dawn of new exascale era
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Astrophysics of core-collapse 
supernovae

Galaxy evolution/feedback
M82/Chandra/NASA

Heavy element nucleosynthesis

Birth sites of black holes / neutron stars Neutrinos
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Red Supergiant  
Betelgeuse  
D ~200 pc

300 km

800 million km

HST

Central Engine”

- EM waves (optical/UV/X/Gamma):  
secondary information,  
late-time probes of engine

Observing core-collapse supernovae
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Observing core-collapse supernovae
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Red Supergiant  
Betelgeuse  
D ~200 pc

300 km

800 million km

HST

Central Engine”

- Gravitational waves 
- Neutrinos 
- EM waves (optical/UV/X/Gamma):  

secondary information,  
late-time probes of engine
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Core collapse basics
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2000km

Outer core accretes onto 
shock & protoneutron 
star with O(1)      /s 

                

Shock stalls at ~ 100 km

Reviews: 
Bethe’90 
Janka+‘12
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2000km

Core-collapse  
supernova problem: 
How to revive the 
shockwave?

Reviews: 
Bethe’90 
Janka+‘12
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Core collapse basics
Neutrino mechanism
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2000km

accretion
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shock

2000km

Core collapse basics
Neutrino mechanism

Theory incomplete!
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2000km2000km

Roberts+16

3D Volume  
Visualization of

Entropy

Core collapse basics
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• But not all stripped-envelope supernovae come with GRBs  

• Trace low metallicity environments 

• Some SLSNe share same characteristics

• 11 long GRB – core-collapse supernova associations. 

• All GRB-SNe are stripped envelope, show outflows v~0.1c

Extreme Supernovae and GRBs



Engine?
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Superluminous Hyperenergetic SNe lGRBs

The engine(s) driving these transients
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Common?
Engine?



 19

 Progenitor

Engine?
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Observations Progenitor

Engine?
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Observations Progenitor

Engine?

Establish mapping 
progenitor -> engine -> observations
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Protomagnetar powered explosions
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Rapid Rotation + B-field amplification

2D: Energetic bipolar explosions 
Energy in rotation up to 1052 erg 

Results in ms-period proto-magnetar 



MHD-supernova vs collapsar
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MHD-supernova / magnetorotational 
supernova: outflows driven by 
protomagnetar 



MHD-supernova vs collapsar
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MHD-supernova / magnetorotational 
supernova: outflows driven by 
protomagnetar 

Collapsar: Compact object (likely black 
hole) + accretion disk -> outflows driven by 
disk wind



MHD-supernova vs collapsar
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MHD-supernova / magnetorotational 
supernova: outflows driven by 
protomagnetar 

Two different engines with 
different signatures!

Collapsar: Compact object (likely black 
hole) + accretion disk -> outflows driven by 
disk wind



MHD-supernova vs collapsar
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MHD-supernova / magnetorotational 
supernova: outflows driven by 
protomagnetar 

Two different engines with 
different signatures!

Collapsar: Compact object (likely black 
hole) + accretion disk -> outflows driven by 
disk wind

Could be realized in same progenitor 
system but at different times 
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Gas/plasma dynamicsMagneto-Hydrodynamics

A multiphysics challenge



 30

Gas/plasma dynamics

Gravity

Magneto-Hydrodynamics

General Relativity

A multiphysics challenge



Figure: C. Reisswig

ADM  
3+1 split of spacetime

3-hyper- 
surface

• 12 first-order hyperbolic evolution equations 
• 4 elliptic constraint equations 
• 4 coordinate gauge degrees of freedom: α, βi 

Dynamical gravity / Numerical Relativity
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Gµ⌫ =
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Gas/plasma dynamics

Nuclear EOS, nuclear  
reactions & ν interactions

Gravity

Magneto-Hydrodynamics

Nuclear and Neutrino Physics

General Relativity

A multiphysics challenge
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Gas/plasma dynamics

Nuclear EOS, nuclear  
reactions & ν interactions

Gravity

Neutrino transport

Magneto-Hydrodynamics

Nuclear and Neutrino Physics

General Relativity

Boltzmann Transport Theory

A multiphysics challenge
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Gas/plasma dynamics

Nuclear EOS, nuclear  
reactions & ν interactions

Gravity

Neutrino transportFu
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Magneto-Hydrodynamics

Nuclear and Neutrino Physics

General Relativity

Boltzmann Transport Theory

All four forces!

