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A B S T R A C T 

Core-collapse supernovae, occurring at the end of massive star evolution, produce heavy elements, including those in 

the iron peak. Although the explosion mechanism is not yet fully understood, theoretical models can reproduce optical 
observations and observed elemental abundances. How ev er, many nuclear reaction rat es inv olv ed in explosiv e nucleosyn- 
thesis have large uncertainties, impacting the reliability of abundance predictions. To address this, we have previously 

developed a Monte Carlo-based nucleosynthesis code that accounts for reaction rate uncertainties and has been applied 

to nucleosynthesis processes beyond iron. Our framework is also well suited for studying explosive nucleosynthesis in 

supernovae. In this paper, we investigate 1D explosion models using the ‘PUSH method’ , focusing on progenitors with 

varying metallicities and initial masses ar ound M ZAMS = 16 M �. Detailed post-pr ocess nucleosynthesis calculations and 

Monte Carlo analyses are used to e xplor e the effects of reaction rate uncertainties and to identify key reaction rates in 

explosive nucleosynthesis. We find that many reactions have little impact on the production of iron-group nuclei, as these 
elements are primarily synthesized in the nuclear statistical equilibrium. How ev er, w e identify a few ‘key reactions’ that 
significantly influence the production of radioactive nuclei, which may affect astrophysical observables. In particular, for 
the production of 44 Ti , we confirm that several traditionally studied nuclear reactions have a strong impact. How ev er, 
determining a single reaction rate is insufficient to draw a definitive conclusion. 

Key wor ds: nuclear r eactions, nucleosynthesis, abundance – stars: abundances – stars: neutron – supernov ae: gener al. 
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 INTRODUCTION  

assive stars e x ceeding a zer o -age-main- sequence mass ( M ZAMS )
f 8–10M � explode as a core-collapse supernova (CCSN) at the 
nd of their evolution (e.g. A. Heger et al. 2003 ; R. Hirschi et al.
025 ). These explosions eject various elements ranging from he- 
ium to ir on, pr oduced during the long -t erm st ellar ev olution, and
he iron-peak and lighter trans-iron nuclides produced by explo- 
ive nucleosynthesis of C CSN e (e.g . S. E. W oosley & T. A. W eaver
995 ; F.-K. Thielemann, K. Nomoto & M.-A. Hashimoto 1996 ; T.
auscher et al. 2002 ). Nucleosynthesis pr oducts fr om C CSN e ar e
ot only a primary source of metal enrichment in the Galactic 
hemical evolution (e.g. C. K oba yashi et al. 2006 ; C. K oba yashi,
. I. Karakas & M. Lug ar o 2020 ) but also the cosmic source of sev-

r al r adioactive nuclei. These r adioactive nuclei, predominantly 
hose up to ir on, e xhibit a wide range of decay half-lives and can
 E-mail: nobuy a@sin.cc.kogakuin.ac.jp ; nobuy a@cns.s.u-t oky o.ac.jp 
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e directly identified through astrophysical observations. In the 
entral engine of the SN explosion a substantial amount of iron-
roup radioactive nuclei is synthesized, with 

56 Ni being the most 
rominent and primary observable as a heating source for the 
arly phase of C CSN e light curve. The decay 56 Ni → 

56 Co (the
alf life τ1 / 2 ∼ 6 . 081 d ) and its subsequent decay (i.e. 56 Co → 

56 Fe
ith τ1 / 2 ∼ 77 . 24 d ) is closely linked t o t emporal ev olution of 

he optical light -curves. Additionally, longer -lived nuclei such as 
4 Ti ( τ1 / 2 ∼ 59 . 1 y) are detectable in SN remnants even centuries
fter the explosion (A. F. Iyudin et al. 1994 ; B. W. Grefenst ett e
t al. 2014 ; S. E. Boggs et al. 2015 ; T. Siegert et al. 2015 ; A. Wong-
 athanar at et al. 2017 ), as observed in several historical SNe.
or eover, γ -ray emissions fr om nuclides like 26 Al , with a half-life

f τ1 / 2 ∼ 0 . 717 Myr ), enable the observation of nucleosynthesis 
r oducts acr oss the Galaxy (e.g . R. Diehl et al. 2006 ). 1 
 Half-life values in this paragraph are adopted from ‘Nuclear Wallet 
ards’ 2023 edition ( https://www.nndc.bnl.gov). 
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2 The older version of winnet is not thread-safe, so caution is required 
when running winnet in parallel systems. 
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Although the explosion mechanism of C CSN e driven by neu-
rino heating – in which complex 3D conv ectiv e motion around
he pr oto-neutr on star (NS) is inv olv ed (for r eviews, e.g . A. Bur-
ows 2013 ; H.-T. Janka, T. Melson & A. Summa 2016 ; S. Yamada
t al. 2024 ; H.-T. Janka 2025 ) – is not fully understood, spher-
cally symmetric explosion models have been constructed that
elativ ely w ell reproduce the observed elemental abundances.
hysically simplified, artificial 1D explosion models are also used

o justify 3D models and to examine observational constraints
see e.g. M. Ugliano et al. 2012 ; K. Nakamura et al. 2014 ; A. Perego
t al. 2015 ; T. Ertl et al. 2016 ; K. Ebinger et al. 2019 ; S. Ghosh, N.
olfe & C. Fröhlich 2022 ; L. Imasheva, H.-T. Janka & A. Weiss

