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 Ejecta Rich in Heavy Elements 

Hughes, Rakowski, Burrows & Slane 2000

Supernovae from Massive Stars produce most of the elements 
from Oxygen through Silicon and Calcium and half of the 
Iron/Cobalt/Nickel.  
They may also be responsible for the r-process.



Fresh Nuclei
Observations of core 
collapse supernovae 
reveal freshly made 
nuclear species.
γ-ray telescopes reveal the 
characteristic γ-ray lines of 
56Ni (t½ = 6 days), 57Ni (t½ 
= 36 hrs), 56Co (t½ = 77 
days), 57Co (t½ = 272 days) 
and 44Ti (t½ = 60 yrs).
The supernova’s light curve in the later, linear phase is 
powered by the conversion of ~0.1 M☉ of 56Ni to 56Co and 
ultimately 56Fe.  
Almost half of terrestrial iron was made in this way.



Elements in old stars 

Sneden, et al. 2000, ApJL, 533, 139

Sneden, et al. 2000, ApJL, 533, 139



Uranium?
CS31082-001 has 1/800 Solar Fe but 1/9 Solar Os/Ir

Cayrel, et al. 2001, 
Nature, 409, 691

Decay of 238U  (t1/2 = 4.5 Gyr) implies 12.5±3 Gyr



Grains
Aside from γ-ray observations, isotopic 
composition is challenging to uncover.
A unique source is presolar grains of SiC, 
graphite, aluminum oxide, and silicon 
nitride, up to several µm in size, 
incorporated into primitive meteorites.
Supernova grains, identified by an excess 
of 18O, are the second most common type.
SiO2 grains recently discovered in separate 
meteorites reveal very similar isotopic 
composition and suggest significant mixing
of the supernova composition from the O layer,  He/C layer 
and H envelope is needed to produce these grains.

Haenecour, Zhao, 
Floss … 2013
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Umeda & Nomoto 2003

Models rich in heavy elements



Umeda & Nomoto 2003

Rauscher, Heger, Hoffman & Woosley 2002
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Since the mid-1990s, we have 
had this appreciation that the 
supernova mechanism is 
intrinsically multi-
dimensional and driven by 
neutrino-matter interactions.
However, much of our 
understanding of the impact 
of the central CCSN engine 
neglects these facts. 
For example, discussions of 
supernova nucleosynthesis or 
maximum stellar mass that can successfully produce a supernova, are 
based on spherically-symmetric (1D) models and a parameterized 
explosion.

Parameterized Supernovae
Woosley, Heger & Weaver 2002



 Tuning the Explosion 

Nomoto et al. 1993

Spyromilio 1994

In current nucleosynthesis models, 2 parameters, the Bomb/
Piston energy and the mass cut, are constrained by 
observations of explosion energy and mass of 56Ni ejected.



Hypernovae
Observations of GRBs 
with SN raises question of 
nucleosynthesis from a 
“Hyper”-energetic blast 
wave.

Si/O, Fe/O increase because 
more O is destroyed.
Ti/Fe, Zn/Fe increase because 
of more α-rich freezeout.
Cr/Fe, Mn/Fe decrease while 
Co/Fe increases due to more 
complete Si burning

Match to puzzles in 
metal-poor stars and BH 
companions

Nakamura, Umeda, Iwamoto, Nomoto, 
Hashimoto, Hix & Thielemann 2001

Eexpl = 30 B

Eexpl = 1 B



Multi-D Explosions
SN associated with GRB can 
not be spherical.  Jet-like 
models require Multi-D 
simulations. 
In such simulations, Ni 
production, α-rich freezeout 
and velocity are enhanced 
along jet.
Observationally, even 
ordinary SN evidence non-
spherical features. 
(Nagataki, Hashimoto, Sato & Yamada 1997, 1998)

But these models omit  
neutrino-driven SN 
mechanism.

Maeda, Nakamura, Nomoto, 
Mazzali, Patat, Hachisu 2002

Polar
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 Neutrinos & Nucleosynthesis 
Despite the perceived importance of neutrinos to the core collapse 
mechanism, models of the nucleosynthesis have largely ignored this 
important effect.
Nucleosynthesis from ν-powered 
supernova models shows several 
notable improvements.
1.Over production of neutron-

rich iron and nickel reduced. 
2.Elemental abundances of Sc, 

Cu & Zn closer to those 
observed in metal-poor stars.

3.Potential source of light p-
process nuclei (76Se, 80Kr,84Sr,
92,94Mo,96,98Ru).

Fröhlich, … Hix, … 2006

Fröhlich, … Hix, … 2006



Putting the ν in νp
The νp-process occurs 
because the supernova ejects 
proton-rich (Ye > 0.5) gas at 
high temperature (~10 GK), 
composed of free neutrons 
and protons. 
Cooling produces a p-rich 
and α-rich freeze-out.  Once 
temperature drops below 3 
GK, free protons can capture 
on iron-peak species.
Slow β decays (e.g. 64Ge, τβ = 64 s) would stop this process but (n,p) 
and (n,γ) reactions effectively “accelerate” β decays.
The needed neutrons are generated from protons converted via anti-
neutrino capture.

