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Abstract

Observations of supernovae and their remnants reveal highly aspherical distribu-
tions of the newly-formed elements that are the dying stars’ contributions to the
interstellar medium. Modern simulations of the supernova’s neutrino-powered
central engine reveal that these inhomogeneities originate in the first seconds of
the explosions. Yet, much of our understanding of supernova nucleosynthesis is
based on spherically symmetric models of the explosions. Recent simulations,
combining high-fidelity treatments of the neutrino field that drives the explosion,
the multidimensional fluid flow that taps this energy source, and the ther-
monuclear kinetics responsible for the composition of the ejecta, are revealing
the limitations of our spherically symmetric understanding. Here, we highlight
these recent results to presage the changes in our understanding of supernova
nucleosynthesis that will result from a full appreciation of the multidimensional
character of core-collapse supernovae.
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1 Introduction

From observations of supernovae and supernova remnants, it is readily apparent
that core-collapse supernovae (CCSNe) enrich their local environment with a rich
mix of newly synthesized elements. For example, the detection of radioactive >’Co,
with a half-life of 272 days, in Supernova 1987A and 4Ti, with a half-life of
60 years, in the Cassiopeia A supernova remnant is proof that recently created
elements are released during the explosion. A myriad of supernova observations
reveal the nuclear composition and distribution of the ejecta during the outburst
(see, e.g., » Chap. 31, “Spectra of Supernovae During the Photospheric Phase”). As
discussed in » Chap. 22, “Supernovae from Massive Stars”, the beginning of the end
of a massive star finds its core composed of iron, nickel, and similar elements, the
products of nuclear statistical equilibrium (NSE), an equilibrium among the strong
and electromagnetic nuclear reaction which favors the most bound nuclear species.
This core is surrounded by concentric shells of successively lighter elements which
recapitulate the sequence of nuclear burning that occurred in the core during the
star’s lifetime. A core-collapse supernova serves both to disperse the elements that
were synthesized within the star during its lifetime and to synthesize and disperse
new elements, providing an important link in our chain of origin from the Big Bang
to the present. With a wide variety of nuclear fuels present in the progenitor star and
a diversity of thermodynamic condition sampled by the ejecta, the deaths of massive
stars are the dominant source of elements in the periodic table between oxygen and
iron. These very elements are highlighted in observations of supernova remnants
like Cassiopeia A, Puppis A, G292.0+ 1.8, and SN 1987A. Chapters » 78, “X-Ray
Emission Properties of Supernova Remnants” and » 85, “Supernova Remnants as
Clues to Their Progenitors” review the introduction of newly made elements into
the interstellar medium in supernova remnants. There is also evidence from galactic
chemical evolution that CCSNe, or one of the related deaths of massive stars
(Oxygen-Neon core collapse, collapsar, etc.), are linked to the production of half
the elements heavier than iron in the r-process. However, current CCSN simulations
are hard pressed to confirm this (see » Chap. 71, “Making the Heaviest Elements in
a Rare Class of Supernovae”).

These observations of supernova remnants further indicate that these newly made
nuclei are being ejected in a geometrically complex, elementally inhomogeneous
fashion. This consistent pattern of extensive, large-scale mixing of the chemical
elements within the ejecta is also evident during the supernova itself. Mazzali
et al. (2007) infer from observations that the type Ic supernova SN 2002ap had an
oxygen-rich inner core with *°Ni at higher velocity, a strong indication of large-scale
overturn. The case is particularly persuasive for supernova SN 1987A . Observed
asymmetries in iron lines are most easily explained by the concentration of
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iron-peak elements into high-velocity “bullets” (Spyromilio et al. 1990). The
Bochum event, the rapid development of fine structure in the H,, line from SN 1987A
roughly 2 weeks after the explosion (Hanuschik et al. 1988), was interpreted
by Utrobin et al. (1995) as an indication that a large (~107>Mg) clump of
nickel was ejected at high velocity (~4700km s™!) into the far hemisphere of the
supernova. Similarly, near-IR observations of He I lines arising roughly 2 months
after explosion were interpreted by Fassia and Meikle (1999) as indications of
dense clumps of nickel mixed into the hydrogen envelope of SN 1987A. Spectra
of Supernovae during the Photospheric Phase and Spectra of Supernovae in the
Nebular Phase discuss in detail the myriad of supernova observations that reveal
its nuclear composition and distribution.

2 Modeling Multidimensional Neutrino-Driven Supernovae

Considerable effort, both in personpower and computational time, have been
expended understanding how the transformation of the iron core of a massive star
into a neutron star results in a shock wave that expels the stellar envelope and
creates new elements (see » Chap. 40, “Neutrino-Driven Explosions”). Progress in
computing power has enabled improvements in the treatments of neutrino transport,
hydrodynamics, gravity, and nuclear microphysics, all essential ingredients in the
central engine that drive the supernova explosion. And yet, for much of the
40 years since Colgate and White (1966) first modeled supernovae, the most detailed
supernova models in the world have failed to produce explosions that match the most
basic supernova observation, an explosion energy near 1 Bethe (B = 10*J).

