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ABSTRACT

The landscape of black hole (BH) formation — which massive stars explode as core collapse supernovae
(CCSN) and which implode to BHs — profoundly affects the initial mass function-averaged nucleosyn-
thetic yields of a stellar population. Building on the work of Sukhbold et al. (2016), we compute
IMF-averaged yields at solar metallicity for a wide range of assumptions, including neutrino-driven
engine models with extensive BH formation, models with a simple mass threshold for BH formation,
and a model in which all stars from 8 — 120Mg, explode. For plausible choices, the overall yields of a-
elements span a factor of three, but changes in relative yields are more subtle, typically 0.05 — 0.2 dex.
For constraining the overall level of BH formation, ratios of C and N to O or Mg are promising diag-
nostics. For distinguishing complex, theoretically motivated landscapes from simple mass thresholds,
abundance ratios involving Mn or Ni are promising because of their sensitivity to the core structure
of the CCSN progenitors. We confirm previous findings of a substantial (factor 2.5 — 4) discrepancy
between predicted O/Mg yield ratios and observationally inferred values, implying that models either
overproduce O or underproduce Mg. No landscape choice achieves across-the-board agreement with
observed abundance ratios; the discrepancies offer empirical clues to aspects of massive star evolution
or explosion physics still missing from the models. We find qualitatively similar results using the mas-
sive star yields of Limongi & Chieffi (2018). We provide tables of IMF-integrated yields for several
landscape scenarios, and more flexible user-designed models can be implemented through the publicly
available Versatile Integrator for Chemical Evolution (VICE; https://pypi.org/project/vice/).
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1. INTRODUCTION BHs exist (eg. Remillard & McClintock 2006). Both
theoretical models and empirical arguments imply that
CCSN are the primary source of most a-elements and
make substantial contributions to Fe-peak and weak s-
process elements in stars with solar abundances. In this
paper, we examine the impact of BH formation on the
population-averaged yields of elements from He and C
up to Y, Zr, and Nb. We aim to provide useful inputs
to models of galactic chemical evolution (GCE) and to
identify abundance diagnostics for the physics of BH for-
mation.

While some models of CCSN yields have assumed a
simple cut in zero-age main sequence mass (Mzamg) to
separate explosions and BH formation (e.g., Limongi &
Corresponding author: Emily Griffith Chieffi 2018), theoretical studies suggest that the “land-
griffith.802Qosu.edu scape” of BH formation is complex, showing regions

To explode, or not to explode? That is the question at
the end of every massive star’s life. Its death, through
Fe-core collapse, can result in a successful explosion with
associated nucleosynthesis and neutron star formation,
a failed explosion/implosion with production of a black
hole (BH), or a successful explosion with subsequent fall-
back that triggers BH formation (e.g. Heger et al. 2003;
Miiller 2020). Empirical results support the existence of
all three pathways, as it is clear that some stars explode
as core collapse supernovae (CCSN) and leave behind
a neutron star, while it is also clear that stellar mass
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of explosions interleaved with regions of collapse (e.g.
Ugliano et al. 2012; Pejcha & Thompson 2015; Sukhbold
et al. 2016; Ertl et al. 2016). The complex nature of
the explodability landscape emerges from intricacies of
shell evolution in massive progenitors, such as the lo-
cation and timing of the C and O burning shell (e.g.
Sukhbold & Woosley 2014), which affects density and
entropy structures of pre-collapse cores. Explosions of
stars with Mzams > 40Mg are sensitive to mass loss
and its effect on compactness of the stellar core. The
works cited above and the landscapes that we will ex-
plore in this paper report a binary ‘yes’ or ‘no’ to BH
production for a given Mzanms and metallicity. The true
BH landscape may be even more complex, with each
star having a probability of explosion that depends in
detail on its composition, binarity, mass loss, and other
properties (Clausen et al. 2015). The binary landscapes
shown here should be taken as representing the most
likely explosion outcome at a given Myzans.

We base our yield predictions on the solar metallicity
supernova models of Sukhbold et al. (2016, hereafter
S16). A similar study of yields at higher and lower
metallicities would be interesting as well, but we fo-
cus on solar Z due to the availability of quality stel-
lar models and yields. While massive star explodability
has been modeled for other metallicity ranges (e.g. Pe-
jcha & Thompson 2015), stellar yields for complex BH
landscapes have not yet been calculated at non-solar Z.
S16 consider a range of “engines,” corresponding to dif-
ferently calibrated neutrino transport explosion models.
Relative to models that adopt a simple arbitrary mass
cuts and explosion energies (e.g. Woosley & Weaver
1995), adopting calibrated neutrino driven central en-
gines gives a more physically informed view of CCSN
and the BH landscape (O’Connor & Ott 2011; Ugliano
et al. 2012; Horiuchi et al. 2014; Sukhbold & Woosley
2014; Pejcha & Thompson 2015; Ertl et al. 2016; Miiller
et al. 2016; Sukhbold et al. 2016; Ebinger et al. 2019;
Mabanta et al. 2019; Ertl et al. 2020). But BH land-
scape models pose their own uncertainties including the
fact that they are not truly ab-initio, its reliance on ar-
bitrary calibrations (often to SN 1987A), and its highly
approximate treatments of multi-dimensional effects. In
addition, the current theoretical understanding is only
weakly supported by observations (e.g., direct progeni-
tor imaging, Smartt 2015; Adams et al. 2017).

We explore how more or less explosive models impact
elemental ratios and present the yield differences be-
tween landscapes with islands of explodability and those
with upper mass cutoffs. Our tabulated yield predic-
tions can be adopted in GCE models to represent a va-
riety of assumptions about BH formation. These yields

and their consequent abundance ratios can also be used
as an observational diagnostic of the Milky Way’s BH
landscape. If the IMF'-averaged yields of two elements
have different dependence on explodability, then their
ratio would differ between landscapes. We aim to de-
termine which elements might have the most variation
with BH landscape, and which elemental ratios would be
the best diagnostics of BH formation. We strive to find
abundance ratios that could separate landscapes with
islands of explodability from those with a simple max-
imum explosion mass, as well as abundance ratios that
could distinguish between the more and less explosive
scenarios.

Uncertainties in CCSN yields are an ongoing issue in
GCE models, as empirical yield estimates do not agree
with CCSN yields for some elements. One such exam-
ple is the overproduction of O or underproduction of
Mg. The dominant production of these two elements in
CCSN (Andrews et al. 2017) suggests that CCSN yields
should reproduce the solar O /Mg ratio, but many solar
metallicity studies find Mg underproduction (Sukhbold
et al. 2016; Rybizki et al. 2017; Limongi & Chieffi 2018).
We explore the severity and implications of CCSN yield
discrepancies with empirical results and discuss the abil-
ity of IMF changes or more/less explosive BH landscapes
to resolve the inconsistencies.

CCSN yields are traditionally compared to and eval-
uated against the solar mixture. The sun, however,
holds material produced from a variety of processes, in-
cluding CCSN, Type-Ia supernovae (SNIa), and asymp-
totic giant branch (AGB) stars. Weinberg et al. (2019)
introduced an empirical “two-process” model that iso-
lates the CCSN and SNIa contributions to elements in
Milky Way disk stars by fitting the median abundance
trends of high-[Mg/Fe] and low-[Mg/Fe] stellar popula-
tions. We compare our theoretical yield predictions to
the CCSN abundance patterns inferred from these em-
pirical decompositions by Weinberg et al. (2019) and
Griffith et al. (2019), based respectively on data from
the APOGEE? (Majewski et al. 2017) and GALAH?
(De Silva et al. 2015; Martell et al. 2017) surveys. Al-
though these decompositions have uncertainties due to
the simplicity of the model and systematic uncertain-
ties in the APOGEE and GALAH abundances, they are
clearly a step in the desired direction, allowing a more
accurate assessment of the models’ success and failures

1 IMF = Initial Mass Function

2 APOGEE = Apache Point Observatory Galactic Evolution Ex-
periment, conducted as a part of the Sloan Digital Sky Survey
ITI (SDSS-III Eisenstein et al. 2011) and IV (Blanton et al. 2017)
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than a simple comparison to solar abundances without
accounting for SNIa or AGB contributions.

We begin with a more detailed discussion of our CCSN
models in Section 2, outlining the construction of a new,
fully exploding yield set. We explore the dependence
of elemental yields on Mzang in Section 3 and discuss
the power of pre-SN properties in predicting successful
explosions. In Section 4 we present the IMF-averaged
abundances for all of our explosion landscapes and com-
pare their relative abundance ratios in Section 5. Here
we discuss abundance ratios that may be diagnostic of
the BH landscape, compare our results with empirical
data, and explore the differences between the complex
and simple BH landscapes. Section 6 discusses sources
of uncertainty in our predictions, implications of our re-
sults for supernova physics, and the impact of choice of
IMF. We summarize our results in Section 7.

2. CCSN YIELDS

In this paper, we explore the CCSN yields based on 1-
dimensional calibrated neutrino—driven explosion mod-
els from S16. The 200 pre-SN stars used in S16 were
non-rotating solar metallicity models computed with the
implicit hydrodynamics code KEPLER (Weaver et al.
1978), ranging in birth mass between 9 — 120 M.
Lower and intermediate mass (Mzams < 30Mg) mod-
els were from Woosley & Heger (2015) and Sukhbold &
Woosley (2014), and higher mass models were utilized
from Woosley & Heger (2007). The evolution from the
Fe-core collapse through core bounce and post-bounce
accretion were followed with P-HOTB (for details see
also Ertl et al. 2016; Ugliano et al. 2012), and the nucle-
osynthesis of stars that produced a successful explosion
were computed with KEPLER by mimicking the results
of P-HOTB.

2.1. Engine-driven Ezplosions

The explosion “engines” of S16 were based on five dif-
ferent calibrations to SN 1987A (519.8, N20, W15, W18,
W20), used for stars with masses > 12Mg), and a sin-
gle calibration to SN 1054 (Z9.6) that is used for lighter
stars. The Z9.6 engine is used in conjunction with the
SN 1987A-calibrated engines to obtain mass coverage
from 9 — 120 M. The final outcomes for each pre-SN
star, i.e., whether the star explodes or not and the prop-
erties of the explosion in successful SNe, are uniquely
tied to the pre-SN core structure of the progenitor. We
refer to the collective outcomes on the mass-space as the
explodability landscape or as the BH formation land-
scape. The successful explosions from Z9.6+W18 and
79.64+N20 combinations are illustrated as vertical bars
in Figure 1, similar to Figure 13 in S16.

The published yields from S16 include all species up
to 299Bi, and cover Z9.6+W18 and Z9.6+N20 results.
In each successful explosion the yields include contribu-
tions from the ejected SN matter and mass loss during
hydrostatic stellar evolution, which we refer to generi-
cally as winds. The yields for stars that failed to explode
include the contribution from winds alone. While a sig-
nificant fraction or all of the remaining stellar envelope
could be ejected during the implosion (e.g., Lovegrove
& Woosley 2013), it has a negligible input to the yields
and is ignored in this study for simplicity.

The yield contributions from supernova ejecta are all
computed at 200 seconds after the Fe-core collapse,
when all of the explosive nucleosynthesis has ended. To
account for some of the subsequent decay of radioactive
isotopes we convert all 26 Al to 26Mg and all 5°Ni to *°Fe.
While other radioactive species introduce small changes
to the final yield, we only force the decay of 26Al and
%6Ni as we will discuss Fe and Mg in detail within this

paper.

2.2. Creating a Fully Fxploding Yield Set

To conduct the desired comparison between BH land-
scapes of varying degrees of explodability, we require
explosion results and their corresponding sets of yields
for each case. Ideally this should be done by per-
forming a diverse range of calibrations to the neutrino-
powered engine and by following the nucleosynthesis in
each successful explosion. However, in this paper we
pursue a much simpler approach utilizing the existing
models of S16 and without creating any new neutrino-
hydrodynamics calculations. Based on the properties of
79.6+W18 results from S16 we construct a baseline set
of yields in which all stars die in a supernova. This is
achieved by effectively forcing all stars that were deemed
to implode by the W18 engine to explode instead. All
new models were computed using KEPLER with its pis-
ton scheme and large nucleosynthesis network.