Fröhlich,)…)Hix,)…)2006



Improving Nucleosynthesis
If we want to improve our modeling of the nucleosynthesis in 
CCSN, we need to stop separating models of the mechanism 
from models of the nucleosynthesis.
We can start by investigating the nucleosynthesis using 
the α-network included in CHIMERA and many other 
supernova models.



CHIMERA Shock Burning
By 800 ms after 
bounce, shock 
burning in the 
12 M☉ model is 
nearly complete 
with a shock 
temperature of 
~2 GK.
However, 
placement of 
the mass cut 
continues to 
evolve as cut-
off downflows 
accrete. 

T (GK)

3

5

4

2

1

Mean A

30

60

45

15

0

2000

2000

6000

4000

8000

10000

0

0

4000

6000

8000

10000

R
ad

iu
s 

(k
m

)
R

ad
iu

s 
(k

m
)

05000 500010000 10000

B12-WH07
0.8 s post-bounce



Another important observable, related to the explosion energy and 
very relevant to the nucleosynthesis is the mass of 56Ni.

The ejected 56Ni mass saturates in time with the explosion energy.
Mass of other iron-peak species is comparable to 56Ni.
Results are reasonable, though fallback over longer timescales is 
uncertain. Recent studies are finding differing results on fallback. 
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We can calculate nucleosynthesis directly with the α-network (plus 
neutrons, protons and auxiliary heavy) in CHIMERA. 

B12-WH07  
1.3 sec post-bounce

Nucleosynthesis Limits



We can calculate nucleosynthesis directly with the α-network (plus 
neutrons, protons and auxiliary heavy) in CHIMERA. 
As the mass cut is resolved, we 
will be able to examine the 
nucleosynthesis of these models 
with increased accuracy.
But parameterized models consider 
hundreds (or even thousands) of 
species within the CCSN simulation.
Doing the same in CHIMERA 
requires post-processing of tracer 
particles, or a larger network.
This is important even for species 
included in the α-network.

B12-WH07  
1.3 sec post-bounce

Nucleosynthesis Limits



Multi-D !p-process?
The open question is will the results of self-consistent multi-
dimensional simulations match those of the parameterized neutrino-
driven models that discovered the νp-process?
Unfortunately, the νp-
process occurs deep in the 
star, near the mass cut.
We can get an early 
indication by examining 
the neutronization.
There is a clear trend in 
the Ye distribution, with 
more massive models 
having more proton-rich 
material.
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Tracer row 42
B12-WH07
1.2 s post-bounce

Tracing the Mass Cut
Post-processing of tracer particles will allow nucleosynthesis 
predictions that capture the multi-D effects beyond the α-network.
They reveal the complexity of defining the mass cut.



Tracer row 42
B12-WH07
1.2 s post-bounce

Tracing the Mass Cut
Post-processing of tracer particles will allow nucleosynthesis 
predictions that capture the multi-D effects beyond the α-network.
They reveal the complexity of defining the mass cut.
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!p-process

Our preliminary results show proton-rich ejecta and νp-process 
(dotted lines), but more weakly than previous results. 
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Are We There Yet?
To fully investigate the νp-process, we need for all of the ejecta to 
cool to ~ 0.5 GK, or at least to be able to extrapolate that far.

Extrapolation for freely expanding (isentropic) matter is straight-
forward, but hydrodynamics can interfere.

+



Expansion Uncertainty
Since this “hydrodynamic event” occurs at temperatures below 2GK, 
the composition of the dominant abundances are unaffected.

For smaller abundance, there are dramatic temporal differences, but 
the final abundances show smaller variations.



Localizing Uncertainty
The result for this particle is significant 
uncertainty in the smaller abundances, 
including the νp-process.
For most particles, especially in the outer 
ejecta, the timescales, and hence the 
nucleosynthesis, show less variation.

Thus our errors are 
concentrated in a few 
particles, in the innermost 
part of the ejecta.
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Localizing Uncertainty
The result for this particle is significant 
uncertainty in the smaller abundances, 
including the νp-process.
For most particles, especially in the outer 
ejecta, the timescales, and hence the 
nucleosynthesis, show less variation.

Thus our errors are 
concentrated in a few 
particles, in the innermost 
part of the ejecta.

Proton-rich ejecta particles



Unpredictable Particles
For particles which are 
headed inward, 
compression raises the 
temperature and density, 
making it impossible to 
extrapolate to freezeout.
At present, ~40 tracers, 
carrying 0.0075 M☉, 
have vr< 0 but Ediag >0.
About half of these were expanding (had outward velocities) 100 ms 
earlier, indicating they are likely trapped in convective eddies whose 
fate is uncertain.  Another 20 are part of cut-off downflows, which 
may be accreted or may be ejected.
This gives us an uncertainty of ~0.01 solar mass in the ejecta, even 
before we consider fallback at much later times.



