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We review some of the uncertainties in calculating nuclatisstic yields, focusing on the ex-

plosion mechanism. Current yield calculations tend toegitise a piston, energy injection, or
enhancement of neutrino opacities to drive an explosion.skidav that the energy injection, or

more accurately, an entropy injection mechanism is bagesto mimic our current understand-
ing of the convection-enhanced supernova engine. The erbareutrino-opacity technique is
in qualitative disagreement with simulations of core-ap#ie supernovae and will likely produce
errors in the yields. But piston-driven explosions are tlostdiscrepant. Piston-driven explosion
severely underestimate the amount of fallback, leadingdersof-magnitude errors in the yields
of heavy elements. To obtain yields accurate to the factaerfefv level, we must use entropy or
energy injection and this has become the NuGrid collabamapproach.
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Shock from Infalling Stellar Material
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Figure1: Aslice of the x-y plane of a 3-dimensional supernova explosialculation modeling the collapse
of a 23 M, star B]. The proto-neutron star (PNS) and outer edge of twextive region defined at the
position where the infalling stellar material shocks agathe convection are labeled. Note that this outer
edge moves outward with time. Energy is injected into thisveative region rather uniformly, striving to
produce a constant entropy profile as the region expands.

1. Nucleosynthesis and Under standing Supernova Explosions

The first step in producing a yield for core-collapse supesrois to introduce a realistic
explosion. Although scientists are still working hard taedmine the exact physics behind core-
collapse supernova explosions, there is growing suppothéconvection-driven mechanispj [L, 2,
B, []. Even so, a lot of work remains (both in the progenitaietion and the explosion mechanism
itself) if we want to accurately predict the explosion ernefgr a given stellar mass. For the
foreseeable future, we will have to artificially induce eogibns and explore a range of explosion
energies (producing error bars) for nuclear yields. Howesequalitative understanding of the
explosion mechanism can help us better induce these eapfoso that our range of answers will
actually bracket the true answer. As we shall see, some michs used to induce explosions will
not produce results consistent with the convection-enddmeutrino driven mechanism.

Our current understanding of the explosion mechanism ketdme-collapse supernovae in-
volves a series of phases (for a review, gée [5]). When the wiaa core becomes so large that
electron capture and iron dissociation can occur, the catepses. The core collapses to nuclear
densities and bounces, sending a shock through the stat.diAb& energy in the shock is thermal
and, when neutrinos can escape the shock, they sap the bshoales energy and itself. After the
bounce shock stalls, the region between the edge of the-peattvon star and the shock front of the
infalling material is unstable to a number of convectivdabdities. It is in this convective region
that neutrino energy leaking out of the core is converted kirtetic energy that eventually pushes
out the infalling star and drives an explosion. Figjre 1 shannotated plots of a convection-driven
explosion at 2 different times. As the energy in the conveategion grows (and the infall rate de-
creases), the outer edge of the convective region movesJttimately, the convective region has
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enough energy to drive an explosion (although in this cdmeekplosion is so weak that most of
the star will fall back onto the proto-neutron star, formabglack hole).

What can we learn from simulations of this convection-ewledrexplosion mechanism? First,
energy is deposited in a region covering a few tenths of a saéss. Convection strives to flatten
the entropy gradient, so energy is deposited fairly unifgracross the convective region. As long
as the shock (outer edge of the convective region) is movinnglowly (slow enough that convec-
tion can redistribute the energy), energy is depositedutiirout the convective region. In mass
coordinates, the region does not change dramatically wiib.t Finally, no energy is deposited
beyond the convective region.

With this understanding, let's compare the different medras currently used to drive ex-
plosions for nucleosynthesis: piston-driven explosiarsergy-driven explosions, and enhanced
neutrino-opacity driven explosions. Piston-driven egfas have been used extensively in the
past and much of the comprehensive yields in the literattgdased on these explosions. Piston-
driven explosions work by placing a hard surface at the immoemdary (generally assumed to be
at the edge of the iron core, but it would be more realisticd®e the outer edge of the convective
region). This hard surface is then pushed outward, acdelgréne star and driving an explosion.
Such an approximation keeps accelerating the inner mhieiiae ejecta, not allowing it to slow
down and ultimately fall back on the star, severely undareging the fallback and overestimating
the amount of heavy elements (suctP@¥i) for a given explosion energy. This has been discussed
at some detail[J7] and it is now generally accepted in theasiph community that piston-driven
yields are not accurate.