We compute these artificial explosions (shown as dot-
ted lines in Figure 1) in a way that somewhat mimics
the characteristics of successful explosions of the W18
engine. In particular, we observe the unique correla-
tions between the properties in the presupernova core
structure of progenitor stars and their key explosion
properties (e.g., final mass separation, kinetic energy of
the explosion). For instance, as had been noted before
(e.g., Sukhbold et al. 2018; Woosley et al. 2002), the
final mass separation in neutrino-driven explosion simu-
lations closely tracks the so-called M, point in the core,
the mass coordinate where the entropy per baryon ex-
ceeds 4/kp going outward, often found at the base of
the last O burning shell. In addition, the time of the
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Figure 1. Z9.6+W18 (top, orange), Z9.6+N20 (middle, pink), and All Explode (bottom, purple & blue) landscapes. These
maps show the progenitor masses which explode as CCSN under each explosion engine in color and those which collapse in grey.
All Explode shows the Z9.6+W18 explosions in purple and the masses where we force explosions as dotted blue lines. We have

changed the x-axis scale at 34M, for ease of viewing.

bounce and the final explosion energies are tightly cor-
related with the radial gradient of mass at the location
of My, often referred to as ps. The bounce is delayed
and generally leads to lower kinetic energies when the
entropy jump is steeper.

These correlations were used to construct the motion
of the piston in our artificial explosions. The final mass
separation is directly set by the Lagrangian coordinate
of My, while bounce time and the final kinetic ener-
gies are determined through a simple linear fit based on
their relations to p4. The inward parabolic collapse of
the piston is governed by the mass cut and the radial
(taken as a constant 135 km) and temporal coordinates
of the bounce. The outward motion from the bounce
point until 10? cm is obtained by iterating on the grav-
itational potential until the final kinetic energy of the
ejected material is obtained (for details see section 3.2
of S16). Once the hydrodynamics converge, we extend
the calculation to 200 seconds using a large nucleosyn-
thesis network.

Our fully exploding yield set, which we refer to as ‘All
Explode’ in the rest of the paper, is created by compil-
ing together the 79.6+W18 yields from S16 with these
forced artificial explosion results. This baseline set al-
lows us to construct yields based on any desired explo-
sion landscape. As a simple test of this concept, we
take a set of yields based on a different engine combi-
nation (Z9.6+N20) and compare it with yields we ob-
tain from our baseline ‘All Explode’ set after we impose
the Z9.6+N20 explosion landscape (see Figure 1). We
find almost identical results, suggesting that the yields
estimated from an interpolation of artificial explosions,
described above, are a reasonable representation of the

explosive yields these stars would have had, if they did
explode.

3. EXPLOSIVE & WIND YIELD DEPENDENCES
ON PROGENITOR PROPERTIES

3.1. Yield & Progenitor Mass

The IMF-averaged yield of some element, X, produced
by a CCSN model is dependent upon the BH landscape,
as stars of different birth masses may or may not con-
tribute to it depending on their final outcome. Even
if all stars did explode, not all elemental yields follow
the same mass dependence. Figure 2 plots the final ex-
plosive yields along with wind contributions and birth
abundances for C, N, O, Si, Mn, and Fe for our All
Explode CCSN model. By “explosive yield” we refer
to the final yield in the ejected material after the CCSN
explosion, and the “wind yield” refers to elemental mass
lost prior to the supernova during the star’s hydrostatic
evolution. For a given element, if the star does not expe-
rience significant production or enrichment (e.g., due to
mixing) in its outer layers then the wind yield is nearly
equal to the birth abundance. Stars that collapse to BH
without a supernova will only release their wind yields
to the ISM but not their explosive yields.

We clearly see that the yield of each element has a
unique mass dependence. The explosive C yield mono-
tonically increases across all mass ranges, while the wind
yields jump rapidly at 40Mg and become the dominant
source of C production at all higher masses. Wind yields
also dominate the production of N above 30Mg, though
they increase more gradually than C. Explosive N yields
steadily increase, then turn over at around 23Mg, the
birth mass at which the presupernova star retains the
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Figure 2. Explosive (dark purple, solid line) and wind (dark orange, dashed line) yields in Mg produced per star of a given
progenitor mass for C (top left), N (top right), O (middle left), Si (middle right), Mn (bottom left), and Fe (bottom right).
The elemental birth abundances per star are also plotted as the grey dotted line. Background colored lines indicate successful
explosions under the Z9.6+W18 engine (light purple) and forced explosions (light orange). The wind yields of C and N run off
the upper end of the plot, but continue on their trajectory for high masses, with values of 6.562Mg (C) and 0.196Mg (N) at

Mzams = 60Mg.

highest mass H-envelope. Because N is the bottleneck
of the primary CNO-cycle, its explosive yield is tightly
correlated with the envelope mass of the presupernova
star.

The explosive O yield, substantially contributed by
the He and C burning shells, mirrors C for stars of pro-
genitor mass 9—40Mg, then decreases for stars of higher
mass. Due to its tight correlation in this mass range, O
is often utilized as a proxy for estimating the birth mass

(or the He-core mass)* of Type II supernova progenitors
(e.g., Jerkstrand et al. 2015). The wind yield remains
comparable to the birth abundance until ~ 40M,, but
it then increases to nearly equal the explosive yields for
stars with masses greater than 40Mg. The yield behav-
ior of C and O changes around 40Mg, as the pre-SN
models from S16 begin to shed their He and C shells
in winds for Mzams 2 45Mg. As the He and C shells

~

are lost, explosive yields from He and C diminish, and

4 Following standard usage, the term “He-core mass” refers to the
central zone comprised of elements heavier than H, including He,
C, O, etc.
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correspondingly the wind yields of C, N, and O increase.
The exact Mzanms where stars completely lose their H-
envelope, and how much of the He and C shells gets
stripped away at higher masses, is not precisely known.
Envelope and shell retention depend sensitively on the
red supergiant and Wolf-Rayet mass loss rates, both
of which are poorly constrained (e.g., Beasor & Davies
2018; Yoon 2017), remaining one of the key uncertainties
of massive star evolution models.

The explosive yields of Si, Mn, and Fe, elements made
deeper in the star or ejecta, behave differently and have
more variation than O, C, and N. Explosive Si yields
have broad peaks at 23 and 40Mg. The sharp peaks
around 20Mg and 26Mg correspond to models where O
and C burning shells have merged in the final few years
of evolution (e.g., Sukhbold & Woosley 2014). Wind
yield contributions to Si remain small regardless of pro-
genitor mass; the net yields after subtracting birth abun-
dances are nearly zero.

The explosive yields of Mn and Fe also peak at around
23Mg and 40My, and their wind yields are comparable
to birth abundances for both elements at all masses, in-
dicating no net wind production. The explosive yields
of Mn and Fe (also Si) tightly correspond to core struc-
ture of pre-SN models, which plays an important role
in determining properties of the explosion and the nu-
cleosynthesis of Fe-group species. The lightest massive
stars have highly compact structures where the density
drops steeply outside their small Fe cores, which leads
to lower energy explosions and smaller production of
Fe-group species. These stars are also easier to blow
up because the amount of ram pressure that needs to
be overcome to produce an explosion is smaller due to
rapidly declining density. The opposite is generally true
for higher mass stars, due to the interplay of convective
burning episodes in their cores during the final few thou-
sand years. This causes final structures that are highly
non-monotonic as a function of birth mass (Sukhbold
& Woosley 2014; Sukhbold et al. 2018). The variations
seen in the yields of Si, Mn, and Fe (Figure 2) are largely
driven by the changes in the structure of the pre-SN stel-
lar core.

One simple way of characterizing this final structure
is the compactness parameter (€2 5), which measures the
inverse of the radius enclosing the innermost 2.5Mg in
the pre-SN star (O’Connor & Ott 2011). The correla-
tion of yield with compactness parameter can be seen in
Figure 3, which plots &5.5 vs. Mzams with points colored
by the normalized explosive yield for C, N, O, Si, Mn,
and Fe. Smaller & 5 corresponds to stars with steeply
dropping density outside the Fe core that are easier to
explode, and higher values represent stars with dense

extended cores. Many of the highest &5 5 models do not
die in a supernova under the 7Z9.6+W18 engine, but if
they are forced to blow up, as we explore in this study,
they create powerful explosions and produce substan-
tial amounts of Mn, Fe, and other Fe-peak elements. In
Figure 3, the elements whose explosive yield correlates
with &9 5, such as Mn and Fe, show a color gradient from
bottom to top. This figure also illustrates Myzanms-yield
correlations, as elements whose explosive yields increase
with progenitor mass have a color gradient progressing
from left to right (e.g. C and O).
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Figure 3. Compactness parameter (£2.5) as a function of
stellar progenitor mass, colored by the normalized elemental
explosive yield (omitting wind contributions) of C (top left),
N (top right), O (middle left), Si (middle right), Mn (bottom
left), and Fe (bottom right). The points are the same in each
panel but the color gradient changes. Elements whose yield
increases primarily with mass (e.g. O) show a gradient left
to right. Elements whose yield increases strongly with com-
pactness parameter (e.g. Fe) show a gradient from bottom
to top.

While we only include the yield vs. mass trends for
six elements in this section, similar plots for all other
elements included in S16 can be found in Appendix A
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(Figure 12). The trends of other elements can largely
be categorized by their likeness to four of the elements
discussed above:

N-like: He resembles N, peaking at 23Mg. It too has
substantial contribution from winds above 45My as the
outer shell begins to be stripped away.

O-like: Ne, Mg, Al, Cu, Zn, and all heavier elements
(Ga to Mo) trace O, though with minor wind yields
above 40Mg. Na and F resembles O to some extent,
but they show more variation with mass. The drop in
Na yields at 40Mg is likely due to the loss of the C-
shell and diminishing ?3Na production. Similarly, the
explosive yields of the weak s-process elements that are
formed inside the He-shell decline at this mass

Si-like: elements substantially contributed by O and
Ne burning such as P, S, Cl, Ar, K, Ca, and Sc resemble
the general variations seen for Si. They weakly mir-
ror the changing core structure, and they often exhibit
the narrow peaks around 20Mg and 26Mg due to late
shell mergers. As pointed out by Ritter et al. (2018),
these mergers are efficient sites for the production of
odd-Z species. We see these mergers rarely and only at
high birth mass (Mzams > 19), in a rough accord with
some of the prior studies (e.g. Rauscher et al. 2002; Tur
et al. 2007). However, we note that their extent and oc-
currence rate are highly uncertain and are sensitive to
the treatment of convective physics as well as any small
changes during the advanced stage of evolution.

Fe-like: Ti, V, Cr, Co, and Ni strongly correlate with
compactness parameter, like Mn and Fe. All are Fe-peak
elements and produced from similar nucleosynthetic pro-
cesses.

3.2. Predicting Ezplodability from pre-SN Properties

With the All-Explode models, we can investigate any
BH landscape. However, there are characteristics of the
pre-SN models that impose patterns on the stars that
are likely to explode or implode, creating a physically
motivated way to probe a finite range of BH landscapes.
Ugliano et al. (2012), Pejcha & Thompson (2015), S16,
and others have found that neutrino-powered CCSN
produce a rather complicated landscape of explodabil-
ity, with regions of explosions and regions of implosions.
S16 provide five possible CCSN landscapes, based on five
different calibrations, each sampled finely at the lower
masses and coarsely at the highest masses. In this sec-
tion, we produce a wider range of explosion landscapes.
Rather than conduct a slew of computationally expen-
sive stellar evolution and explosion models, we construct
artificial landscapes by utilizing the properties of pre-SN
stellar cores in combination with existing results of S16.

Many works have searched for correlations between
the final outcomes and stellar properties prior to col-
lapse. Simple parameters probing the pre-SN core struc-
ture, such as compactness or the Fe-core mass, can only
serve as an approximate proxy to predict some CCSN
explosions (O’Connor & Ott 2011; Pejcha & Thomp-
son 2015; Ertl et al. 2016). Ertl et al. (2016) instead
propose a two-parameter approach, leveraging the com-
bination My and Mypuy, which are linked to the mass
infall rate and neutrino luminosity. Based on their cal-
ibrated neutrino-driven simulations (which also under-
lie calculations of S16) they construct a ‘critical curve’
for separating explosions and implosions. With these
two parameters, Ertl et al. (2016) are able to success-
fully predict the final outcomes of 97% of the progenitor
models across the entire birth mass range, whereas with
simple proxies alone the success does not exceed ~90%.