Detailed Composition

To explore the limitations of using a coupled α-network and tracer 
particles, we’ve installed 150 species network in CHIMERA.
The network cost grows from 3-5% of the simulation to 200%-400%, 
making the total simulation 3-5× as expensive.  

Figure 4.3: The composition of a 1D 15 M� model at 238 ms post-bounce for an
alpha-network (solid) and a 150-isotope network (dashed). This radial composition
profile example shows significant nuclear species highlighting the di�erence between
the two networks. Most significant is the di�erence in abundances of 56Ni between
the two runs. The alpha-network is able to use components of the auxiliary (“aux”)
nucleus to artificially over-produce 56Ni in lieu of non-alpha isotopes as can be seen
in Figure 4.4

e⇥ciency of our calculations. I have found that by utilizing a shared-memory

parallel-programming API (application programming interface) called OpenMP, we

can accelerate the time spent in solving the nuclear network calculations. Earlier tests

with post-processing problems in XNet had indicated that by using 4-threads we could

expect up to a factor of 3.5 improvement in the cost of nuclear burning times. But as

shown in Figure 4.6, by utilizing the Cray’s node architecture, where each physical

node is organized into two 8-core non-uniform memory access (NUMA) nodes, and

spreading the OpenMP threads across NUMA domains, we can obtain performance

improvements in accessing memory. In Figure 4.6, we can see that by utilizing both

NUMA domains, on each node, using 4- and 8-threads can drive the cost below 10%

38
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Chertkow,)Messer,)Hix)…)(2012)



large Network Benefits

The use of fully-coupled large reaction network has several benefits:
1) More accurate nuclear composition
2) More accurate and self-consistent nuclear energy generation 
3) Better resolution (>100,000 zones vs. <10,000 tracers)

57Ni



Ejecta Evolution
Completion of nucleosynthesis does not mark the last changes 
to the ejecta.  Interaction of the supernova shock with the 
star’s H/He and He/CO interfaces produces Rayleigh-Taylor 
instabilities, which alter the velocity distribution of the ejecta.



Ultimately, matching observations compels 
models with detailed nucleosynthesis to run 
until the explosion is fully developed.
The observations compel us to examine 
stellar explosions (and stellar evolution) in 
multi-dimensions throughout their history.
We must extend our 2D & 3D simulations 
until they reach the surface of the stars.

Meeting Observations

Ni, Si, O
Kifonidis, Plewa, 
Janka & Müller 2006 

2D

Fe, Si, O 

1D

No. 2, 2010 THREE-DIMENSIONAL SIMULATIONS OF MIXING INSTABILITIES 1375

Figure 2. Surfaces of the radially outermost locations with constant mass fractions of ∼3% for carbon (green), and oxygen (red), and of ∼7% for nickel (blue). The
upper two panels show the directional asymmetries from two different viewing directions at 350 s after core bounce when the metal clumps begin to enter the helium
layer of the star. The lower two panels display the hydrodynamic instabilities at about 9000 s shortly after the SN shock has broken out of the stellar surface. The side
length of the upper panels is about 5 × 1011 cm, of the lower panels 7.5 × 1012 cm.

used in the present work (see Hammer 2009). The growth
of the RMI observed in average cases of our 2D calculations
with only weak low-ℓ mode shock deformation—in agreement
with analytic growth rate estimates; Hammer (2009)— is much
too slow to produce any significant extent of hydrogen–helium
mixing so that the final outcome of our 2D models basically
confirms the findings of Kifonidis et al. (2003).1 In the 3D
models RMI distortions can be seen at the (C+O)/He interface
and are likely to contribute to the turbulent mixing of the metal
core with the helium shell of the exploding star. At the H/
He interface, however, where the shock is very close to being
spherical, no clear RMI activity becomes visible before it is
penetrated by fast, metal-carrying clumps that have been able to
pass through the helium layer with still high velocities.

1 However, there is a considerable spread of the 2D results depending on the
choice of the meridional plane of the 2D slice and the variation of the
conditions between the different planes. Slices with somewhat larger initial
shock deformation show stronger late mixing into the hydrogen shell than the
more typical “average” 2D slices (see Figure 8).

3.2. Radial Element Mixing

Figure 2 displays the development of these fast-moving
clumps during our 3D explosion run by showing surfaces
of constant mass fractions of carbon, oxygen, and nickel for
two different viewing directions and two different times (350 s
and ∼9000 s after core bounce). Figure 3 provides a volume-
rendered image of the composition distribution at the later time,
while Figure 4 gives composition information on cut planes
through the mixed stellar core and some of the major plumes of
different types. Finally, Figures 6 and 7 present normalized mass
distributions of various nuclear species in the radial-velocity
and enclosed-mass space for our 3D simulation compared to
an “average” 2D result at several times after core bounce, and
Figure 8 provides information for the spread of the hydrogen
and nickel mass distributions in our set of 2D runs at the end of
the simulations.

We stress that what we denote as “nickel” here and in the
following actually includes the contributions of silicon and

Ni, O, C

Hammer, Janka 
& Müller 2010

3D
Hughes, Rakowski, 
Burrows & Slane 2000

Fe, Si O, Reality