Two alternate options are being used in the literature. Aiglit energy deposition in the
inner few tenths of a solar mass. This method is designecttoporate the energy increase in the
convective region. The energy is limited to a few tenths aslarsmass (the rough mass size of the
convective region throughout most calculations). And thergy is injected uniformly (in specific
internal energy) across this region (as we would expect ftonvection). More realistic might be
to uniformly increase the entropy throughout this region.

The second method is to artificially increase the neutrireciyp in this region. The argument
for this method is that it includes neutrino changes to teetebn fraction (albeit at an exaggerated
level). The disadvantages are many. First, it injects gnevgn beyond the convective region.
Although it is true that neutrinos in a realistic engine vdth this, the opacity is lower, so we
are over-estimating this energy injection. Second, theggndeposition is highly peaked toward
the dense material and not distributed across the coneeetigine as we would expect in a real
convection-enhanced supernova. Although these artitaetgprobably small when compared to
the piston/energy deposition differences, they all poidiraction opposite from what we would
expect from the convection mechanism. This method will s like the convective engine than a
simple direct energy deposition.

2. Comparing Nuclear Yields

We have now discussed in detail the differences between #tbads used to simulate a ex-
plosions for supernova nucleosynthesis. Table 1 showselasyfor models in the 20-25 Mrange
by 3 different groups[]€[]§] 9]. The stars are all evolved withnitial metallicity at solar, but pre-
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Model Name | Model Charact. Yields

and Eexp Miem | 28Si 453¢ 44T 80Co 56Nj
citation 10°terg | M., Mo | 100°Mg, | 10°M, | 10°Mg, | Mg
WW-S22A[8] | 1.47 2.02 | 0.356| 1.20 6.15 2.43 0.205
WW-S25A[8] | 1.18 2.07 | 0.315| 0.228 3.04 5.36 0.129
23e-1.5[] 3.2 1.5 |0.303| 0.082 0.513 1.03 | 0.0013
23e-2.0[F] 2.6 2.0 | 0.461| 0.080 6.95 1.04 0.283
d0.2-1.5[F] | 2.6 1.5 | 0.463| 0.081 2.62 0.99 0.240
do.7-1.5[F] |23 1.5 |0.482| 0.091 10.0 1.01 0.216
23p-1.2[T] 3.2 1.2 |0.362| 0.080 0.655 0.992 | 0.0066
23p-1.6[T] 2.4 1.6 |0.439| 0.079 23.5 0.996 | 0.613
CL-20[9] 1.6 - 0.156| 0.542 4.03 1.13 0.10
CL-25[8] 1.8 - 0.245| 1.26 2.19 2.44 0.10

Table 1: Yields for a range of models of a roughly 20-25Ntar by different groups. Where given in the
literature, we include remnant mass and explosion energgei for models 23e-seri(ﬂs[7], the models all
use piston explosions. This is is evident from the small ramimasses for a given explosion (this can not
be reproduced in a real explosion calculation). Note thaa fgiven explosion energy and remnant mass, we
get considerable scatter in the yield (more than an orderagfnitude). Most of the difference is caused by
those results using piston explosions and those using the realistic models (which include fallback).

scriptions for winds vary somewhat and each group uses itsroethod to drive explosions. The
first difference between the models can be seen in the remmasges. Note that the WW models
both predict remnant masses below 1.5 fr explosion energies of roughly>210°* erg. The CL
remnants are also small. But at the same energy, the 2%s-gedduces a 2.6Mremnant.

The difference between these remnant masses is entirelgtitactaof our method of artifi-
cially induced explosions. Different methods produce different amounts of fallback. To better
understand the fallback, let’s briefly review its historyhelidea of fallback was first brought up
by Colgate [1P] to overcome nucleosynthesis issues arfsimg the supernova ejection of neutron
rich material produced in stellar cords][{1] 12]. Colgatruad that the inner layers of the ejected
material would deposit its energy to the stellar materiadvabit, ultimately reducing its energy
below that needed to escape the neutron star, and it wolilsefgh onto the neutron star. In such a
scenario, one would expect the inner material to fall badkkdy (within the first few to ten sec-
onds). It was argued that this material (the neutron rictenmaltfrom the initial explosion) would
accrete onto the neutron star, alleviating any nucleoggmhssues.