This has caused the modeling of core-collapse supernova nucleosynthesis to rely
on parameterized models, mostly spherically symmetric (one-dimensional; 1D),
which replace the inner workings of the supernova with a kinetic energy piston or
a thermal energy bomb. (See » Nucleosynthesis in Spherical Explosion Models of
Core-Collapse Supernovae for recent progress on such models.) In such simulations,
the explosion’s energy, its delay time, and the mass cut, which separates the ejecta
from matter destined to become part of the neutron star, are externally supplied
parameters. Aufderheide et al. (1991) demonstrated that these two parameterizations
are largely compatible, with the largest differences coming in the inner regions of
the ejecta. Much of the innermost ejecta in these 1D models is composed of the
products of «-rich freeze-out, where rapid cooling of the matter by expansion at
relatively low density leaves a composition rich in «-particles in addition to the
iron, nickel, and neighboring species that typify the normal freeze-out of nuclear
statistical equilibrium (NSE) . Parameterized spherically symmetric models find
that above the innermost regions, heated sufficiently that helium, iron, and nickel
dominate the composition, the passage of the shock leaves a layer rich in the o
isotopes; “°Ca, *Ar, S and Si, the products of incomplete silicon burning.
Above this is a layer of '°0, in the outer portions of which, significant fractions
of °Ne, **Mg, and '2C are found. Finally comes the helium layer and hydrogen
envelope, assuming they were not driven off as part of the stellar wind. It is the inner
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region that can be most strongly affected by the details of the explosion mechanism
(Fryer et al. 2008). In the case of the neutrino-reheating mechanism, these effects
include interaction with the tremendous flux of neutrinos, the effects of the fluid
instabilities fueled by the neutrino heating, and the temporal delay in achieving
the explosion.

The interactions with the neutrino field are important because virtually all
simulations utilizing spectral neutrino transport (e.g., Bruenn et al. 2016; Buras
et al. 2006; Marek and Janka 2009; Rampp and Janka 2002) exhibit decreased
neutronization. This increases the electron fraction, Y., the fraction of electrons (and
protons) per nucleon, in the outer neutrino-reheating region as a result of these inter-
actions, a feature which the parameterized bomb/piston models cannot replicate.
Frohlich et al. (2006a) and Pruet et al. (2005) have shown that nucleosynthesis from
spectral, neutrino-driven explosions is qualitatively different in composition from
both parameterized models and gray (mean energy) neutrino transport models, with
the possibility of neutrino-driven flows to Y. > 0.5 producing isotopes with mass
number A > 64. This makes the innermost regions of CCSNe a candidate produc-
tion site for light p-process nuclei via the v p-process. The spherically symmetric
models of Frohlich et al. (2006a,b) were explicitly neutrino driven with a self-
consistent determination of the mass cut. These models (and the more recent models
of Perego et al. 2015) rely on an artificial increase in neutrino heating to produce
explosions, which otherwise do not occur in such one-dimensional (1D) models.
Pruet et al. (2005) achieved similar results with key neutrino opacities modified to
favor a stronger explosion (see Buras et al. 2006, for details of this model). Both
Frohlich et al. (2006a) and Pruet et al. (2005) successfully resolved the common
problem of overproduction of neutron-rich nickel and iron isotopes in bomb/piston
models and increased Ti, Sc, Cu, and Zn production, overcoming a shortcoming of
previous models when compared to metal-poor stars. Recently, Perego et al. (2015)
have demonstrated the ability to successfully reproduce *°Ni yields in SN 1987A
by retroactively extending the mass cut to include late-time fallback, but at the cost
of underproducing *Ti — a direct consequence of the imposed spherical symmetry,
since a-rich freeze-out occurs most strongly in the innermost ejecta in such stratified
models. Ugliano et al. (2012) computed spherically symmetric supernova models
for more than 100 progenitor stars using the “lightbulb” approximation, wherein the
neutrino transport calculation in and around the newly formed, proto-neutron star
is replaced with a prescribed neutrino luminosity.