For the Z9.6+W18 engine, Ertl et al. (2016) find that
the exploding and non-exploding models are well sepa-
rated by a line at

fta = 0.283M 14 + 0.043. (1)

Models with p4 below this line explode while those above
do not. We show this dividing line alongside the gy
and Myuy parameters from S16 in Figure 4. Successful
explosions are colored by Mzanms and failed explosions
are in grey.
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Figure 4. The p4 vs. Mypq values for progenitor stars from
S16. The dividing line from Ertl et al. (2016) (Equation 1)
has been overplotted as the dashed black line. Ertl et al.
(2016) predict that stars above this line collapse while those
below explode. Successful explosions are colored by Mzawms
and failed explosions are plotted in grey.
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Other engines have similar slopes but different inter-
cepts, with a larger intercept corresponding to a more
energetic (and more explosive) engine. We leverage this
regularity and the predictive ability of Ertl et al. (2016)’s
model to construct continuous BH landscapes. We take
Equation 1, round the slope to 0.28, and replace the
intercept with the variable ey to define

B(M) = 028M4,U4 — M4 + €p (2)

as a function that can predict the success or failure of the
explosion of a given progenitor. A progenitor of mass M
with e(M) > 0 explodes and one with e(M) < 0 does
not. This function allows us to choose eg, and thus the
explodability of our landscape. For 79.6+W18, e =
0.043. With this eg, the model of Equation 2 produces
a landscape resembling the top row of Figure 1. A higher
(lower) eo value corresponds to a more (less) energetic
explosion and a more (less) explosive landscape.

For a given e value, we calculate e(M) from the My
and p4 parameters for all ~ 200 pre-SN models used
in S16. By interpolating between e(M) values, we can
determine the explodability at any Mzanms, not just the
79.6+W18 mass grid points. If M; does not explode
and M;;1 does, we can use the interpolation in e(M) to
find the transition mass (M;) between an explosion and
non-explosion, and define a continuous BH landscape.

Figure 5 shows landscapes for 20 values of ey, rang-
ing from 0.025 to 0.07. For low values of eg, the suc-
cessful explosions only occur for stars of progenitor
masses < 156Mg and with narrow islands near ~ 20
and 26Mg. These landscapes are similar to the weak-
est engines of 516 (W20 and W15), and the explosions
correspond to progenitors with the lowest compactness
parameters (Figure 3). Landscapes produced from e of
0.04 — 0.05 resemble those of Z9.6+W18 and Z9.64+N20
engines with many islands of explodability. At the high-
est eg values, we construct landscapes that have more
explosions than the most powerful one considered by S16
(S19.8) and approach the All Explode landscape for the
highest eg.

Our predicted continuous explosion landscapes pro-
vide a proxy for a finely sampled grid of neutrino driven
CCSN explosions. While this prescription cannot cap-
ture the properties of individual explosions in any de-
tail, it can clearly approximate the complex dependence
of the final outcomes on the non-monotonically varying
progenitor core structures, and on the varying power of
calibrated neutrino-driven engines.

4. IMF-AVERAGED YIELDS

In this section we compute and compare the IMF-
averaged yields and yield ratios predicted by the

79.6+W18, Z9.6+N20 (S16), and All Explode yield sets
(Section 2.2) along with an upper mass cut landscape
and the 20 predicted continuous explosion landscapes
constructed above.

To calculate the IMF-averaged yields of the
79.6+W18, Z9.6+N20, and All Explode yield sets, we
employ the Versatile Integrator for Chemical Evolution
(VICE, Johnson & Weinberg 2020). VICE allows us to
easily manipulate settings in our integration. Through
it we can specify the desired element, the IMF function,
and the upper/lower mass bounds on star formation.
With this paper, we publicly release the addition of the
79.6+W18 and Z9.6+N20 yield sets (S16) as well as
the All Explode yield set (Section 2.2) to VICE for the
reader to independently explore. We also add three new
parameters to the CCSN IMF integration routine:

1. Explodability function: For fully exploding
yield sets (i.e., those that report explosive yields
for all stellar masses), the user can specify an ex-
plodability function — a function that assigns a
value from 0 to 1 to a given stellar mass indicat-
ing if it successfully explodes (1), implodes (0), or
contributes some fractional value of the total ex-
plosive yields (e.g., 0.5).

2. Inclusion or exclusion of winds: We add a
parameter to specify if wind yields are included in
the integration. When winds are turned on, VICE
integrates the sum of explosive and wind yields.
If turned off, VICE only integrates the explosive
yields. This function works for yield sets that re-
port wind and explosive yields separately.

3. Net vs. gross yields: We add tables of birth
abundance values assumed by each yield set to
VICE along with a flag to calculate net or gross
yields. Net yields may return a negative value
if the birth amount is more than the amount re-
turned.

With the addition of these parameters, the IMF-
averaged net yield can be expressed as

CcC _ fgu(E(m) (yx,exp) — mby + yX,Winds)%dm
) flu m%dm

» (3)

where E(m) is the explodability function, yx exp is the
explosive yield, ¥x wind is the wind yield, and by is the
birth abundance (per Mg) for a star with Mzams = m.

For the results shown in this paper, we calculate IMF-
averaged yields using the Kroupa (2001) IMF. These
are net yields that include wind contributions. Elemen-
tal gross yields calculated with VICE are similar to net
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Figure 5. Continuous explosion maps as a function of progenitor mass for a range of ey values. Lines are colored by eg with
lighter, yellow lines indicating low eo and darker, purple lines indicating high eo. White space indicates mass regions which
collapse to BHs. The Z9.64+W18 explosion model has an ey = 0.043.

yields for many elements and are most similar for the
All Explode landscapes. The distinction between gross
and net yields is insignificant for elements whose pro-
duction is dominated by CCSN, as the birth abundance
is a small fraction of the gross yield. Elements with sig-
nificant non-CCSN sources and whose birth abundance
is thus a larger fraction of their yield, such as Mn and s-
process elements, vary the most between net and gross
yields. The gross Mn yields, for example are a factor
of ~ 1.5 larger than the net yields for the All Explode
landscape and a factor of ~ 3 larger for the Z9.6+W18
landscape. Because we isolate the CCSN contribution to
solar abundances in our data comparisons in Section 5,
we consider the net yield comparison to be more rele-
vant. We note that if only considering winds, the dis-
tinction between gross and net wind yields is significant,
as the wind yields and birth abundances are comparable
for many elements (see Figure 12)

We also make frequent use of VICE’s explodability
function. For example, we produce an Explode to 40Mg
yield set by integrating the All Explode yields (Sec-
tion 2.2) with the explodability function

1 if M < 40Mg
0 if M > 40Mg

(4)

to produce IMF-averaged yields for an explosion land-
scape with an upper explosion mass of 40Mg. The IMF-
averaged yields for the Z9.6+W18, Z9.6+N20, Explode
to 21Mg, Explode to 40Mg,, and All Explode yield sets
are given in Table 2. Individual stellar yields for the
79.6+W18 yield set can be found in VICE through the
look up function vice.yield.ccsne.table(element,
study=‘S16/W18’) or study=‘S16/W18F’ for the All
Explode yields.

IMF-averaged yields for the continuous explosion
landscapes predicted from the linear interpolation of

My and p4 parameters (Section 3.2) are not calculated
with VICE. The continuous nature of these landscapes
allow us to collapse the integral in Equation 3 to a
discrete sum where the trapezoid rule returns the ex-
act result, regardless of the spacing or regularity of the
grid on which e(M) is tabulated, using linear interpo-
lation to find the transition masses that separate ex-
ploding and non-exploding models for a specified ey,
defined by e(M;) = 0. In practice, this computation
gives yields very similar to those computed by VICE for
the same explodability, but the exact trapezoidal sum
applies for linear interpolation of the product of IMF
and yield, while VICE adopts linear interpolation of the
yields themselves.

4.1. Absolute Yields

We plot the IMF-averaged yields for 30 elements,
spanning C to Nb, in Figure 6. The yields are in Mg
of element produced per Mg of stars formed, making
them dimensionless. The top panel includes the IMF-
averaged yields for the Z9.6+W18, Z9.6+N20, Explode
to 40Mg, and All Explode landscapes. The absolute net
yields of these models for all elements included in S16
can be found in Table 2. The bottom panel of Figure 6
shows the range in IMF-averaged yields obtained by our
20 continuous explosion landscapes.

Through this figure, we can compare two complex BH
landscapes with a landscape with an upper mass ex-
plosion boundary and a landscape with everything ex-
ploding. We see that the Z9.6+W18 and Z79.64+N20
landscapes produce similar absolute yields for most ele-
ments. The additional explosions in Z9.6+N20 only in-
crease yields relative to Z29.6+W18 by a small amount.
We see larger differences between the Z9.6+W18/N20
landscapes and the Explode to 40M models, with vari-
ations exceeding a factor of 3 for many elements. These
differences are largest for the weak s-process elements,
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but substantial for Na, Mg, Al, and the Fe-peak. The
All Explode and Explode to 40Mg yields are strikingly
similar, with no element showing variation larger than
a factor of two. At least with the mass loss prescription
adopted by S16, the explosive yields of nearly all ele-
ments decline for M > 40Mg (see Figure 12), so with
a declining IMF these stars cannot contribute much to
the integrated yield. While it is unlikely that all stars
successfully explode, the All Explode model gives us an
upper limit on the potential elemental yields produced
by CCSN.

In the bottom panel of Figure 6 we show the absolute
yields calculated for 20 continuous explosion landscapes,
as described in Sections 3.2 and 4. We plot the yields
for all ey values and landscapes in Figure 5 — from very
few explosions (eg = 0.025) to almost all stars explod-
ing (eg = 0.07). The absolute yields span an order of
magnitude or more for all elements except C and N,
though much of this variation is for landscapes less ex-
plosive than 79.6+W18. In our subsequent analysis and
discussion we will not consider landscapes less explo-
sive than 79.6+W18. These landscapes are too weak to
explain the abundances of light s-process elements and
fail to produce sufficient Si and O, (Brown & Woosley
2013, S16). In support of these works, we find that
the Z9.6+W18 with a Kroupa IMF has the minimum
explodability necessary to reach solar O and Mg abun-
dances (see Section 6).

IMF-averaged yields shown here include winds that
are released regardless of the ultimate fate of the core,
but these only contribute significantly to He, C, N, O,
F, Ne, and Na, four of which are shown in Figure 6.
These elements have net wind yields that are compara-
ble to or exceed the explosive yields for Mzams 2 40Mg .
While other elements have substantial wind yields at
high masses, they are matched by the birth abundance.
IMF-averaged net C and N wind yields exceed the IMF-
averaged explosive yields by a factor of 3 and 1.5, respec-
tively. The net O wind yields are 10% of the explosive
O, and the net Na wind yields ~ 1% of the explosive Na.
Winds contribute less than 1% to the net IMF-averaged
yields of all other elements.

In both sets of absolute yields, all elemental abun-
dances increase with increasingly explosive landscapes.
C and N show very small changes between the explod-
ability models. Their IMF-averaged yields in My per
Mg formed are almost independent of explosion land-
scape or mass cutoff due to their dominant production
in the stellar winds, independent of explodability. The
constant absolute yield of C and N could make them
very useful as observational constraints on the BH land-
scape, provided one can adequately isolate the CCSN

contribution to their abundance. We find some varia-
tion between the Z29.6+W18 and Explode to 40Mg land-
scapes for the light-Z elements, a larger amount for the
« and Fe-peak elements, and the greatest variation in
the weak s-process elements. We do not show the W18
and N20 yields for the heaviest elements as the birth
abundances exceed the gross yields.

4.2. The O/Mg Problem: Owverproduction of O or
Underproduction of Mg?

In this section we take a closer look at the IMF-
averaged yields of O and Mg, two elements produced
almost entirely by CCSN (Andrews et al. 2017; Rybizki
et al. 2017) that can be robustly measured by spectro-
scopic surveys. Their pure CCSN origin implies that
solar metallicity CCSN models should reproduce the so-
lar O to Mg ratio. However, this is not the case: solar
metallicity CCSN models underproduce Mg relative to
O. Limongi & Chieffi (2018) see Mg underproduction in
all of their yield sets and find that it is worsened by
the inclusion of stellar rotation. This is further sup-
ported by Prantzos et al. (2018), who find significant
Mg underproduction in their Galactic chemical evolu-
tion model that employs the Limongi & Chieffi (2018)
yields. Mg underproduction relative to O can also be
expressed as O overproduction relative to Mg. In Grif-
fith et al. (2019), we find that the Z9.6+W18 yield set
from S16 and the yields used by Rybizki et al. (2017)
overproduce O relative to Mg by a factor of 1.5 — 2.