Piston models for explosions misled many scientists ongked of fallback and the super-
nova field in general. By artificially preventing fallbacksn modelers became concerned with
the ejecta of neutron rich material (recall, this is why Gaddgfirst thought about fallback in the
first place). Supernova modelers have worked extensivelyy tto reset the electron fraction and
nucleosynthesis modelers put in knobs to reset the elefrotion and move out the mass cut. The
Colgate idea of fallback was all but forgotten. With more mwg energy-injected explosion mod-
els, fallback occurs (renewing Colgate’s original ideaj emoves issues with neutron rich ejecta.
This makes it easier for explosion models to match compachamt mass measuremerftg [14] and
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may even explain the r-procegs][15].

Table 1 also shows the yields for some key elements from thesiels. There is a lot of
scatter in these models, so it is difficult to pick out any #ietrend, but note that some elements
(e.g. °Sc) are overproduced by piston models by more than a factbd.oAlso, the ratio of*Ti
to 5®Ni can be an order of magnitude higher in some energy-drixpiosions (making it easier to
explain the supernova that produced Cassiopeia A). Notwatmodel a full suite of models will
we truly understand the extent of the errors introduced biopidriven models.

For our in-progress NuGrid calculations, we use a constatmogy injection process. This
is the closest match to the convection-enhanced explosechamism. When the shock moves
beyond 1000 km, we stop the energy injection (which due teetiieopy increase process starts to
decrease as the density lowers anyway). This still leavesr@npeters: total energy injection and
rate at which the energy is injected. The rate has been stadisome level[J7] and it can lead
to order of magnitude differences in the yield. Fortunatédy a given explosion energy, we can
constrain the delay tim¢ [[L3], so we believe we can fix thisypeater somewhat, limiting its errors.

References
[1] M. Herant, W. Benz, W.R. Hix, C.L. Fryer, S. A. Colgate #®nside the supernova: A powerful
convective engine, ApJ, 435, 339

[2] C.L. Fryer, Warren, M. S. 200Modeling Core-Collapse Supernovaein Three Dimensions, ApJ, 574,
L65

[3] R. Buras, M. Rampp, H.-Th. Janka,K. Kifonidis, 20a8o-dimensional hydrodynamic core-collapse
supernova simulations with spectral neutrino transport. |. Numerical method and results for a 15 Mo
star, A&A, 447, 1049

[4] A.Burrows, E. Livne, L. Dessart, C. Ott, J. Murphy 20@6New Mechanism for Core-Collapse
Supernova Explosions, ApJ, 640, 878

[5] C.L. Fryer 2003Xellar Collapse, IIMPD, 12, 1795
[6] C.L. Fryer, P.A. Young 2007,ate-Time Convection in the Collapse of a 23M., Sar, ApJ,659, 1438

[7]1 P.A. Young, C.L. Fryer 2004 )ncertainties in Supernova Yields. |. One-Dimensional Explosions,
ApJ, 664, 1033

[8] S.E.Woosley, T.A. Weaver 199%he Evolution and Explosion of Massive Sars. |1. Explosive
Hydrodynamics and Nucleosynthesis, ApJS,101, 181

[9] A. Chieffi, M. Limongi 2004 ,Explosive Yields of Massive Stars from Z=0to Z=Z,, ApJ, 608, 405

[10] S.A. Colgate 1971Neutron Star Formation, Thermonuclear Supernovae, and Heavy-Element
Reimplosion, ApJ, 163, 221

[11] W.D. Arnett 1971 Supernova Light Curves and Presupernova Models ApJ, 163, 11

[12] P.A. Young, C.L. Fryer, A. Hungerford, D. Arnett, G. Raeller, F.X. Timmes, B. Voit, C. Meakin,
K.A. Eriksen 2006 Constraints on the Progenitor of Cassiopeia A, ApJ, 640, 891

[13] C.L. Fryer 2006Fallback in Sellar Collapse, New Astronomy50, 492
[14] C.L. Fryer,V. Kalogera 200Theoretical Black Hole MAss Distributions, ApJ,554, 548

[15] C.L. Fryer, F. Herwig, A.L. Hungerford, F.X. Timmes, @8, Supernova Fallback: A Possible Ste for
ther-Process, ApJ, 646, L131