Rather than the expanding chemically distinct spheres of ejecta that emerge
from spherically symmetric models, the picture of a supernova that emerges from
the observations is one of metal-rich shrapnel tearing though the envelope of the
now deceased star. Such evidence for asymmetries in SN 1987A motivated the
first multidimensional studies of the propagation of the supernova shock through
the star. As a result, for two decades it has been known that Rayleigh-Taylor
instabilities originate at the star’s Si/O and (C+O)/He boundaries (Hachisu et al.
1990; Herant and Benz 1992; Kane et al. 2000; Miiller et al. 1991; Nagataki
et al. 1998); however these instabilities do not mix nickel to sufficiently high
velocities to account for observations of Supernova 1987A (see McCray 1993,
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and references therein) and other core-collapse supernovae. The implication is
that gross asymmetries must be present in the core and be part of the central
engine itself. This has motivated increasingly realistic simulations of the nascent
supernova shock’s propagation through the stellar envelope. Kifonidis et al. (2003,
2006) used a parameterized “neutrino lightbulb” to drive 2D explosions. These
simulations showed significantly higher velocities than previous models (Hachisu
et al. 1990; Herant and Benz 1992; Miiller et al. 1991). Hammer et al. (2010) and
Wongwathanarat et al. (2013) expanded these studies to three dimensions, starting
from the asymmetric parameterized neutrino-driven explosions (with gray neutrino
transport, see Scheck et al. 2006). The simulations of Hammer et al. (2010) show
that in 3D, metal-rich clumps suffer much less deceleration at the compositional
shell interfaces. This results in asymptotic velocities of metal-rich clumps that
are twice or thrice those found in 2D models, better matching observations.
Wongwathanarat et al. (2013) demonstrated a strong correlation between anisotropic
production and distribution of heavy elements created by explosive burning behind
the shock and the kick velocity of the neutron star. Late-time 3D supernova
simulations by Ellinger et al. (2012) and Young et al. (2008), which extended
a spherically symmetric initial explosion model, also reveal dense knots in the
ejecta.

In fact, the existence of asymmetries, even in the pre-supernova core, has been
known for some time (see » Chap. 69, “Influence of Non-spherical Initial Stellar
Structure on the Core-Collapse Supernova Mechanism”), though these asymmetries
have generally not been followed through core collapse and bounce and into
supernova explosions in a consistent fashion. However, Couch and Ott (2013)
and Miiller and Janka (2015) have shown that artificially imposed but physically
reasonable asphericities in the pre-collapse progenitor can qualitatively alter the
post-bounce evolution. Couch et al. (2015) have taken this a step further, completing
the last few minutes of silicon shell burning in 3D before modeling the collapse and
explosion of the star, also in 3D, with approximate neutrino transport.

For the nucleosynthesis, the impact of multidimensional fluid flow can be pivotal.
The mass cut, formerly the spherical mass coordinate separating matter destined
to rejoin the interstellar medium from the matter that will become trapped within
the proto-neutron star, becomes an amorphous, potentially discontinuous, boundary.
The ability in multidimensions for accretion onto the proto-neutron star to continue
after the explosion has begun to grow radically alters the behavior of fallback, with
some of the infalling matter joining the ejecta while some is accreted. Despite the
fundamentally multidimensional nature of a supernova explosion from its earliest
moments, relatively limited work has addressed the impact of multidimensional
behavior on the nucleosynthesis. From the handful of investigation that have
looked at multidimensional effects on the ejecta, we have learned that significant
differences occur in the fraction of ejecta which experiences «-rich freeze-out
(Maeda et al. 2002; Magkotsios et al. 2010; Nagataki et al. 1998) and that larger
ejecta velocities are possible, characterized by metal-rich clumps (Ellinger et al.
2012; Hammer et al. 2010; Kitaura et al. 2006; Wongwathanarat et al. 2013, 2015).
In the neutrino-reheating paradigm, neutrino interactions also directly affect the
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matter as it passes near the proto-neutron star, fundamentally altering the chemical
composition of the ejecta.

3 New Insights

The combination of a neutrino-driven explosion and multidimensional fluid flow
by Pruet et al. (2005) hinted at the importance of departing from stratified 1D
simulations. However, despite the profusion of exploding first-principle models
with spectral neutrino transport in recent years, very little investigation of CCSN
nucleosynthesis from these models has been conducted. This curious deficit can be
partially attributed to the prolonged times the supernova models must be evolved in
order to fully characterize the ejecta and, therefore, compute the nucleosynthesis.
While the central engine plays its role in driving the explosion in perhaps 1-2 s and
nucleosynthesis is largely complete within, at most, a few seconds thereafter, the
spatial and velocity distribution of the newly made isotopes continues to develop
over many minutes as the shock propagates through the rest of the star and matter
falls back onto the proto-neutron star. Many CCSN models with complex neutrino
transport are stopped less than half a second after the formation of the proto-
neutron star, even before the final explosion energy is determined, much less the
composition, and fate, of much of the ejecta. In contrast, 1D bomb or piston models,
with their much lower computational cost, are routinely run to the surface of the
star and well beyond. In fact, groups of tens or even hundreds of such models are
prepared to serve as input for galactic chemical evolution, a task that is currently
unimaginable for 3D CCSN models with realistic neutrino transport.