What is causing this discrepancy between O and Mg?
To understand which mass ranges are contributing to
the problem in our yields, we calculate the IMF-averaged
abundances in four mass ranges: 8 — 16Mg), 16 — 32Mg),
32 — 64Mg and 64 — 120Mg. We plot the the resulting
net yields in the top (O) and middle (Mg) panels of
Figure 7 for the Z9.6+W18 and All Explode cases. The
bottom panel shows the [O/Mg] ratios calculated for the
yield in each mass bin, where

[X/Y] = log;o(X/Y) — log1o(X/Y)e. (5)

We find that all four mass ranges significantly con-
tribute to the total O abundance for both landscapes,
with stars of 16 — 32Mg and 32 — 64Mg dominating
the production. Though few stars in the two largest
mass bins explode under the Z9.6+W18 model, the O
yields are non-zero due to significant wind yields from
high mass stars. Mg, however, has insignificant net
wind yields, causing IMF-averaged abundances of the
W18 landscape to be negligible for the stellar mass
ranges 32 — 64Mg and 64 — 120Mg. The 7Z9.6+W18
yields slightly overproduce O relative to Mg for stars of
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Figure 6. Top: IMF-averaged yield for the All Explode model (dark blue), Explode to 40Mg (purple), Z9.6+N20 (pink), and
79.6+W18 (orange) yield models for a range of elements. Bottom: IMF-averaged yields for the range of eg values displayed in
Figure 5. Darker/purple points indicate a larger ep (more explodability) and lighter/yellow points indicate a smaller eg (less
explodability). The hollow black star shows the yields for the Z9.6+W18 set as a comparison (same as top panel). Both panels
contain a bar denoting a factor of three for comparison. If an element does not have a model plotted, that model produces a

negative net yield.

8 — 16Mg and 16 — 32M,, but they drastically overpro-
duce O in the 32 — 64M and 64 — 120Mg mass bins.
When all stars explode, explosive nucleosynthesis from
high mass stars raises both the O and Mg yields. The
impact is larger for Mg because O wind yields would
be present even without explosions. Thus, while O is
still overproduced, the severity of the overproduction is
lessened. We find O overproduction (or Mg underpro-
duction) by a factor of 3.7 for the Z9.6+W18 landscape
and a factor of 2.5 for the All Explode scenario, assum-
ing the Asplund et al. (2009) solar abundances discussed
below (see Table 1). While at face value this argues for
a landscape with minimal BH production, the likelihood
of all stars exploding is slim. We suspect that resolving
the O/Mg problem will require a change to the nucle-
osynthesis predictions in the pre-SN phase of massive
star evolution, but the origin of this physics is not obvi-
ous. We return to this issue in Section 6.2 below, where
we conjecture that the resolution will be one that both
decreases the O yield and increases the Mg yield.

The dependence of the IMF-averaged O/Mg ratio on
explodability could provide a mechanism for metallic-
ity dependent [O/Mg] trends. While IR studies, such
as APOGEE, find no metallicity trend in [O/Mg] ratios
(Weinberg et al. 2019), optical studies, like GALAH,
find that [O/Mg] decreases as a function of increasing
[Mg/H] (Griffith et al. 2019; see also, e.g., Bensby et al.
2014). This disagreement on the metallicity dependence
of O abundances may stem from 3D non-LTE effects af-
flicting optical abundances derived from the O triplet
(O1 7772, OI 7774, and OI 7775A) (e.g. Kiselman 1993;
Amarsi et al. 2015) or from systematics in modeling the
molecular effects on the OH and CO lines, used to de-
rive O abundances in the IR (e.g. Collet et al. 2007;
Hayek et al. 2011). Observationally, the existence of a
metallicty dependent [O/Mg] trend remains uncertain.

At fixed mass, the Chieffi & Limongi (2004) and
Limongi & Chieffi (2006) models predict only modest
dependence of O and Mg yields on metallicity (see Fig-
ure 19 of Andrews et al. 2017). However, if BH forma-



12 GRIFFITH ET AL.

8.0e-03
6.0e-03
4.0e-03

2.0e-03

0.0e+00
4.0e-04

3.0e-04

Yield (M per M formed)
N
o
¢
o
=~

1.0e-04

LIS N L L L L B
1

0.0e+00
2.0 IIllll lI ll lI Il |I Il |I Il |I 1

—8— All Explode

- 79.6+W18

[O/M(]
—_
o
LU L L

| 1 1 1 1 L | I 1
10 15 20 30 40 60 80 12
Mass (Mg)

0.0~

Figure 7. Top and middle: O (top) and Mg (middle) yields
(in M per Mg formed) integrated under ranges of the stel-
lar IMF. Points indicate the total yield from stars of mass
8 — 16Mg, 16 — 32Mg, 32 — 64Mg and 64 — 120Mg for the
Z9.6+W18 explosion yield set (purple squares) and the All
Explode yield set (orange circles). Background colored lines
indicate successful explosions under the 7Z9.6+W18 engine
(light purple) and forced explosions (light orange). The grey
dotted line denotes a yield of 0. Bottom: [O/Mg] ratio cal-
culated for each mass bin.

tion is more prevalent at lower metallicity as some theo-
retical arguments suggest (Pejcha & Thompson 2015;
Raithel et al. 2018), then the changing explodability
landscape would cause higher O/Mg ratios at lower
[Mg/H]. It is difficult to say whether this trend could
be large enough to explain the trend found in optical
abundance studies without knowing the resolution to the
overall O/Mg normalization conundrum. The Chieffi &
Limongi (2004) and Limongi & Chieffi (2006) yields also
show a mild metallicity dependence for Si and Ca as well
as a stronger metallicity dependence for Al, Na, and Co
in the IMF-averaged yields from Andrews et al. (2017).
Many of these elements are also observed to have metal-
licity dependent trends in APOGEE and GALAH (e.g.,

Table 1. Table of solar O and Mg values (logex) from
Grevesse & Sauval (1998, GS98), Lodders (2003, LO03),
Asplund et al. (2009, AGS09), and Lodders (2010, L10).
[O/Mg] abundances are calculated with W18 yields accord-
ing to Equation 5 and included in the final column.

Set O Mg [O/Mg]
GS98 8.83 7.58 0.403
LO3 8.69 7.55 0.513
AGS09 8.69 7.60 0.563
L10 8.73 7.54 0.463

Weinberg et al. 2019; Griffith et al. 2019). We look
forward to investigating the metallicity dependence of
CCSN yields from complex BH landscapes with neutrino
powered explosions as they become available.

4.3. The O/Myg Solar Abundance Conundrum

Our work in the subsequent sections takes the recom-
mended photospheric solar O value from Asplund et al.
(2009), log eo = 8.69°. However, as the authors note in
their review, the solar O value has been disputed for the
last three decades. Today a 0.15 dex range still exists
between works of different analysis methods. For exam-
ple, asteroseismic O values from Villante et al. (2014)
find a higher logep = 8.85. While the O abundance
is disputed, the solar Mg value is more settled upon in
literature, with variations of only ~ 0.05 dex.

The uncertainty in the solar O value leads to some
uncertainty in the [O/Mg] value. In Table 1 we list the
O and Mg values from Grevesse & Sauval (1998), Lod-
ders (2003), Asplund et al. (2009), and Lodders (2010)
and calculate the [O/Mg] value for the Z9.64+W18 yields
with each set of solar abundances. Caffau et al. (2008)
recommend an O abundance of logeg = 8.76, but they
do not calculate the solar Mg value so we do not include
this source in the table.

We find a range of predicted [O/Mg] from 0.40 to 0.56.
The low solar O value from Asplund et al. (2009), as-
sumed here, returns the highest [O/Mg] value and thus
the largest implied O overproduction. Taking a higher
solar O abundance such as Grevesse & Sauval (1998)
could alleviate 0.1 — 0.15 dex of this discrepancy, but
would not completely resolve it. We continue to use so-
lar values from Asplund et al. (2009) in our subsequent
work, but we recognize that a change in the solar abun-
dance set may lessen the [O/Mg] discrepancy.

5. ABUNDANCE RATIO COMPARISON TO DATA

5logex = log(Nx/Ng) + 12, where Nx is the number density of

element X.
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Using the absolute yields in Table 2, we calculate
abundance ratios for a variety of BH landscapes. We
plot the [X/Mg] values for the Z9.6+W18, Z9.6+N20,
Explode to 40My, and All Explode landscape in Fig-
ure 8. In this section we will only show and discuss the
[X/Mg] and [X/O] values, but other ratios can be calcu-
lated using Equation 5 and the absolute yields (Table 2).
We choose to use Mg as our primary reference because it
is a pure CCSN element (Andrews et al. 2017) that can
be observed with accuracy and precision. It is used as
a reference element to empirically derive the CCSN and
SNIa contribution to elements in APOGEE (Weinberg
et al. 2019) and GALAH (Griffith et al. 2019). We would
expect a successful set of CCSN yields to achieve [X/Mg]
abundances near solar for a-elements, whose production
is dominated by CCSN, and slightly sub-solar for those
with more SNIa production, such as the Fe-peak ele-
ments.

The absolute Mg yields (Figure 6) are dependent upon
the BH landscape. They change by a factor of ~ 4.5 be-
tween the 79.6+W18 and All Explode models. There-
fore, the [X/Mg] value for an element whose absolute
yields also depend on the BH landscapes will reflect a
combination of Mg and X’s landscape dependence. If the
yields of element X have the same BH landscape depen-
dence as those of Mg, then the [X/Mg] values should
not change with the changing BH landscape. This is
the case for Ne, Na, Al, and Sc, which show only ~ 0.1
dex differences between the 79.6+W18 and All Explode
landscapes.

If an element shows less variation in absolute yield
than Mg, then the [X/Mg] values decrease with increas-
ing explodability (blue points are lowest in Figure 8).
We see this behavior for C, N, O, F, Si, P, S, Cl, Ar,
K, Ca, Ti, V, Cr, Fe, and Co. The smaller the depen-
dence of an element’s absolute yields on explodability,
the larger the range in [X/Mg] the models span. The
light-Z elements have variations of ~ 0.3 — 0.6 dex be-
tween the Z9.6+W18 and All Explode landscapes while
the Fe-peak elements span smaller ranges of ~ 0.2 — 0.3
dex. C and N, which show almost no variation in abso-
lute yield with explosion landscape, display the largest
difference in [X/Mg] amongst this group, with ~ 0.7
dex between the [X/Mg] values of the Z9.6+W18 and
All Explode landscapes.

Alternatively, if an element shows more variation in
absolute yield than Mg, then the [X/Mg] value increases
with increasing explodability (blue points are highest in
Figure 8). This behavior is seen for Mn, Ni, Ce, Zn,
Ga, Ge, As, Se, Br, Kr, Rb, Sr, Y, Zr, and Nb. The

Fe-peak and Fe-cliff’ elements show smaller variations,
with ~ 0.2—0.4 dex between the least and most explosive
landscape. The weak s-process elements span up to 1
dex, the largest range of any element studied here.

The best elemental ratio to constrain the BH land-
scape will be that of two elements that have different
absolute yield dependences on explodability. The two
elements’ yields must be able to be modeled accurately
and observed with accuracy and precision. C and N may
be interesting reference elements to use in such a com-
parison as their absolute abundances show very little
dependence on BH landscape, as was briefly mentioned
in Section 4.1. The [X/C] or [X/N] values for an ele-
ment, X, that does vary with BH landscape could help
us place observational constraints on the true explod-
ability landscape in the MW. C and N, however, have
other sources of production, such as in AGB stars (An-
drews et al. 2017). Their use in constraining the CCSN
BH landscape requires the ability to separate the CCSN
component from the delayed component in abundance
measurements. Weinberg et al. (2019) and Griffith et al.
(2019) empirically separate the CCSN and SNIa compo-
nents of APOGEE and GALAH elements, respectively,
with the latter including C. However, this model is cali-
brated to delayed enrichment from SNIa, not AGB stars.
If we are able to convincingly isolate the CCSN contri-
bution to C and N, they could be valuable diagnostics of
BH formation, with the complication (see Section 6.2)
that their yields could change if high mass stars experi-
ence less mass loss and collapse to BHs without driving
enriched winds.