A multiphysics challenge
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Magneto-Hydrodynamics

Nuclear and Neutrino Physics

General Relativity

Boltzmann Transport Theory

Nuclear EOS, nuclear  
reactions & ν interactions

Neutrino transportFu
lly
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Additional Complication: Core-Collapse Supernovae are 3D 

• rotation 
• fluid and MHD instabilities, multi-D structure, spatial scales

Need 21st century tools: 
• cutting edge numerical algorithms 
• sophisticated open-source software infrastructure 
• peta/exa scale computers

All four forces!

A multiphysics challenge
Gas/plasma dynamics

Gravity



 36http://einsteintoolkit.org



How do we form magnetars?
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One proposed channel:  
MRI + dynamo

MC Mi Mo
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• Weak field instability 

• Requires negative angular velocity gradient 

• Can build up magnetic field exponentially fast 

• Extensively researched in accretion disks: ability to 
modulate angular momentum transport and grow large 
scale field

MRI Basics
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Stability criterion:

[Balbus&Hawley 91,98, Akiyama+03, 
Obergaulinger+09]

What’s the situation in core-collapse?

�8⌦2 < !2
BV + r

d⌦2

dr
< 0
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Global 3D MHD turbulence simulations

Do MRI and dynamo build up 
dynamically relevant global field?

• 10 billion grid points (Millenium 
simulation used 10 billion particles) 

• 130 thousand cores on Blue Waters 

• 2 weeks wall time 

• 60 million compute hours  

• 10000 more expensive than any 
previous simulations

PM+ 15 Nature
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3D magnetic field structure

dx=500m dx=50mdx=200m dx=100m

PM+ 15 Nature
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PM+15 Nature



R-process nucleosynthesis in 
magnetar-driven explosions



 45Octant Symmetry (no odd modes) 
identical to 2D Full 3D

! 2000 km " ! 2000 km " 

3D explosions dynamics very different!
PM+ 14



What’s going on here?
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• m=1 spiral instability 
• consistent with MHD kink instability; 

should hold independent of initial       
B-field strength

H (Btor )
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3D Volume  
Visualization of
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Entropy
PM+ 14



dual-lobe ‘slow’ 
explosion
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PM+ 18
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Continued accretion ->  
Black hole engine possible!

Implications for long Gamma-Ray Bursts



Jet-driven explosions proposed as site for r-
process

 49

Neutron-rich nucleosynthesis in supernovae 
Creating the heaviest elements

• Low electron 
fraction 

• Medium entropy 
• Low density 
• High 

temperature

Sneden+ 08
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Making the heaviest elements

PM+ 18
Halevi, PM+ 18
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Winteler+12

Nishimura+15

R-process in jet-driven supernovae

Nobuya’s talk  
yesterday!



B = 1012 G octant B = 1012 G full 3DB = 1013 G full 3D

R-process in jet-driven supernovae

PM+ 18



Halevi, PM 18

B = 1013 G

R-process nucleosynthesis in supernovae

See Goni’s talk on  
Thursday morning!



R-process in jet-driven supernovae

the ejected B12 material is systematically higher. The
propagation speed of the explosion is slower than in models
B13 and B12-sym. However, the dwell time of particles in the
vicinity of the PNS before being ejected is similar to that of
model B12-sym. This is due to a similar ejection speed in the
initially forming outflow near the PNS. It is only the shock
surface itself that propagates at slower expansion speeds as the
outflow material spirals away from the rotation axis. As the
ejected material interacts with neutrinos, it evolves to higher Ye
values. This rise in Ye is similar to the evolution in simulation
B12-sym.

We show selected particles from simulations B13, B12-sym,
and B12 as a scatter plot in Ye at T=5 GK and specific
entropy in Figure 6. This figure illustrates the behavior
described above for the individual tracer particles mentioned
above. The symbols for each particle are color coded with the
maximum density reached. For simulation B13, particles reach
the highest densities as they reach the smallest minimum radii.
The Ye values at the time when the particles last exceed a
temperature of 5 GK (approximately the temperature threshold
for r-process nucleosynthesis) are peaked at low Ye;0.2. The
entropy values for the particles are similar to those for
simulation B12-sym but are lower than for simulation B12.
The low Ye values for simulation B13 are almost exclusively
set by β equilibrium since neutrino irradiation has less of an
effect on the Ye distribution, even for high neutrino
luminosities, since material gets ejected very rapidly and
efficiently. In model B12-sym, particles are at similar entropy
but at lower maximum densities and higher Ye values at
T=5 GK compared to simulation B13. The Ye values at
T=5 GK for the particles from simulation B12-sym are set by
two effects. First, the β-equilibrium Ye values for these particles
at lower densities are higher than for the particles at higher
densities in simulation B13. Second, the dwell time for
particles in the vicinity of the PNS is an order of magnitude
longer in simulation B12-sym than in B13. This causes the Ye
values of the particles to shift to higher values as they cool to
T=5 GK. In the full 3D simulation B12, particles are at the
lowest maximum densities and highest entropies. Their Ye
values in β equilibrium are, therefore, higher than for both B13
and B12-sym. The shift in the Ye distribution as the particles
evolve toward T;5 GK is similar to the evolution in
simulation B12-sym. This is caused by the similar dwell time
of material at small radii before being ejected in the outflow
and hence a similar amount of neutrino interactions. The