Another advantage of the bomb/piston models is that they routinely use extensive
nuclear networks, with as many as 2000 species (Rauscher et al. 2002). In contrast,
at best, self-consistent models of the CCSN central engine utilize an o-network
(composed of 13 nuclear species of even and equal neutron and proton numbers
from helium to nickel) while separately tracking the neutronization. To com-
pute more complete nucleosynthesis, post-processing calculations are performed
based on temperature, density, and neutrino exposure histories for individual mass
elements from the supernova model. Performing post-processing nucleosynthesis
calculations based on one-dimensional models is relatively straightforward, since
most one-dimensional simulations are Lagrangian. Thus the needed temporal
histories of temperature and density are simply those of the individual Lagrangian
mass elements. However, in multidimensions, non-smooth fluid motions result in
highly tangled Lagrangian grids. As a result, Eulerian hydrodynamics, where the
discretization occurs in space rather than mass, is used to perform most multidi-
mensional stellar astrophysics simulations. (The exceptions being calculations using
Smoothed Particle Hydrodynamics methods.) Because Eulerian codes use spatial
discretization, the Lagrangian thermodynamic histories that are a natural result in
a Lagrangian code are unavailable. Instead passive tracer particles are commonly
employed. The primary limitations in a post-processing approach are the accuracy
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of the energy generation rate provided by the approximation included within the
hydrodynamics as well as the underestimate of the effects of mixing.

Nucleosynthesis studies of electron-capture supernovae (ECSNe), which arise
from the collapse of oxygen-neon cores in Super Asymptotic Giant Branch (AGB)
stars, are more mature, as these explosions are triggered almost immediately and
therefore complete more rapidly than in Fe-core SNe. Unlike all but the lightest
of Fe-core SNe, successful explosions can be obtained for these stars even in 1D
simulations (see Supernovae from Super AGB Stars (8—12 Msun)). Multidimen-
sional investigations of ECSN by Janka et al. (2008) and Kitaura et al. (2006)
revealed weak explosions (~0.1 B) and less than 0.02 Mg of ejecta (<0.01 Mg of
%Ni). ECSN nucleosynthesis studies (Wanajo et al. 2009, 2011, 2013a,b) based on
post-processing of tracer particles from these supernova simulations find only
modest impact from multidimensional effects, which is unsurprising given the
successful 1D explosions. In these axisymmetric simulations, the authors describe a
small amount of neutron-rich matter being dredged up from near the proto-neutron
star during the early stages of the explosion, a phenomenon not seen in similar
1D simulations. As a result, the models of Wanajo et al. (2011) are characterized
by lower minimum values of Y., ultimately enhancing the production of As, Se,
Br, Kr, Rb, Sr, and Y relative to that of spherically symmetric simulations, but
leaving the ejected masses of nickel and other iron-group elements unaffected.
However isotopic variations in these elements are seen, particularly the enhanced
production of the trace, but interesting, species “*Ca (Wanajo et al. 2013a) and
%Fe (Wanajo et al. 2013b). Multidimensional Fe-core CCSN models also exhibit
convective overturn near the outer proto-neutron star layers, potentially with even
greater affect on the nucleosynthesis and, given the necessity of multidimensionality
to engender these explosions, occurs merely as a subset of other multidimensional
effects. Consequently, the lessons learned from ECSN nucleosynthesis studies, with
respect to multidimensional effects, provide only modest insight into the CCSN
problem.

Recently, Bruenn et al. (2016) published a set of four axisymmetric models using
self-consistent spectral flux-limited diffusion neutrino transport for 12, 15, 20, and
25 Mg progenitors from Woosley and Heger (2007). These models were run for
times greater than 1s after bounce, the longest elapsed times of any models of
this sophistication, in an effort to achieve a saturated explosion energy. The three
lower mass models achieved relatively saturated explosion energies (growth rates
less than 0.2 B/s) near the observed values of ~1 B, while the 25 Mg model, with
an explosion energy of 0.7B, is still exhibiting strong growth in the explosion
energy (more than 0.05B in the final 100 ms) even 1.4s after bounce. The long
running times of these models also allows much more complete investigation of
CCSN nucleosynthesis than is generally possible for such sophisticated models.
Comprehensive analysis of the nucleosynthesis from these models is in preparation
(Harris et al. 2016a), as well as an analysis of the uncertainties in post-processing
nucleosynthesis based on tracer particles (Harris et al. 2016b). While there is some
uncertainty in the degree to which the nucleosynthesis predictions of axisymmetric
models will replicate three-dimensional models (and, ultimately, three-dimensional
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Fig. 1 Nucleosynthesis from an axisymmetric simulation of a core-collapse supernovae from
a 12Mg star. The symmetry axis is horizontal at the center of the image. White dots denote
the positions of tracer particles. Modified illustration originally published in Hix et al. (2014)
(Published with permission of © W. R. Hix and collaborators, under the terms of the Creative
Commons Attribution-NonCommercial-ShareAlike License)

reality), we present these results as a foreshadowing of the differences that the
replacement of parameterized, spherically symmetric models with self-consistent
multidimensional models can produce.