In this paper we only employ Mg and O as reference el-
ements in our comparison to observational data. Rather
than compare directly to solar abundances, which rep-
resent a mixture of CCSN and SNIa contributions, we
use results from Griffith et al. (2019) and Weinberg
et al. (2019) to infer the fraction of each element at so-
lar abundances that arises from CCSN. Theese papers
determine median abundance trends for high-[Mg/Fe]
and low-[Mg/Fe] disk populations measured by GALAH
DR2 (Griffith et al. 2019) and APOGEE DR14 (Wein-
berg et al. 2019), then fit these trends with an empirical
two-process model that describes the abundances as the
sum of a CCSN and SNIa component. Roughly speak-
ing, the [Mg/Fe] value is used to infer the fraction of
Fe coming from SNIa on the two median sequences, and
the separation of the two sequences in [X/Mg] is used
to infer how much of element X comes from SNIa. We

6 We define the “Fe-cliff” as elements on the steeply dropping edge

just above the Fe-peak.
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Figure 8. [X/Mg] relative abundances for the All Explode (dark blue), Explode to 40Mg (purple), Z9.6+N20 (pink), and
79.6+W18 (orange) BH landscapes. [X/Mg] values are calculated with solar values from Asplund et al. (2009). If an element
does not have a model plotted, that model produces a negative net yield.

primarily use results from GALAH because it has more
elements available, but we use the APOGEE results for
S as it is not included in GALAH DR2.

We discuss the two-process model in more depth in
Appendix B. Although there are uncertainties from both
the abundance measurements and assumptions in the
two-process model, isolating the CCSN component of
abundances in this way is an improvement over compar-
ing CCSN models to uncorrected abundances. We take
the solar abundances themselves from Asplund et al.
(2009); the role of the two-process model is just to de-
termine the fraction of each element that we attribute
to CCSN.

Figure 9 shows the ratio of the BH landscapes’ CCSN
yields of element X to that of Mg (top) and O (bottom),
divided by the ratio of estimated CCSN yield to that of
Mg from the two-process model (Griffith et al. 2019).
Our A[X/Mgl.c and A[X/O]c represent the difference
between the theoretical and empirical CCSN [X/Mg]
and [X/O] values. We define A[X/Mg]c. and A[X/O]cc
in terms of the theoretical yield and two-process param-
eters in Appendix B.

If a BH landscape model has a A[X/Mg].. = 0, then
it reproduces the GALAH CCSN yields relative to Mg
from Griffith et al. (2019). If the value is above/below 0,
then the model over/underpredicts the inferred CCSN
yield by the indicated number of dex. The Z9.6+W18
points reproduce the results shown in Figure 17 of Grif-
fith et al. (2019). As in Griffith et al. (2019), we see sub-
stantial overprediction of C, O, Na, K, and Cu yields,
relative to Mg, for the 7Z9.6+W18 landscape. While
these discrepancies lessen for more explosive models,

they do not disappear. S16 show super-solar [C/O] val-
ues for the 79.6+W18 and Z9.6+N20 models. The off-
set worsens in our comparison, as we attribute 25% of
C production to delayed sources (Griffith et al. 2019).
Similarly S16 find super-solar Na, Co, and Cu abun-
dances for the 79.6+W18 yields. Their discrepancies
are larger here as all three elements have substantial
delayed components. We include Y as an example of
a neutron capture element. Our net Y yields are sub-
stantially underpredicted for the Z9.6+N20 landscape,
in agreement with S16’s comparison to solar. The quan-
titative degree of underproduction is uncertain because
the two-process decomposition implicitly assumes that
the delay-time distribution of non-CCSN Y production
follows that of SNIa, where the actual source of delayed
Y is likely AGB stars.

Overall, we find that more explosive models agree bet-
ter with observational results, as the disparity seen in
C, O, and K shrinks for the All Explode model. This
phenomenon is more thoroughly explained for O in Sec-
tion 4.2, though we note that no explosion landscape can
completely correct for the O overproduction. Further-
more, no BH landscape alleviates the tension between
the theoretical and observational results for Na or Cu.

The O/Mg discrepancy described in Section 4.2 and
seen in Figure 9 could be caused by overproduction of
O or underproduction of Mg (or a combination of the
two). Removing the effect of this discrepancy from the
top panel of Figure 10 does not translate to a constant
additive or multiplicative offset, so we plot A[X/O]cc
in the bottom panel for completeness. The observa-
tional CCSN fractions are again inferred from GALAH
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Mg, but we take O yields to be the theoretical refer-
ence. Here we see that the elements whose abundances
were overpredicted relative to Mg (e.g. Na, K, Cu) bet-
ter reproduce the empirical results when normalized to
O. We still see C and Cu overproduction when scal-
ing to O as these elements have a larger offset than O
in the top panel. However, assuming that the O/Mg
resolution lies in Mg underproduction also leads to un-
derprediction of Mg, Ca, Sc, Ti, V, Cr, and Mn. The
Fe-peak elements come into better agreement with the
observed abundances if we assume Mg underproduc-
tion (lower panel) rather than O overproduction (up-
per panel). As a simplified characterization of overall
agreement, we note that the median absolute value of
A[X/Mg]ee and A[X/O]c for the elements plotted in
Figure 9, excluding Y, are 0.27 and 0.42, respectively,
for the 79.6+W18 model, dropping 0.25 and 0.31 for the
All Explode model. If we compute the mean absolute
deviation instead of the median, we find 0.36 and 0.35
for the Z9.6+W18 model and 0.27 and 0.30 for the All
Explode model. Thus, a characteristic level of disagree-
ment with observed abundance ratios is ~ 0.3 — 0.4 dex,
and moderately worse for the Z9.6+W18 model than for
the All Explode model.

5.1. Upper Mass Cut vs. Black Hole Landscape

Neutrino powered explosions (e.g. S16) produce BH
landscapes with regions of explodability and regions of
BH formation. This model is distinct from treatments
that adopt a cutoff Mzams above which all stars col-
lapse to BHs (e.g. Limongi & Chieffi 2018). In this sec-
tion we explore the abundance signatures produced by
landscapes with islands of explodability and those with
upper mass cutoffs in search of elements that could ob-
servationally distinguish between the two scenarios.

Figure 9 compared the abundance ratios from land-
scapes with an upper mass cut (Explode to 40My) to
those those with islands of explodability (Z9.6+W18 and
Z9.6+N20). This is not the best comparison, as the over-
all difference in the scale of explodability varies between
them, with the Explode to 40M, landscape producing
higher yields across all elements. We can level the play-
ing field by comparing landscapes with an upper mass
cut to those with islands of explodability that produce
the same amount of Mg and O. We then analyze how
the suite of all abundance ratios differs between the two
landscapes.

To compare the 29.6+W18 landscape with an upper
mass cutoff landscape, we first find the explodability
mass cuts that produce the same yields of Mg and O
as 79.6+W18. We iteratively integrate explodability
functions of increasing upper mass cut with VICE un-

til we converge on a landscape that is within 1% of the
79.6+W18 yield. We find that a landscape with suc-
cessful explosions for stars with Mzams < 21.9Mg best
reproduces the Z9.6+W18 O yield of 5.75 x 1073 M, per
Mg formed, and Mzams < 21.0Mg best reproduces the
79.64+W18 Mg yield of 1.91 x 10~* M, per M, formed.
Because the masses are very similar, we only show and
discuss the 21Mg upper limit here. The Explode to
21Mg landscape differs from Z9.6+W18 through its in-
clusion of explosive yields for stars near Mzangs of 15
and 20M, which collapse in Z9.6+W18, and through
its exclusion of explosive yields from stars with Myzawms
of 25, 60, and 120Mg, which explode in Z9.6+W18.

We calculate the yields and abundance ratios for the
Explode to 21Mg landscape as described above. We
plot the difference in the [X/Mg] ratio between it and
the Z9.6+W18 landscapes in the top panel of Figure 10.
No values are plotted for the five heaviest elements as
one or both of the yields return a negative value. We
find very small differences (< 0.1 dex) for most of the a
and light-Z elements, whose explosive yields are domi-
nated by 8 —20Mg, stars. Larger differences occur for K,
Mn, Ni, and the weak s-process elements. We find that
the Z9.6+W18 yields produce a [K/Mg] ratio 0.15 dex
higher than the Explode to 21Mg yields, likely due to
substantial contribution from stars around 25Mg. The
Explode to 21My landscape shows higher Mn and Ni,
with A[X/Mg] = 0.1—0.2 dex. Both elements have high
explosive yields near 15M,, a mass range that collapses
to BHs in the Z9.64+W18 model. Finally, we find higher
abundances of the Fe-cliff and weak s-process elements
from the Z9.6+W18 landscape, which includes impor-
tant contributions from higher mass stars.

For a more explosive comparison, we plot the differ-
ence between the Explode to 40Mg abundances (shown
in Figure 8) with those from an ey explosion landscape
(Section 3.2) with the same Mg yields. To produce such
a landscape, we interpolate between the yields of 100
landscapes with eg of 0.25 — 0.07. We find that a land-
scape with ep = 0.0576 best reproduces the Mg yield
of the Explode to 40Mg model. An ey = 0.0573 best
reproduces the O yield, but we again omit this case due
to similarity. As seen in Figure 5, such a landscape pro-
duces explosions at most masses, with small regions of
BH formation at Myzans of 15, 22, 27, and 35 — 50M,.
We find that the abundance ratios produced by the Ex-
plode to 40M, and eg = 0.0576 landscapes are very sim-
ilar, with most elements showing abundance differences
< 0.05 dex. The largest differences again appear for Mn
and Ni. These two elements have high production near
25Mg and 35 — 40Mg — regions of high compactness
parameters that do not explode in the ey model.
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O but underproduce Mg.

In both cases, the elements that distinguish land-
scapes with islands of explodability from those with up-
per mass cuts are those whose yields have sharp peaks
for mass ranges that collapse in one scenario but not
in the other, often associated with high compactness
parameter. While most abundances show little differ-
ence between these two scenarios, several show differ-
ences of 0.05 — 0.3 dex. At present, it is difficult to say
whether a complex landscape is empirically favored by
observed abundance ratios or not, in part because none
of our models produce good across-the-board agreement
with the data (Figure 9). In addition, empirical abun-
dance scales often have systematic uncertainties at the
0.05 — 0.1 dex level, and the isolation of the CCSN con-
tribution to abundances is uncertain. Nonetheless, use-
ful tests appear within reach of improving theoretical
models and observational surveys over the next several
years.

6. DISCUSSION

It is evident from Figure 9 that none of the models
examined here achieves a good across-the-board fit to

all of the observationally inferred yields. In Section 6.1
we discuss some of the sources of uncertainty in the the-
oretical models, then turn in Section 6.2 to potential
origins of some of the larger discrepancies with obser-
vations. The latter discussion is necessarily speculative,
as we do not have detailed calculations for alternative
yield models. We discuss the impact of the stellar IMF
in Section 6.3, where we show that plausible changes to
the IMF can have a large impact on the absolute yields
but only limited impact on predicted abundance ratios.

6.1. Theoretical Uncertainties

One important source of uncertainty in both explod-
ability and nucleosynthesis calculations is the mass loss
prescription for progenitor stars. In Figure 2 and in
Figure 12 below, the yields of most elements show a
clear transition at 40Mg. As discussed in Section 3.1,
this transition arises because the pre-SN models from
S16 with M > 45Mg have shed their entire H shell
and are starting to shed their He and C shells. These
massive stars release He, C, N, and O in winds rather
than continuing fusion to heavier elements. A more se-
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Figure 10. Differences between IMF-averaged yield ratios for la
regions of explosion and implosion. Top: Comparison of yields from

ndscapes with an explodability upper mass vs. those with
the Z9.6+W18 and a landscape with an upper mass cut that

reproduces the Z9.6+W18 Mg yield (21Mg). Bottom: Comparison of yields from the Explode to 40Mg and an eg landscape

that reproduces the Explode to 40Ms Mg yield (ep = 0.0576).

vere mass loss prescription would shift this transition
down to lower Mzawms, but the recipe used in our mod-
els is probably at the high end of what is observationally
and theoretically allowed (e.g., Yoon 2017; Vink 2017;
Sander et al. 2020).