distribution of Ye values for particles from simulation B12 is
considerably wider than for simulations B13 and B12-sym.
In addition to the high-density lepton captures, neutrino

captures at lower densities can also impact Ye at the beginning of
nucleosynthesis. We parameterize the neutrino luminosities for
the network calculation to determine how much of an impact
uncertainties in our neutrino transport approximation have on the
nuclear network calculation. In all simulations, higher neutrino
luminosities push the particle Ye values more quickly toward the
higher end. This is particularly pronounced for neutrino
luminosities =n

-L 10 erg s52 1 and =n
-L 10 erg s53 1. The

neutrino luminosities recorded from the tracer particles peak at
a few =n

-L 10 erg s52 1 (see Figure 4) and are bracketed by the
=n

-L 10 erg s52 1 and =n
-L 10 erg s53 1 constant luminosity

cases.

3.3. Ejecta Composition

The ejecta properties vary significantly between the simula-
tions. For the r-process nucleosynthetic signature of the
explosion, the most important factor is how neutron-rich the
ejected material is. In Figure 7, we show the distribution of
the electron fraction Ye for all particles in the ejected material
when the temperature for the particles is last above 5 GK. This
is representative of Ye at the beginning of neutron-capture
nucleosynthesis and leads to different ejecta properties between
jet explosions (simulations B13 and B12-sym) and the 3D dual-
lobe explosion (B12). We show results for both the leakage
neutrino luminosities and our assumed constant neutrino
luminosities. In the case of the leakage neutrino luminosities,
the luminosities are also assumed to be constant in the network
calculation after the end of the tracer particle data.
For zero neutrino luminosities, the distributions for all

simulations are peaked at Ye0.2. B12-sym is peaked at
lower Ye;0.15 than B12 at Ye;0.21. The distribution for
B12 is significantly broader than for B12-sym and B13. There
are more particles at low Ye values for simulation B12-sym than
for B12. This is caused by particles reaching higher densities
before they get turned around and swept up in the outflow (see
Figure 6). In the -10 erg s52 1 luminosity case, neutrino
interactions shift the distributions to higher Ye for all
simulations. For model B13, where the dwell time of particles
in the neutrino field is a factor of ;10 shorter than in models
B12-sym and B12, this shift is not large, but for simulations
B12-sym and B12, the distributions are shifted by almost ;0.1.

Figure 4. Neutrino luminosities for both electrons, nL e, , and electron antineutrinos, n ¯L e, , as a function of postbounce time for representative single-tracer particles from
simulations B13 (left), B12-sym (center), and B12 (right). We note that we map the initial tracer distribution at different times onto the simulation to ensure maximum
control over the number of tracer particles ejected in the outflow. For simulations B13 and B12-sym, we map the tracer particles at time - �t t 0 msbounce ; for
simulation B12, we map at - �t t 80 msbounce .
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R-process in jet-driven supernovae

simulations B12-sym and B12, the results with luminosities as
recorded from the tracer particles follow the = =n n̄L Le e

-10 erg s53 1 case closely. There is no or very little second- or
third-peak r-process material synthesized.

For a more direct comparison, we show nucleosynthesis
calculations with constant neutrino luminosities of = =n n̄L Le e

-10 erg s52 1 for simulations B13, B12-sym, and B12 in
Figure 9. While model B13 matches the solar abundance
pattern well, model B12-sym falls short in the amount of
material synthesized beyond A;170 by a factor of a few. For
third-peak r-process material, the reduction in abundance
between models B13 and B12-sym is slightly more than a
factor of 10. For model B12, the reduction in material beyond
the second peak is even more severe. Material beyond A=135
is underproduced by two orders of magnitude with respect to
simulation B13 and the solar abundance pattern. This under-
production is accompanied by an overproduction of nuclei with
mass numbers of 50�A�80.