Figure 1 shows the spatial distribution of four distinct isotopes at the end of
a two-dimensional simulation of the explosion of a 12 Mg star, as computed by
the small a-network that is used within the model. The progenitor was computed
by Woosley and Heger (2007), who also computed a piston-driven parameterized
supernova for the same star. The white dots mark the location of the tracer particles.
The morphology of the nuclear products reflects the hydrodynamics of the model,
which is dominated by two polar outflows and an equatorial accretion stream,
potentially the consequence of the assumption of axisymmetry. The composition
of the outflows is dominated by the products of «-rich freeze-out, portrayed here by
6Ni and **Ti, while the equatorial regions are dominated by 2%Si and '°0, partially
burned matter from the progenitor’s oxygen shell. The location of the supernova
shock can be deduced by noting the deviation of these tracers from their originally
radial distribution. From this, it is clear that the oblate shock has diverted the inflow
of matter from polar latitudes toward the equator. The shape of the shock reveals
that the velocity of the shock towards the poles is nearly twice that in the equatorial
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Fig. 2 Mapping the mass cut. The fate of mass elements 1.336s after bounce as a function of
their original location within the 12 M progenitor star. Gray filled circles are matter within the
neutron star, gray open circles represent matter bound to the neutron star. The colored circles
are unbound matter, with the color representing the highest temperature reached by that parcel.
Filled colored circles have positive radial velocity, open colored circles, though unbound, have
negative radial velocity. Modified illustration originally published in Hix et al. (2014) (Published
with permission of © W. R. Hix and collaborators, under the terms of the Creative Commons
Attribution-NonCommercial-ShareAlike License)

regions. With the products of a-rich freeze-out moving outward more rapidly than
the intermediate mass elements, we see a clear departure from the expectations of
spherically symmetric models, where the stratification of elements is maintained by
the explosion, causing the products of a-rich freeze-out to remain near the mass cut.
Analysis detailed in Bruenn et al. (2016) indicates that at this point, it is silicon-rich
matter that is continuing to accrete onto the proto-neutron star. While there remains
the potential for the outflowing matter to be slowed and even stopped by continued
hydrodynamic interaction, especially as the reverse shock forms as a result of the
deceleration of the ejecta as it lifts the stellar envelope, it is the slower-moving
intermediate mass elements that are more likely to be impacted.

Another clear departure from spherical symmetry can be seen in the fate of the
parcels of matter. As Lagrangian elements, the paths of the tracer particles can be
retraced to their origin in the progenitor. We can therefore map the mass cut in this
multidimensional model in a way that is impossible from the Eulerian grid alone.
Figure 2 is just such a map, for the same 12 Mg model. In Fig.2, the particles
are placed at their original locations within the star, but color coded and shaped by
their fate at the end of the simulation. Gray-colored particles are bound to the proto-
neutron star, either already residing there (filled circles) or presently infalling toward
the proto-neutron star (open circles). Colored particles are presently gravitationally
unbound from the proto-neutron star, making them candidates for ejection, with
the color indicating the peak temperature experienced by the particle, a proxy for
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the nucleosynthesis processes that the particle has experienced. The filled colored
circles are moving outward, having positive radial velocities. The open colored
circles, while the sum of their kinetic, thermal, and gravitational potential energy
are positive, are moving inward with negative radial velocities. Their ultimate fate
must be considered uncertain. To provide context, the purple lines in Fig.2 mark
compositional interfaces in the progenitor star, the outer edges of the iron core (solid
line), and the silicon shell (dotted line), where the composition transitions from
more than 80 % silicon and sulfur, by mass, to predominately oxygen, with less than
10 % silicon. This silicon-oxygen interface, with a characteristic entropy of 4 kg
per baryon, is the location selected for the mass cut in the parameterized model of
Woosley and Heger (2007), marked by the dashed pink line. For comparison, the
solid pink line marks the spherical mass coordinate equal to the baryon mass of the
proto-neutron star in this simulation, equivalent to the mass cut if this model had
maintained spherical symmetry. The smaller radius of this “2D mass cut” indicates
that the mass of the neutron star resulting from this 2D simulation is less than
that of its 1D counterpart. Beyond this, there are clearly a significant number of
ejecta particles below the 1D mass cut, colored red as an indication of the high
temperatures they achieved as they plunged near the proto-neutron star before being
swept into the ejecta. These parcels of matter began the simulation as part of the
silicon shell and yet seem destined to be part of the ejecta. There are an equal
number of gray particles above the solid pink line, including parts of the oxygen
shell. The escape of part of the original silicon layer while part of the oxygen layer
that started above it is captured by the proto-neutron star is a result quite against
the intuition developed from spherically symmetric models. Our mental image of
the mass cut clearly must be revised in view of the geometrically complex, disjoint
nature of the ejecta revealed in multidimensional simulations. While there have been
very few three-dimensional models of sufficient sophistication and sufficiently long
enough elapsed time to explore the mass cut, those few do not suggest a return to
sphericity in 3D (see, e.g., Ellinger et al. 2012).