Conversely, less severe mass loss would shift the peaks
of the explosive yields of He, C, N, and O to higher
masses. The maximum O yield would occur around 60
or T0Mg with less decline at higher masses. Yields of
Fe-peak elements are not sensitive to mass loss and thus
would not change. However, a reduction of mass loss
would increase the core mass of the most massive stars
and thereby reduce their explodability — affecting the
IMF-averaged yields of all elements. The landscapes of
S16 find islands of explodability for the most massive
stars (e.g. 60 and 120Mg in Z9.6+W18). With weaker
mass loss at Mzams > 45Mg, these islands might shrink
or disappear entirely.

As emphasized by, e.g., Patton & Sukhbold (2020) and
Laplace et al. (2021), binary star evolution can strongly
affect the core structure of massive stars by accelerat-
ing the stripping of their outer layers. Changes to the
core profile and to the pressure on outlying fusion shells
can have an important impact on explodability and nu-

cleosynthesis. Comprehensive models that account for
these effects are not yet available. Possible effects rele-
vant to our results include the stripping of the H enve-
lope and reduction of the binary stars’ core mass. The
changes in core structure will shift the peak in compact-
ness parameter vs. Mzans to a higher mass (~ 27Mg)
and thus increase the explodability of lower mass stars.

The evolved structure of pre-SN cores can change
sharply with small changes of initial conditions because
of mergers and mixing between fusion shells, as em-
phasized by Sukhbold et al. (2018). This sensitivity is
the underlying reason that the predicted explosion land-
scape is complex. While it necessarily makes the pre-
dictions for any specific progenitor mass uncertain, this
sensitivity may not change population-averaged predic-
tions much, just altering the precise mapping between
progenitor mass and explodability /yield. However some
changes, e.g., from stellar rotation or different convective
overshoot prescriptions, could alter the predicted nucle-
osynthesis systematically by enhancing mixing between
radial zones. This mixing could enable fusion reactions
that do not occur in current models because the neces-
sary nuclei are not present at the same location when
conditions that would enable fusion arise. Discrepancies
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between predicted and empirically inferred yields could
provide clues to this missing physics.

6.2. Interpretation of Discrepancies

As discussed in Section 4.2, the clearest discrepancy
between our models and data is the relative yield of O
and Mg. A similar tension is present in the two yield
models considered by Rybizki et al. (2017), though there
it is at the level of ~ 0.15 dex (see their Figure 14) vs.
0.4 — 0.6 dex in our models. The production of both el-
ements is expected to be dominated by CCSN and mas-
sive star winds, so uncertainties in the contribution of
other processes to solar abundances are minimal. The
discrepancy is present for all of our landscape scenarios,
becoming more severe for landscapes with more BH for-
mation, so simply changing which stars explode will not
resolve the conflict in the relative abundances.

A plausible solution might lie in the nuclear reaction
rates of both the triple-a reaction that produces C from
He and the 12C(a,y) reaction that produces O. The rela-
tive value of these rates determines the C/O ratio during
He burning. Either raising the triple-a rate or lowering
the 2C(a,y) rate would decrease O production, and the
larger abundance of C would provide more 2C seeds for
the production of ?*Mg. Thus this solution would both
reduce the O yield and raise the Mg yield at a given
Mzams. Because these changes would alter the core
structure, they would also affect explodability, so the
full impact of a reaction rate change is difficult to assess
without extensive calculations. We note, however, that
the works of Farmer et al. (2019, 2020) and Woosley
& Heger (2021) find that decreasing the ?C(a,y) and
increasing the triple-a reaction rate allows for the pro-
duction of higher mass BHs before pair-instability su-
pernovae set it. Their adjustments to the reaction rates
produce a mass gap that is in better agreement with the
LIGO results.

Full exploration of this idea is beyond the scope of this
paper, but in a preliminary investigation we have com-
puted models for a selection of masses between 12 and
30Mg in which we modify the He-burning reaction rates.
The adopted rates in S16 were from Caughlan & Fowler
(1988) for triple-cr, and 1.2 times that of Buchmann
(1996) for 2C(a,y). The triple-a reaction rate was in-
creased to the upper end of allowed values (Kibédi et al.
2020, ~ 35% increase from Caughlan & Fowler 1988)
while the 12C(a, v) reaction rate was decreased (deBoer
et al. 2017, ~ 15% decrease from Buchmann 1996), thus
making stars with substantially more C rich cores at
the time of C-ignition. In the All Explode scenario, this
change mildly decreases O yields and significantly in-
creases Mg yields such that the median 160 /2*Mg ratio

in this mass range shrinks by a factor of ~ 2.7. Changes
in the opposite direction, by keeping the triple-a rate
the same and increasing >C(a, )% by ~40% have a
much smaller net impact on the O/Mg ratio.

Regardless of whether we normalize O yields or Mg
yields to solar abundance, C is overproduced by a sub-
stantial factor in the Z9.6+N20 and Z9.6+W18 models,
and for all models with Mg normalization (Figure 9.
This overproduction is largely a consequence of the high
C wind yields from massive stars. The conflict is larger
here than in Figure 24 of S16 because we attribute 25%
of C to non-CCSN based on the GALAH two-process de-
composition (Griffith et al. 2019). Although we do not
show N in Figure 9 because we do not have a two-process
decomposition, Figure 8 suggests that it would be sim-
ilarly overproduced for the same reason. The most ob-
vious way to lower C and N is to reduce the winds from
Mzams > 40Mg stars and assume that reduced mass
loss causes these massive stars to form BHs, so that the
C and N are not released in supernovae explosions. As
discussed in Section 6.1, a weaker mass loss prescrip-
tion is empirically plausible. A change in this direction
would also reduce the yield of He and slightly reduce the
yield of O (see discussion of wind yields in Section 4.1.)

With the O normalized to solar, the “heavy” o-
elements Ca and Ti are underproduced to about the
same degree as Mg. Perhaps there is a common physical
origin of these three discrepancies, though the interme-
diate a-element Si is only mildly underproduced. The
odd-Z, Fe-peak elements V and Mn are also severely un-
derproduced (less so for Mg normalization), even though
we have attempted to remove the SNIa contribution to
the solar abundances via the two-process decomposi-
tion. The production of Fe-peak elements depends on
the treatment of stellar explosions in addition to the
pre-SN evolution. Compared to 3D CCSN models (see
review by Janka et al. 2016), calibrated 1D models of
S16 have overall shallower core bounce in their explo-
sions. An earlier and deeper core bounce would result
in a lower electron fraction (Y:) and a higher number of
neutrons produced. A more neutron rich environment
could support the increased production of odd-Z and
Fe-peak elements such as V and Mn.

Cu is mildly overproduced for the O-normalized,
79.6+N20 and Z9.6+W18 landscape models, but the
discrepancy is substantial for the All Explode or Explode
to 40Mg models, or for any of the models with Mg nor-
malization. Cu is dominantly produced by the s-process
in the He burning shell. Cu production could be altered
by changing the reaction rate for the neutron source,
2Ne(a,n), which is currently uncertain. Such a change
would also decrease production of Zn, Y, and some Fe-
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peak isotopes, so this solution could be corroborated if
the CCSN contribution to these elements/isotopes could
be adequately isolated. Cu overproduction might also be
rectified by changing the mass loss prescription, since Cu
is produced in the He shell.

The underproduction of solar Sr, Y, and Zr (Figure 8)
is almost certainly a consequence of other processes con-
tributing to these elements. The two-process modeling
of GALAH abundances (Griffith et al. 2019) and abun-
dances of these elements in low metallicity stars (Zhao
et al. 2016; Mishenina et al. 2019; Chaplin et al. 2020)
imply that there is a substantial “prompt” contribu-
tion to these elements in addition to s-process produc-
tion in AGB stars. Based on the calculations of Vlasov
et al. (2017), Vincenzo et al. (2021) propose that this
prompt contribution comes from the r-process produc-
tion in neutron rich winds from rapidly rotating, highly
magnetized winds from proto-neutron stars. This con-
tribution would be associated with CCSN, but it is not
accounted for in the S16 calculations used here. Al-
ternatively, these elements could be produced by the
s-process in rapidly rotating massive stars (Pignatari
et al. 2008; Chiappini et al. 2011; Frischknecht et al.
2012; Cescutti et al. 2013; Vincenzo et al. 2021), then
dispersed in winds or ejected in CCSN explosions.

Appendix C repeats our IMF-averaged yield calcula-
tions using the CCSN yield set of Limongi & Chieffi
(2018), with Figure 14 presenting an observational com-
parison similar to that of Figure 9. For most elements,
we find discrepancies of the same sign but somewhat
different magnitudes (sometimes larger and sometimes
smaller). Some differences may arise from the much
sparser Limongi & Chieffi (2018) mass grid (9 stellar
masses vs. 200 in S16), which does not resolve the com-
plex mass dependence seen in Figure 2 and in Figure 12
below. However, the qualitative similarity of Figures 9
and 14 suggests that the most significant differences be-
tween predicted and empirical yield ratios are robust to
the differences in massive star evolution and explosion
physics between S16 and Limongi & Chieffi (2018).

6.3. Interplay with the Stellar IMF

Although it is one of the most basic characteristics
of star formation and a crucial input to modeling the
chemical evolution and light output of galaxies, the IMF
remains uncertain, even in the well explored regime of
the Milky Way disk. Figure 11 compares the widely
used Kroupa (2001) IMF, adopted in this study, to sev-
eral alternatives. We have normalized all of them to the
same amplitude at M = 8Mg, our assumed minimum
mass for a supernova progenitor. Above M = 0.5Mg),
the Kroupa IMF has nearly the same slope as the clas-

sic Salpeter (1955) IMF, —1.3 vs. —1.35 in dn/dIn M.
However, the Kroupa IMF breaks to a shallower, —0.3
power law between 0.08My and 0.5M,, consistent with
many indications that the Salpeter extrapolation over-
predicts the observed number of low mass disk stars.
The Chabrier (2003) IMF, also widely used, has the
same power-law slope as Kroupa (2001) above 1Mg, but
below 1Mg it follows a log-normal rather than a power-
law form. The Kroupa and Chabrier IMFs are quite
similar, despite the different functional forms. The dot-
ted line in Figure 11 shows the IMF of Kroupa, Tout, &
Gilmore (1993, KTG93), which has a power-law slope of
—1.7 above 1M, instead of —1.3. Many chemical evolu-
tion models (e.g., Matteucci & Francois 1989; Romano
et al. 2005, 2010; and recently, Palla et al. 2020; Spitoni
et al. 2021) have adopted either the KTG93 IMF or a
similar IMF based on Scalo (1986).

As shown by Equation 3, the IMF-averaged yield is the
ratio of a “yield integral” (numerator) to a “mass inte-
gral” (denominator), with the IMF normalization can-
celling out of the ratio. For the Salpeter and Kroupa
IMFs, the yield integrals are nearly identical, while the
Salpeter mass integral is higher by a factor of 1.55 if
the two IMFs are matched at 8Mg. With VICE inte-
grations we find that the IMF-averaged yields of all el-
ements are reduced by a nearly identical factor of 1.6
when changing from a Kroupa IMF to a Salpeter IMF,
slightly larger than 1.55 because of the steeper fall-off at
M > 8Mg. For the Chabrier IMF matched to Kroupa
at 8Mg, the yield integrals are identical and the mass
integral is nearly identical, so yield predictions are very
similar.