We can also compare the elemental abundance patterns
produced by our models to the elemental abundance patterns
observed in low-metallicity halo stars. In Figure 10, we show
the elemental abundances of B12, B12-sym, and B13 along
with the observed abundances of the low-metallicity halo stars
CS22892-052 (Sneden et al. 2000) and HD122563 (Honda
et al. 2006), similar to Nishimura et al. (2017a). CS22892-052
has an abundance pattern that is consistent with the solar
r-process abundances and, therefore, provides a good match to
the abundances of B12-sym and B13. Although the nucleosyn-
thetic pattern of B12 does not match the solar r-process
abundance pattern or the pattern of CS22892-052, it is
reasonably consistent with the incomplete r-process abundance
pattern of HD122563.

Table 2 summarizes the mass of the total and r-process ejecta
material for models B13, B12-sym, and B12. The ejecta mass
for simulation B13 is an order of magnitude larger than for
simulations B12-sym and B12. This is due to the immediate jet
launch after core bounce and the propagation speed of
v;0.15c. All of the ejected mass measurements are only
lower bounds on the total ejecta mass, since it is still increasing
at the end of each of the simulations. Our lowest neutrino
luminosity scenario that is still within the uncertainty of the
Leakage luminosities from the tracer particles is the constant
neutrino luminosity of -10 erg s52 1. This acknowledges a factor
of up to a few uncertainty in the neutrino luminosities and
average energies from the Leakage scheme(E. O’Connor

2018, private communication). For this luminosity, the
r-process ejecta mass in model B13 is comparable to that
found in Winteler et al. (2012) and Nishimura et al. (2015). For
neutrino luminosities taken from the tracer particles and for
constant neutrino luminosities of -10 erg s53 1, the r-process
ejecta mass is reduced by an order of magnitude. In simulations
B12-sym and B12, the r-process ejecta mass for our most
optimistic scenario is already an order of magnitude smaller
than for the same neutrino luminosity in simulation B13. For
neutrino luminosities taken from the tracer particles and for
constant neutrino luminosities of -10 erg s53 1, the r-process
ejecta mass is effectively zero.

4. Discussion

We have studied r-process nucleosynthesis from a set of 3D
CCSNe simulations. Our models include a full 3D simulation
with a precollapse magnetic field of 1013 G (B13) that is similar
in dynamics to the simulation presented in Winteler et al.
(2012), a 3D simulation set up to be identical in dynamics to an
axisymmetric simulation with a precollapse magnetic field of
1012 G (B12-sym) that is similar to the prompt axisymmetric jet
explosions in Nishimura et al. (2015), and a full 3D simulation
with a precollapse magnetic field of 1012 G (B12) as in Mösta
et al. (2014b). In our nuclear reaction network calculations, we
have included weak interactions to account for interaction of
material with neutrinos emitted from the PNS. We have
specifically used both parameterized constant neutrino lumin-
osities and the recorded neutrino luminosities from the tracer
particles in the simulations.
Our results show that the nucleosynthetic signature of 3D

magnetorotational CCSNe depends on the detailed dynamics of
the jet and the neutrino emission from the PNS. Our 3D
simulations that include a factor of 10 lower initial magnetic
field differ fundamentally from what was anticipated based on
either axisymmetric simulations(Nishimura et al. 2015) or 3D
simulations of very highly (B�5×1012 G) magnetized
progenitor cores(Winteler et al. 2012).
We find that weak interactions in the nuclear reaction

network calculations change the nucleosynthetic signatures of
all simulations. Including no neutrino luminosities in the
network calculation based on simulation B13 produces robust
r-process abundances consistent with the observed solar
abundance pattern and with what Winteler et al. (2012) found.
Starting with neutrino luminosities of ´ -5 10 erg s52 1,
r-process material beyond the second peak is reduced in

Figure 7. Ye histograms when the particles are above a temperature of T=5 GK for the last time. We show simulation B13 (dark blue), B12-sym (cyan), and B12
(green). The left panel shows results obtained without taking neutrino luminosities into account for the network calculation. The center panel shows results obtained
with constant neutrino luminosities, = =n n

-¯L L 10 erg s52 1
e e , and the right panel shows results obtained using the luminosities recorded from the tracer particles. We

bin Ye in intervals of 0.02 and weigh the Ye statistics with the mass of the ejected particles.
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R-process in jet-driven supernovae

As a result, there is effectively no material at Ye0.2 for
simulation B12-sym and no material below Ye;0.22 for
simulation B12. The results obtained with the neutrino
luminosities from the tracer particles show this effect even
more clearly. Here, the effect of neutrino interactions is large
enough that even the Ye distribution for simulation B13 is

shifted to values of Ye0.2, the distribution for B12-sym is
now centered at Ye;0.34, and the Ye distribution for
simulation B12 is shifted to Ye;0.36.
The variations in the distribution of Ye have consequences

for the eventual nucleosynthesis, since one must have
Ye0.25 to make the third r-process peak (Lippuner &
Roberts 2015). Figure 8 shows abundance patterns for all three
simulations, B13, B12-sym, and B12. We show the fractional
abundance pattern averaged over all particles in the ejecta as a
function of mass number A.
If no neutrino luminosities are taken into account in the

nucleosynthesis calculation, we find a robust r-process pattern
in all three simulations. This is also true for a constant neutrino
luminosity of = =n n