The cumulative effects of the neutrino-driven, multidimensional fluid flows on
the nucleosynthesis are highlighted in Fig. 3. Here the post-processing nucleosyn-
thesis calculated by Harris et al. (2016a) for the 12 Mg model of Bruenn et al.
(2016) is compared to that of the parameterized explosion for the same progenitor
calculated by Woosley and Heger (2007). Several general trends are visible,
the results of the neutrino exposure and increased diversity of thermodynamic
conditions that occur as a side effect of multidimensional fluid flow in these models.
First, as is hinted at by the smaller radius of the 2D spherical mass cut in Fig. 2,
more of the star is ejected in Bruenn et al. (2016) than in Woosley and Heger
(2007), leading to a mild enhancement in the production of the dominant species
from O through the intermediate mass elements. Second, as a result of the general
increase in the proton richness of the ejecta that is bathed in the neutrino field,
there is a significant increase (as large as two orders in magnitude) for production
of species with N ~ Z from S to Ni. Third, despite the general trend toward more
proton-rich ejecta, there is also significant enhancement in the production of selected
very neutron-rich species, for example, “¥Ca, 3°Ti, *Cr, 3¥Fe, %Ni, 7°Zn, "°Ge, and
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Fig. 3 The ratio of the composition as a function of proton and neutron numbers for the B12-
WHO07 model of Bruenn et al. (2016) to the parameterized model of Woosley and Heger (2007)

82Se. These are produced in a small amount of matter that undergoes a neutron-
rich (Y, < 0.45), but a-poor, freeze-out from NSE in matter dredged up from the
proto-neutron star, a mechanism similar to that discussed by Wanajo et al. (2013a)
for ECSN. Finally, there is significant enhancement in the production of a wide
range of species from A = 60 to A = 90, including the p-process species Sr,
07y, and *>Mo. While production of these species in the proton-rich, neutrino-
driven wind in the models of Frohlich et al. (2006b) led to the discovery of the
v p-process, that does not seem to be the cause here, as continued accretion onto
the proto-neutron star has effectively suppressed the neutrino-driven wind to this
point in the simulations, more than 1.3 s after bounce. Rather the production of
these heavier species results from «-rich freeze-out in moderately neutron-rich
matter (0.45 < Y. < 0.48), more akin to the results of Woosley et al. (1994),
but at lower entropies. Clearly, the wider range of thermodynamic conditions and
neutrino exposures provided by these neutrino-driven, multidimensional models has
far-ranging consequences for CCSN nucleosynthesis.

4 Limitations

While tracer particles are an essential tool for calculating realistic nucleosynthesis
via post-processing for models, like those discussed in Sect. 3, that include only
limited nucleosynthesis approximations self-consistently, they are not a panacea.
As a passive, purely Lagrangian representation of the matter, they do not replicate
the mixing that is seen in the gridded models. While the Eulerian grid overestimates
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Fig. 4 The neutronization distribution of the unbound matter in a core-collapse supernovae
simulations for 12 and 15 Mg stars. The white histogram reflects the matter as described by the
Eulerian computational grid. The blue histogram reflects the matter as described by the tracer
particle position at the end of the simulation. The red histogram reflects the matter as described by
the post-processing nucleosynthesis

the effects of mixing, assuming that macroscopic mixing, at the kilometer scale of
the grid, is equivalent to microscopic mixing, at the scale of the collisional mean
free path of the nuclei, the tracer particles ignore mixing completely. From the
nucleosynthesis perspective, where only microscopic mixing impacts the reactive
flow, reality will be intermediate between the course Eulerian view of the grid and
the Lagrangian view of the tracers.

Figure 4 shows several interesting effects of the contrasting grids. The white
blocks in Fig.4 portray the distribution of electron fraction, Y., at the end of the
simulation, as integrated over the Eulerian grid. The blue blocks portray the same
integration over the tracer particles, using the Y, values interpolated to the tracer
particle positions from the Eulerian grid at the end of the simulation. The red blocks
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display the electron fraction distribution as evolved by the post-processing nucle-
osynthesis calculation. For tracers that reach temperatures sufficient for nuclear
statistical equilibrium (NSE) to be established, typically ~6 GK for explosive
conditions like those in CCSN, the value of Y., interpolated to the tracer position
from the grid at the time when the particles temperature drops below the NSE
threshold, is subsequently evolved within the nuclear reaction network. For tracers
that never reach the NSE temperature threshold, the evolution within the reaction
network follows from the initial value of Y.. The post-processed distribution shows
a much larger amount of neutron-rich (¥, < 0.5) matter. Following these tracer’s
spatial evolution, we find matter which was swept into the ejecta from the vicinity
of the proto-neutron star, similar to that found by Wanajo et al. (2009, 2011) for
ECSN. In the CCSN case, as this matter is ejected at high speed from the central
regions, it catches up with slower-moving ejecta above it and becomes mixed with
that more neutron-poor (¥, ~ 0.5) matter. Note that if the nucleosynthesis is
complete before this (macroscopic) mixing occurs, which seems to be the case in
this model, the result is a small admixture of neutron-rich nuclei within otherwise
neutron-poor matter. In contrast, if the mixing occurs before the nucleosynthesis is
complete, all trace of these neutron-rich species is removed. Correctly deducing the
relative timing of the competing effects of compositional mixing and thermonuclear
transmutation is a significant challenge for post-processing studies using tracer
particles.