For the KTG93 IMF, again matched to the Kroupa
IMF at 8My, the mass integral increases by a factor
of 1.66, and the steeper slope above 8Mg also changes
the yield integral by reducing the number of high mass
stars. Figure 11 plots the IMF-averaged O yield and Mg
yield for the Kroupa and KTG93 IMFs and the four BH
landscape scenarios considered in Figure 8 and 9, All
Explode, Explode to 40Mg), Z9.64+N20, and Z9.6+W18.
These yields are normalized to the corresponding solar
mass fractions Zo and Zyg. For the All Explode model,
changing from the Kroupa IMF to the KTG93 IMF re-
duces the O and Mg yields by factors of 2.98 and 2.86,
respectively. The impact is larger than the factor of
1.66 from the mass integral because of the substantially
reduced number of massive stars in the KTG93 IMF.
The reduction is larger for O than for Mg because a
larger fraction of O comes from the upper end of the
IMF (Figure 7). In both scenarios, the yields decline
as we go to landscapes with more BH formation. The
decline is shallower for the KTG93 IMF, because the
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Figure 11. (Top) Several forms of the stellar IMF, normal-
ized to equal amplitude at 8My. The solid black line shows
the Kroupa (2001) IMF adopted in our calculations. The
Chabrier (2003) IMF is the same as Kroupa (2001) above
1M but follows the log-normal form shown by the red solid
curve below 1Mg. The dashed line shows the Salpeter (1955)
IMF, a pure power-law with dn/dIn M M~135 The dot-
ted line shows the IMF of KTG93. Points mark the minimum
stellar mass of 0.08Mg and the locations where either the
KTG93 or the Kroupa (2001) IMF changes slope. (Middle)
IMF-averaged yields of O (circles) and Mg (triangles) for the
Kroupa (filled symbols) and KTG93 (open symbols) IMFs,
computed for the All Explode, Explode to 40Mg, Z9.6+N20,
and 79.6+W18 BH formation landscapes. Yields are normal-
ized to the solar abundances of O and Mg. (Bottom) [O/Mg]
abundances predicted from the IMF-averaged yields in the
middle panel.

stars massive enough to collapse to BHs are more rare,
but this is a small effect. For the Z9.6+W18 model, the
yield ratios are still 2.83 (O) and 2.38 (Mg) between the
two IMFs.

The O/Mg problem discussed in Section 4.2 is mani-
fested in Figure 11 by the gap between the O and Mg
points for a specified choice of IMF and explosion land-
scape. As discussed below, galactic winds can reduce the
abundances of the ISM and newly forming stars below
the IMF-averaged yield, but they cannot change the ra-
tio of O to Mg unless they differentially affect these two
elements. It is therefore unlikely that chemical evolution
effects can remove this discrepancy in the yield ratios.
As previously noted, the O/Mg gap becomes larger for
a less explosive supernova landscape. About half of the
O overproduction can be attributed to winds, as they
continue to contribute O from high mass stars regard-
less of BH formation. The steeper KTG93 IMF slightly
reduces the O/Mg gap, but only slightly. It is evident
from Figure 11 that the resolution of this problem does
not lie in changing the IMF.

We have investigated the full set of abundance ratios
plotted in Figure 9 for the KTG93 IMF and find lit-
tle qualitative difference, though when models are nor-
malized to reproduce solar Mg, the overproduction of C
and O are modestly reduced for the steeper IMF. With
the KTG93 IMF, the A[O/Mg].. discrepancy falls by
~ 0.02 dex for all explosion landscapes. The change in
IMF affects C the most, as the yield contribution from
high mass stars is lessened under the KTG93 IMF. The
steeper IMF decreases A[C/Mg]cc by 0.11 dex (All Ex-
plode) to 0.20 dex (Z9.6+W18). Using the yields of
Chieffi & Limongi (2013) and assuming BH formation
above 30Mg, Griffith et al. (2021) found that changes
of +£0.3 in the high-mass IMF slope produce changes
of 0.01 — 0.03 dex in the [X/Mg] yield ratios for most
elements, and 0.05 dex for Ni. These differences are
typically smaller than the differences that we find when
comparing different explosion landscapes, at least for
scenarios as distinct as Explode to 40 and Z9.6+N20.
This comparison suggests that IMF uncertainties are
not a major limitation in testing landscape scenarios
through yield ratios, and conversely that it is difficult
to constrain the IMF through yield ratios unless BH
formation is well characterized.

6.4. Interplay with Galactic Winds

The impacts of the IMF and BH formation on absolute
yields have implications for the role of galactic winds
in chemical evolution. For a simple one-zone chemical
evolution model with inflow, outflow, and a constant star
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formation rate (SFR), elemental abundances saturate at
an equilibrium value

Zeq=y/(L+n—r1), (6)

where y is the IMF-averaged yield, n = Mot /SFR is the
outflow mass loading factor, and r is the recycling factor
(Weinberg et al. 2017). For a slowly declining SFR the
equilibrium abundance is slightly higher, an effect we
will ignore in this discussion. The recycling factor

f:n"T“O (m — mrem)%dm o
T =
o am
1 m

is 0.44 and 0.31 for a Kroupa and KTG93 IMF, respec-
tively, where we have adopted a turnoff mass mro =
1M, and approximated the remnant mass as myem =
0.6Mg for 1 < m < 8Mg and myey = 1.5Mg, for mypem >
8Mg. For the All Explode scenario and Kroupa IMF,
evolving to solar O abundances requires substantial out-
flows, as long argued in models of the mass-metallicity
relation and Milky Way chemical evolution (e.g., Finla-
tor & Davé 2008; Peeples & Shankar 2011; Zahid et al.
2012; Andrews et al. 2017; Rybizki et al. 2017; Wein-
berg et al. 2017). Figure 11 implies 1 +7n —r ~ 3.3 or
n ~ 2.7. However, because Mg is underproduced rela-
tive to O, reaching solar Mg at equilibrium only requires
1+n—r=~1.3,orn~0.75. With the Z9.6+W18 explo-
sion landscape, on the other hand, the IMF-averaged O
yield is nearly equal to the solar O abundance, implying
1+7n—r =1 and a small outflow mass loading n ~ 0.45.
The Mg yield in this scenario is a factor of 3.6 below the
solar abundance, making it nearly impossible to explain
the solar Mg level with this explosion landscape and the
Mg yields of the S16 models.

Changing to the KTG93 IMF reduces yields by a fac-
tor of 2.5 — 3 for any given explosion landscape. Even
for the All Explode scenario, the IMF-averaged O yield
is about equal to the solar abundance, which is why
chemical evolution models adopting this IMF (or that
of Scalo (1986)) are generally able to reproduce solar
neighborhood abundances with minimal or no outflows
(e.g. Matteucci & Francois 1989; Romano et al. 2010).
For the Z9.64+N20 or Z9.6+W18 landscapes, the pre-
dicted O yields are less than half the solar abundance,
which would make it difficult to construct viable chem-
ical evolution models. With the KTG93 IMF the pre-
dicted Mg yields are well below the solar abundance for
all explosion landscapes.

7. SUMMARY

In this paper, we present the IMF-averaged CCSN
yields from the solar metallicity models of S16 for a va-
riety of BH landscapes. We construct a fully exploding

yield set by artificially exploding stars that collapse un-
der the Z9.6+W18 engine, with explosion energy and
mass cut parameters motivated by the engine driven
models. With this yield set, we explore the complex
behavior of the explosive and wind yields with progen-
itor mass, classifying elements as N-like, O-like, Si-like,
and Fe-like. From the finely sampled plots of Mzawms vs.
yield (Figures 2 and 12), we better understand the mech-
anisms producing each element and the mass ranges that
contribute most to their production.

With explosive yields for all stellar models, we can
calculate IMF averaged yields for any BH landscape
with VICE. In this paper we present yields of a land-
scape where all stars explode, landscapes where stars
with masses under some limit explode (e.g. Explode
to 40Mg,), and landscapes produced in S16 (Z9.6+W18
and Z9.6+N20) that have interleaved regions of explo-
sion and regions of implosion. To understand the yields
produced by a wider range of landscapes than those in
S16, we construct a method for predicting stellar explod-
ability based its correlation with progenitor properties
My and Mypy4 from Ertl et al. (2016). With this method,
we create continuous BH formation landscapes for all
degrees of explodability. We present the IMF-averaged
yields of all landscapes in Figure 6 and the [X/Mg] val-
ues of four representative landscapes in Figure 8. Fig-
ure 9 compares the predicted [X/Mg] and [X/O] ratios
to the values inferred observationally by combining so-
lar abundances (Asplund et al. 2009) with empirical de-
compositions that separate the contributions of CCSN
from delayed sources (Weinberg et al. 2019; Griffith et al.
2019). Our main findings are:

e The 79.6+W18 and Z9.6+N20 landscapes predict
similar abundance yields for most elements, with
the additional explodability of N20 slightly in-
creasing the yields.

e For a-elements, the absolute yields of the Explode
to 40M, landscape are typically 2—3x higher than
those of 7Z9.6+W18, while going to the All Explode
scenario increases yields by a further 20 — 40%.

e For C and N, the IMF-averaged yields have only
weak dependence on the explosion landscape be-
cause they are dominated by the winds from
Mzams > 40Mg stars, which are assumed to es-
cape in all scenarios.

e The dependence of relative yields on the explosion
landscape is generally much weaker than that of
absolute yields, with typical variations of 0.05—0.2
dex in [X/Mg]
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e For most elements through the Fe-peak, predicted
[X/Mg] ratios decrease for more explosive land-
scapes. Mn and Ni are notable exceptions to
this trend. For s-process elements the predicted
[X/Mg] ratios are usually well below solar, more
so as explodability decreases.

e All landscapes overproduce the O/Mg ratio, by
factors of 2.5 — 4. As shown in Section 4.2,
some of this discrepancy arises from stars with
Mzams > 30Mg, which contribute significantly to
the IMF-averaged yield of O but not to Mg (Fig-
ure 7). However, the O/Mg problem is present
even in the lower mass stars.

e When normalized to solar Mg, the models strongly
overproduce C, Na, and Cu, in addition to O, and
the less explosive models (e.g., Z9.6+W18) over-
produce S, K, Fe, and Co. When normalized to
solar O, all models underpredict Ca, Ti, and V
in addition to Mg, and the less explosive mod-
els overproduce C and underproduce Mn. The All
Explode and Explode to 40M, scenarios still over-
produce Cu, but the C overproduction is greatly
reduced when O is the reference element.

e C and N yields are dominated by wind production,
causing their absolute yields to be nearly indepen-
dent of the explosion landscape and the [C/Mg]
and [N/Mg] ratios to vary by ~ 0.6 dex between
the W18 and All Explode landscapes. If the CCSN
component of observed C and N abundances can
be isolated from that of other production sources
(such as AGB stars), both elements could be di-
agnostic of the Milky Way’s BH landscape.

e Mn and Ni/Mg are the most promising diagnostic
for distinguishing a simple mass threshold for BH
formation from a more complex landscape because
they are efficiently produced in compact progeni-
tors that explode in one scenario but not the other
(Figure 10, Figure 3).

e Changing from the Kroupa (2001) IMF to the
Kroupa et al. (1993) IMF, which has a much
steeper high mass slope, lowers the predicted
yields by a factor of 2 — 3 for a given landscape
but has little impact on the relative yields (Sec-
tion 6.3).

Because none of our models achieves good across-the-
board agreement with observations, we cannot currently
say whether observations favor or disfavor a complex
landscape of BH formation as predicted by recent theo-
retical studies (Ugliano et al. 2012; Pejcha & Thompson

2015; Sukhbold et al. 2016; Ertl et al. 2016). We dis-
cuss possible resolutions of some of the most significant
discrepancies in Section 6.2. For the O/Mg problem,
resolution might lie in the triple-ae and 2C(a,7) nuclear
cross sections, which affect the ratio of C/O produced
during He burning and the amount of *2C fuel available
for Mg production. Overproduction of C and N could be
mitigated by sharply reducing the wind mass loss from
Mzams > 40Mg stars and assuming that these more
massive stars collapse to BHs rather than release their
accumulated C, N, and O when they explode. Under-
production of V and Mn could be a diagnostic of the
core collapse and subsequent bounce, which affects the
electron fraction and thus the availability of free neu-
trons for odd-Z element production in explosive nucle-
osynthesis. Overproduction of Cu is linked to the avail-
ability of free neutrons for s-process nucleosynthesis in
the He shell, and thus to the rate of 2?Ne(a, n) reaction
that produces these neutrons. Underproduction of Sr,
Y, and Zr likely reflects the contribution of other pro-
cesses to these elements, such as r-process nucleosynthe-
sis in proto-neutron star winds (e.g., Vlasov et al. 2017;
Vincenzo et al. 2021) or s-process production in rapidly
rotating massive stars (e.g., Frischknecht et al. 2012).
Binary star evolution can accelerate stripping of stellar
envelopes and thereby change the structure of massive
star cores, potentially affecting both BH formation and
nucleosynthesis (Patton & Sukhbold 2020; Laplace et al.
2021).