-¯L L 10 erg s51 1
e e . For neutrino luminos-

ity = =n n
-¯L L 10 erg s52 1

e e , all simulations still show a robust
second r-process peak. B13 still has robust third-peak
abundances, while B12-sym and B12 have reduced abundances
in their third peaks (with B12 seeing the larger reduction). For a
neutrino luminosity of = =n n

-¯L L 10 erg s53 1
e e , none of the

simulations show significant amounts of material synthesized
beyond A=135. In all simulations, the reduction in the
fractional abundance beyond A=135 is accompanied by an
overproduction of nuclei with A<135 compared to the lower
neutrino luminosity cases.
The abundance patterns calculated with the neutrino luminos-

ities, as recorded from the tracer particles, fall in between the
= =n n

-¯L L 10 erg s52 1
e e and = =n n

-¯L L 10 erg s53 1
e e constant

luminosity cases. For simulation B13, material beyond A>135
is reduced by a factor of 10 relative to the Lν=0 case, but for

Figure 5. Top row: electron fraction Ye as a function of time after mapping the particles onto simulation B13 (left), B12-sym (center), and B12 (right) for
representative particles. Different colored lines indicate results for different neutrino luminosities (assuming = =n n n ¯L L Le e) used in the nuclear reaction network
calculation. Black lines indicate results using the neutrino luminosities from the tracer particles advected with the simulations. The dashed lines indicate the evolution
of bYe, for each of the fixed neutrino luminosity simulations. The particle in simulation B13 reaches the lowest Ye values, while the particles in simulations B12-sym
and B12 turn around at increasing minimum Ye values. The dotted-dashed lines show the evolution of Ye in the tracer particles before the nuclear reaction network
calculations begin. Bottom row: weak interaction and dynamical timescales for the same three models. The dashed lines indicate the lepton capture
timescale, l l+ -- +( )e e

1.

Figure 6. Scatter plot of the electron fraction Ye at T=5 GK (x-axis) and
specific entropy s (y-axis) for select particles from simulations B13 (circles),
B12-sym (triangles), and B12 (squares). The symbols are color coded with the
maximum density, ρmax, reached.
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B = 1012 G / octant 

B = 1012 G full 3D
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R-process nucleosynthesis in supernovae
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From simulations to observations

Need mapping: 
progenitor -> engine -> observations

Observations: 
•new transients classes and subclasses 
•need detailed predictions to constrain engines

Simulations 
•initial 3D simulations open up diverse outcomes  
•magnetic fields crucial component for signatures
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From simulations to observations

Detailed simulations 
full physics 
0.1-1s 
~10000km

State of the art now:

engine formation/dynamics 
gravitational waves 
nucleosynthesis
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From simulations to observations

Detailed simulations 
full physics 
0.1-1s 
~10000km

State of the art now:
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From simulations to observations

Detailed simulations 
full physics 
0.1-1s 
~10000km

State of the art now: Current frontier:

explosion geometry 
explosion energy 
nucleosynthesis 
basic engine model

1) engine model from            
full-physics simulations 
2) simplified simulations 
with engine model to  
shock breakout
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From simulations to observations
State of the art now:

Current frontier:

Detailed simulations 
full physics 
0.1-1s 
~10000km

Full 3D, full physics

Full star

1) Engine model from            
full-physics simulations 
2) Simplified simulations 
with engine model to  
shock breakout
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From simulations to observations
State of the art now: Next five years:

full-scale simulations 
full physics 
shock breakout

detailed light curves  
detailed spectra 
connect observations and 
engines 
map progenitor params

Detailed simulations 
full physics 
0.1-1s 
~10000km

Current frontier:

1) Engine model from            
full-physics simulations 
2) Simplified simulations 
with engine model to  
shock breakout
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Summary

R-process from jet-driven supernovae in explosion phase only 
for strong seed magnetization 

Need to look at late time behavior when neutrino luminosity 
has gone down 

Follow evolution to remnant formation / shock breakout 

Mapping: 
progenitor -> engine -> observations
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Discussion points

What is going to help us disentangle r-process different 
channels? 

Does it make sense to focus on better theoretical modeling 
right now? 

Mapping: 
progenitor -> engine -> observations