Another limitation of tracer particle-based post-processing is relatively poor
resolution of this Lagrangian grid. In the simulations of Bruenn et al. (2016), which
were launched in 2012, tracer masses of ~107* Mg were used, a degree of tracer
resolution similar to prior studies (Nagataki et al. 1997; Nishimura et al. 2006; Pruet
et al. 2005). Subsequently, Nishimura et al. (2015) employed a tracer resolution
~10 times higher in their study of the potential for the r-process in magnetically
driven CCSN. The “medium” resolution case of Nishimura et al. (2015) is similar to
Bruenn et al. (2016). Comparing the blue and white histograms in Fig. 4 reveals that
the tracers, with their fixed mass resolution represented by the dashed lines in Fig. 4,
are unable to resolve the most proton-rich ejecta. While this contribution is small in
mass, it remains potentially interesting for the production of less abundant species
(potentially including the v p-process). Even the highest resolution of Nishimura
et al. (2015) would not be sufficient to resolve this material; an additional factor
of 100 or more in the tracer resolution would be needed to trace the history of this
material.

This incapability of the tracer particles to resolve the proton-rich wing of the
distribution in Fig. 4 originates in the fixed mass of the particles and the challenge
that creates on the tracer density in regions with low mass density. Effectively,
the chances of a tracer sampling a high-density region are much larger than a
neighboring low-density region. This has a direct impact on the nucleosynthesis,
revealed in Fig. 5, because some of the most interesting nucleosynthesis process in
CCSN occur in these high-entropy and relatively low-density regions. Beyond the
failure to resolve the small amount of very proton-rich matter, this tracer resolution
problem has other, larger consequences because the «-rich freeze-out is also a result



1784 W.R. Hix and J.A. Harris

Mass (Mg)
>

4 12 16 20 24 28 32 36 40 44 48 52 56 60 64
Atomic Mass Number (A)

Fig. 5 The composition as a function of atomic mass for the B12-WHO07 model of Bruenn et al.
(2016). The black line displays the composition as computed by the a-network included within
CHIMERA, the red line displays the composition computed with the same a-network in post-
processing using tracer particle data. The blue line displays the composition when the transition
from NSE to post-processing occurs at 8 GK, instead of ~5.5 GK. The green line displays the
composition computed in post-processing with a more realistic, 150 species, network (Modified
illustration originally published in Harris et al. (2014), Published with permission of © J. A.
Harris and collaborators, under the terms of the Creative Commons Attribution-NonCommercial-
ShareAlike License)

of the ejection of high-entropy, low-density matter. Comparison of the black line in
Fig. 5, the composition computed using the a-network built into the CCSN models
of Bruenn et al. (2016), and the red line in Fig. 5, the composition calculated via
post-processing using the same o-network and the same rules for transitioning
matter from NSE into the network as are used within the model, reveals a significant
under-prediction by the post-processing of the species that result from «-rich freeze-
out. Most notable is **Ti, which differs by an order of magnitude, though *3Cr
and ?Fe are also underproduced while “He and ®°Zn are slightly overproduced.
Examination of Fig. 1 shows the relative paucity of tracer particles in the regions
with large number densities of “*Ti, providing visual confirmation of difficulty in
resolving these low-density regions with Lagrangian particles.