Some of these discrepancies could be affected by sys-
tematic uncertainties in correcting solar abundances for
non-CCSN contributions, and for some elements in the
solar abundances themselves. However, these observa-
tional systematics are moderate and will improve with
future data sets. Comparisons like those presented here
can then serve as powerful diagnostics of massive star
evolution, supernova explosion physics, and black hole
formation.
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APPENDIX

A. ELEMENTAL YIELDS

Figure 12 shows the explosive and net wind yields for all elements in S16, similar to Figure 2. All yields have been
normalized so that the maximum explosive yield is 1. The net wind yields of He, C, N, and F continue on the shown
trajectory for the highest mass stars. For elements such as Ti, V, Cr, Zr, Nb, and Mo, the net wind yields are less
than zero and are not shown.

As discussed in Section 3.1, the elemental yield vs. Mzanms trends can be categorized as N-like (He), O-like (Ne,
Mg, Al, Cu, Zn), Si-like (P, S, Cl, Ar, K, Ca, Sc), and Fe-like (V, Cr, Mn, Co, Ni). Neutron capture elements (Ga, Ge,
As, Se, Br, Kr, Rb, Sr, Y, Zr, Nb, and Mo) all also resemble O, as the yields climb to a peak at 40Mg, then decrease
at higher masses because of their formation in He burning shell.

The IMF-averaged yields for all elements included in Figure 12 can be found in Table 2. Here we provide the yields
for the All Explode, Explode to 40Mg, Explode to 21Mg, 7Z9.64+N20, and Z9.6+W18 landscapes. Yields for other
upper mass or ey landscapes are available upon request or can be calculated with VICE. Abundance ratios, such as
those plotted in Figure 8, can be calculated from the IMF-averaged yields in Table 2 and Equation 5.

B. THE TWO-PROCESS MODEL

This is a new appendix. We have moved the black text from Section 5 to this appendix and have added the green
text. -EJG

The two-process model, developed by Weinberg et al. (2019), quantifies the relative CCSN and SNIa contribution
to elements and describes each element’s CCSN and SNIa metallicity dependence. The model describes a star’s
abundances as the sum of a CCSN and SNIa process (pX. and p¥ ), with amplitudes A.. and Aj,. While the processes
are fixed for each element, A.. and Ay, vary between stars. Weinberg et al. (2019) express the CCSN and SNIa
processes as a power law with slopes a.. and ag, such that

X (2) = pX . - 10%Ms/H] B1
cc cc,®
and

P(Z) = i - 101 Me/H] (B2)

where pz(c’@ and pﬁ@ represent the contribution of each process at [Mg/H] = 0. The process contributions at solar
[Mg/H] define the ratio of the processes for an element X:

X

Prao
R = 2. (B3)
Dec,o

This can also be expressed as the fractional CCSN contribution to element X at [Mg/H] = [Fe/H] = 0, where

1

cc — . B4
d 1+ R (B4)

In the main text, we use results from the two-process model fit to GALAH (Griffith et al. 2019) and APOGEE
(Weinberg et al. 2019) elements to contrast theoretical CCSN yields with empirical CCSN yields. Figure 9 shows the
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Figure 12. Explosive (dark purple, solid line) and net wind (dark orange, dashed line) yields in Mg produced per star of a
given progenitor mass for all elements in S16. Net wind yields are calculated by subtracting the elemental birth abundances per
star from the reported wind contributions. All yields have been normalized such that the maximum explosive yield is 1.

ratio of the BH landscapes’ CCSN yields of element X to that of Mg (top) and O (bottom), divided by the ratio of
estimated CCSN yield to that of Mg from Griffith et al. (2019). We plot the log;, of this ratio to show the difference



BH ForMmATION AND CCSN YIELDS 25

Table 2. Net yields in Mg per Mg formed (including explosive and wind contributions) for all elements included in S16. We
report yields for five models, All explode, Explode to 40 Mg, Explode to 21 Mg (mass cut where the Mg yield equals the W18
Mg yield), N20 landscape, and W18 landscape.

Element All Exp To 40 Mg To 21 Mg N20 W18
He 1.14e-02 1.11e-02 4.18¢-03  4.15e-03  2.33e-03
C 7.11e-03 6.41e-03 5.69e-03  6.05e-03  5.65e-03
N 4.10e-04 4.08e-04 3.47e-04  3.48e-04 3.33e-04
(0] 1.81e-02 1.31e-02 5.29e-03  7.29e-03  5.75e-03
F 3.18e-07 2.62e-07 1.34e-07  1.51e-07  1.27e-07
Ne 3.34e-03 2.43e-03 7.75e-04  1.13e-03  8.18e-04
Na 8.18e-05 6.27e-05 1.86e-05  2.92e-05  2.12e-05
Mg 8.78e-04 6.11e-04 1.90e-04 2.80e-04 1.91e-04
Al 8.61e-05 5.92e-05 1.42e-05 2.31e-05  1.54e-05
Si 7.83e-04 6.23e-04 2.50e-04  3.54e-04  2.72e-04
P 1.13e-05 8.67e-06 3.38¢-06  5.08¢-06  4.03e-06
S 4.12e-04 3.44e-04 1.65e-04  2.42e-04  1.93e-04
Cl 4.91e-06 4.30e-06 1.95e-06  3.12e-06  2.75e-06
Ar 7.19e-05 5.94e-05 2.70e-05  4.00e-05  3.18e-05
K 3.39¢-06 3.05e-06 1.53e-06  2.37e-06  2.13e-06
Ca 3.96e-05 3.14e-05 1.39e-05 1.91e-05 1.43e-05
Sc 3.54e-08 2.56e-08 8.11e-09  1.23e-08  9.48e-09
Ti 1.45e-06 1.15e-06 5.87e-07  7.92e-07  5.73e-07
A% 1.20e-07 9.49e-08 3.77e-08  4.98e-08  3.28e-08
Cr 8.75e-06 6.80e-06 2.65e-06  3.45e-06  2.32e-06
Mn 4.19e-06 3.12e-06 8.23e-07  9.67e-07  5.35e-07
Fe 1.58e-03 1.20e-03 5.29e-04  5.99e-04  4.50e-04
Co 5.52e-06 4.15e-06 1.80e-06  2.28e-06  1.76e-06
Ni 1.19e-04 8.68e-05 2.40e-05  2.55e-05  1.86e-05
Cu 3.59e-06 2.45e-06 5.79e-07  9.98e-07  7.04e-07
Zn 2.97e-06 1.91e-06 3.97e-07  7.11e-07  4.86e-07
Ga 3.05e-07 1.91e-07 2.27e-08  5.24e-08  3.46e-08
Ge 6.19e-07 3.73e-07 2.89e-08 8.81e-08  5.38e-08
As 3.73e-08 2.20e-08 2.35e-09  5.58e-09  3.38e-09
Se 2.44e-07 1.44e-07 6.05e-09  2.89e-08  1.62e-08
Br 5.91e-08 3.45e-08 2.05e-09  7.06e-09  4.07e-09
Kr 1.42e-07 8.05e-08 1.62e-09  1.39e-08  6.91e-09
Rb 2.60e-08 1.39e-08  -6.93e-11  1.91e-09  7.05e-10
Sr 3.30e-08 1.91e-08  -4.72e-10  3.55e-09  1.15e-09
Y 4.55e-09 2.57e-09  -2.60e-10  2.55e-10 -1.01e-10
Zr 4.72¢-09 2.41e-09  -1.24e-09 -3.37e-10 -8.54e-10
Nb 3.12e-10 1.51e-10  -8.84e-11 -5.30e-11 -8.65e-11
Mo -6.20e-11  -2.02e-10  -4.95e-10 -4.59e-10 -5.12e-10

between the theoretical and empirical CCSN [X/Mg] or [X/O]. The values A[X/Mg].. and A[X/Mg].. can be expressed
in terms of the theoretical yield (YZ,) and the CCSN process amplitude (Equation B1) such that

YX | P
A[X/Mg]cc = loglo <Y1C\gg -~ plc\gg) (B5)
and < <
YCC . pCC
AX/OLe = oo (15 + 55 ). (B6)
cc pCC
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Both A[X/Mg].. and A[X/O].. contain the term pM# as both are based on the two-process decomposition that assumes
Mg is purely produced in CCSN. An equivalent and perhaps more intuitive form of these equations is

Yoo/ (X/H)o

A[X /Mgl = 1
X Melee = 10810 At g 1)

(B7)

and
FEYR/(X/H)e
0810 9) .
f(gYCC (O/H)Q

In Griffith et al. (2019) we set fM& = 1.0 by assumption, and we infer fQ = 1.0 empirically.
C. A COMPARISON TO YIELDS FROM LC18

The main body of this paper has focused on the yields from the neutrino driven explosion models of S16. In this
appendix, we apply our analysis to the solar metallicity yields of Limongi & Chieffi (2018, hereafter LC18). Unlike
516, the CCSN explosions of LC18 are driven by a piston of fixed energy. Under this model all stars explode if
enough energy is imparted, and a BH landscape is not produced. LC18 present multiple sets of stellar yields, with
their recommended set (Set R) including explosive yields of stars with Mzams < 25Mg and wind yields of all stars.
In this section, we adopt their Set M yields, which include explosive and wind yields for stars of all Mzanmg. LCI18
report yields for species up to 2°9Bi. In this analysis, we use the fully decayed yields. LC18 report yields for 9 stellar
masses between 13 and 120Mg — a factor of ~ 20 fewer stellar models that S16. The sparser grid of progenitor masses
suggests that the yields of LC18 will be less sensitive to the complex dependence of yield on Mzanms (as explained in
Section 3.1).

With the Set M yields of LC18 we are able to reconstruct the All Explode, Explode to 40Mg, Z9.6+N20, and
79.6+W18 landscapes by excluding the explosive yields of stars that collapse to BHs. We calculate net IMF-averaged
yields and [X/Mg] abundances as described in Sections 4 and 5 and plot the resulting [X/Mg] values for the four
landscapes in Figure 13. Comparing to Figure 8, we find systematically lower [O/Mg] abundance ratios in LC18 with
no clear abundance dependence on BH landscape. While most light-Z and Fe-peak elements show similar behavior
between the two yield sets, we find [K/Mg] abundances that are 0.25 to 0.5 dex below the S16 values for all explosion
landscapes, and [Sc/Mg] abundances that are ~ 0.25 dex above the S16 values. Mn follows a similar trend to the other
Fe-peak elements in LC18, in contrast with the reversed dependence on the explodability landscape seen in Figure 8.
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Figure 13. Same as Figure 8, but for the net, fully decayed Set M yields from Limongi & Chieffi (2018) that provide explosive
yields for stars of all masses.

As in Section 5, we plot A[X/Mgl.. and A[X/Ol.. (Equations B5 and B6) for the LC18 yields in Figure 14 as
a comparison of theoretical and observational CCSN yields. Empirical yield results are again taken from GALAH
(Griffith et al. 2019, all elements but S) and APOGEE (Weinberg et al. 2019, S). Many of the differences noted above
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propagate forward. We see overproduction of C, O, Na, and Cu with respect to Mg as in Figure 9, though the C
overproduction drops by up to ~ 0.5 dex for the less explosive landscapes. The LC18 yields produce ~ 0.2 dex less O
overproduction than S16 and show less dependence on BH landscape. This may be due to the different mass loss/wind
treatment in Limongi & Chiefi (2018), as they attribute far less O to the wind component. LC18 also show increased
overproduction of Sc relative to S16. We see reasonable agreement with the observational yield constraints for Ca, Ti,
and Fe-peak elements. While more explosive landscapes are in better agreement with observational constraints for the
Fe-peak, this is not seen for all elements.

Changing our reference from O to Mg decreases the C, Na, and Cu overproduction, but implies the underproduction
of Mg, K, Ti, and V. In the A[X/O]. panel of Figure 14, we see that the less explosive landscapes tend to be in
better agreement with empirical results, in contrast to the top panel. While much of the discussion from Section 6.2
can inform the features seen in Figure 14, a deeper understanding of the discrepancies between the LC18 yields and
observational results would require a detailed analysis of the theoretical yields that is beyond the scope of this work.
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Figure 14. Same as Figure 9 but for the net, fully decayed Set M yields from Limongi & Chieffi (2018) that provide explosive
yields for stars of all masses.
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