The models of Bruenn et al. (2016) transition material into (or out of) NSE when
the temperature in a zone rises above (drops below) ~5.5 GK, an approach taken
by many models of the CCSN central engine based on a comparison of the silicon
burning timescale to the typical hydrodynamic timescale in the models. However,
for the rapidly changing conditions in expanding CCSN matter, NSE has been
shown to break down at higher temperatures (Hix and Thielemann 1999; Meyer
et al. 1998). The assumption of NSE until ~5.5 GK delays the onset of «-rich
freeze-out and therefore limits its o richness. This is demonstrated in Fig.5 by a
comparison of the blue line, where the transition from NSE to post-processing with
the a-network occurs at 8 GK, and red line, where this transition occurs at ~5.5 GK.
The abundances of *He, **Ti, Cr, and ®°Zn are all enhanced by the earlier transition
into the network, with *Ti increasing by a factor of 3.
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Both of these effects, the tracer resolution and the NSE transition temperature,
have their largest impact on **Ti, a species that is also well known to be overpro-
duced by the a-network due to the nuclear flow from A = 40 to A = 56 occurring
through reactions not included in the o-network. The extent of this over-prediction
is illustrated by the green line in Fig.5, which uses the same NSE transition as
the blue line, but for a much more complete network of 150 species. Of course,
the a-network neglects many of these 150 isotopes; thus, it cannot predict their
abundances, though these tend to be less abundant species. Nevertheless, the o-
network predictions for species from A = 4upto A = 32, as well as A = 56, are in
excellent agreement with the more realistic network. However, small discrepancies
appear for A = 36 and A = 40 and overproduction as large as an order of magnitude
plague the species from A = 44 to A = 52, while the production of species with
A > 56 is suppressed. As we seek to make predictions of the production of these
fruits of the a-rich freeze-out from our models, it is important to remember that the
“positive” effects of improved NSE transition temperature and tracer resolutions are
comparable to the more widely known “negative” impact of more realistic networks.

5 What Further Is Needed

While the iron-core-collapse investigations of Harris et al. (2016a,b) and the
oxygen-neon-core-collapse investigations of Wanajo et al. (2013a,b), based on
sophisticated neutrino radiation-hydrodynamic simulations, represent landmarks in
our improving understanding of the nucleosynthesis that occurs in these supernovae,
more work remains to be done on two fronts. First, while the sophisticated models
on which Harris et al. (2016a,b) and Wanajo et al. (2013a,b) rely represent
a tremendous improvement over purely hydrodynamic bomb/piston supernova
models, this fidelity comes at tremendous computational cost. Especially if we wish
to investigate sophisticated 3D CCSN models, we as a community can only afford
a handful of models, compared to the hundreds of bomb or piston CCSN models
that serve as input to galactic chemical evolution calculations. The hope would be,
with the nucleosynthesis results from detailed 3D models in hand for comparison,
models of intermediate complexity can be found that can reasonably replicate
the nucleosynthesis of the more sophisticated models at a substantial savings in
computational cost. Whether such a combination of limited neutrino transport
approximation and dimensionality, the two principle drivers of computational cost
for CCSN simulations, exists (or can be tuned) is an open question.

Second, as demonstrated in Sect. 4, the reliance on post-processing to address
many of the species of interest in CCSN is a significant weakness. For the
innermost supernova ejecta, the nuclear energy released by the recombination
of a-particles into iron (and neighboring) nuclei (~10'® erg/g) is comparable
to the change in the thermal energy of this gas due to expansion during the
same time; thus, there is significant feedback between the rate of this nuclear
recombination and the temperature evolution that is driving the recombination. The
a-richness of the matter, and thus the abundance of species like *Ti, 3'Fe, ®Ni,
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and %Zn, therefore depends critically on this feedback. As a result, Magkotsios
et al. (2010) found strong differences in the «-richness between different supernova
models. In core-collapse supernovae, this a-rich freeze-out happens in the bath
of neutrinos streaming from the core, fundamentally altering its neutronization,
which in turn affects the path of the nuclear recombination. Clearly, supernova
simulations which follow the composition with only an «-network are limited in
their ability to calculate realistic nucleosynthesis, and these limitations cannot be
completely redressed by post-processing with a more complete nuclear networks.
A desire to better account for mixing of material while the nucleosynthesis is
still underway further motivates the use of more complete nuclear networks within
sophisticated neutrino radiation-hydrodynamic simulations. Finally, the much finer
mass resolution of the Eulerian grid for the low-density regions, where the «-rich
freeze-out occurs, favors replacing post-processing with a realistic network included
within the supernova model. While the use of larger networks, with 150-200 species
to capture the energetically significant reaction processes, adds significantly to the
computational cost, the added cost is comparable to the cost of the neutrino transport
calculations already performed. Thus the total cost is a small multiple of the cost of
current models, making the use of moderate-sized networks an achievable goal in
the near future. We have axisymmetric test simulations underway, which we hope
to present within a year or two, and the rest of the community is likely to follow.

6 Conclusions

The near future will see great strides toward incorporating the lessons learned over
the past two decades about the nature of the central core-collapse supernova engine
into our modeling of the nucleosynthesis of these extraordinary events. Progress
may be slow at first, as we build our database of these very expensive simulations
and seek lesser approximations that still capture the essential impact of the neutrino-
driven, multidimensional nature of the core-collapse supernova’s central engine.
Nonetheless, we can, within this decade, anticipate an improved understanding of
the means by which a dying massive star is transformed into the nuclear seed stocks
for the next generation of stars and planets, an understanding that finally takes into
full account the myriad of physics that contributes to these spectacular explosions.
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