023 ; R. Sawada & Y. Suwa 2023 ; L. Imasheva, H. T. Janka & A.
eiss 2025 , for recent discussion on the validity of 1D modeling).

uch models are ideal to systematically study the impact of micro-
hysics, e.g. the equation of state and weak interactions, on CC-
Ne and nuclear reaction rates on nucleosynthesis. Some of the
ey nuclear reactions in explosive nucleosynthesis, most of which
nv olv e radioactiv e nuclei, can be accessible through accelerat or
xperiments, offering the potential to experimentally investigate
nmeasur ed r eaction rates and r elevant nuclear pr operties with

mportance to astrophysics. 
Explosive nucleosynthesis in C CSN e is significantly influenced

y uncertainties in explosion models and nuclear-physics inputs.
ven small variations within a single model can substantially

mpact galactic chemical evolution scenario, while differences in
stimates of key radioactive elements can affect interpretation of 
irect optical observations and impose constraints on explosion
odels. S ystematic studies of e xplosion models and nuclear r eac-

ion rat es hav e been conduct ed for the production of nuclei such
s 56 Ni and 

44 Ti . For explosion models, there is a range of cases,
rom simplified one-dimensional models to multidimensional

odels that aim to be as self-consistent as possible, partly due
o the incomplete understanding of the explosion mechanism.
eg ar ding the elements produced, the temperature and density

entr opy) envir onment, along with the dependence on physical
arameters such as the electron abundance Y e , are generally well
nderstood, e x cept for the comple xity intr oduced by e xplosion
ynamics. In addition to the complexity of the explosion model,
ncertainties from multiple nuclear reactions and decays propa-
ate nonlinearly along nucleosynthesis flows. This makes it diffi-
ult to identify key uncertain reactions using traditional system-
tic impact studies that vary a single reaction rate at a time. 

To quantify the impact of the uncertainty in the nuclear re-
ction rates, it is useful to study it numerically and to compare
he results with observed quantities through nuclear reaction
etwork calculations. This is traditionally done by manual vari-
tion of rates, using a fixed variation factor that accounting for
he rate uncertainty for individual rates or groups of rates (see
.g. L. S. The et al. 1998 ; R. D. Hoffman et al. 1999 ; C. Iliadis
t al. 2002 ; C. Tur, A. Heger & S. M. Austin 2007 ; R. D. Hoffman
t al. 2010 ; K. Hermansen et al. 2020 ; S. K. Subedi, Z. Meisel
 G. Merz 2020 ). In recent years, there has been an increasing
umber of studies using Monte Carlo (MC) variations of reaction
ates in a variety of stellar environments (see e.g. C. E. Fields et
l. 2018 ; P. A. Denissenkov et al. 2021 ; S. Martinet et al. 2024 ).
her e ar e sever al adv antages of the MC approach. A simultaneous
ariation of many rates with many different, individual variation
actors samples the overall uncertainty in a produced abundance
temming from all contributing rates and not only for the selected
r oup of rates. Mor eover, the importance of a specific rate in
NRAS 546, 1–12 (2026) 
he ensemble of contributing rates is better assessed. A simple,
ndividual variation of single rates (or group of rates using the
ame variation factor) shows the dependence on an abundance
o this rate but may overestimate its contribution to the total
roduction uncertainty of a specific nuclide. 
We hav e dev eloped a nucleosynthesis code (T. Rauscher et al.

016 ; N. Nishimura et al. 2017 ) within a Monte Carlo (MC) frame-
ork including a nuclear reaction network solver and statistical

nalysis tools. We have already applied it to several processes
eyond iron (T. Rauscher et al. 2016 ; N. Nishimura et al. 2017 ;
. Cescutti et al. 2018 ; N. Nishimura et al. 2018 , 2019 ). Given

ts general applicability, our framework is naturally suited for
tudying explosive nucleosynthesis in SN e. Although her e we
ocus on the production of short-lived nuclei not considered in
ur previous studies, the application of our MC nucleosynthesis
ramew ork t o this case is t echnically str aightforw ard. 

In this study, w e inv estigat e 1D explosion models using explo-
ive tracers obtained with the PUSH method , which triggers ex-
losions by mimicking the enhanced neutrino heating observed

n multidimensional simulations. We focus on SN explosive nu-
leosynthesis in progenitors with solar and sub - solar metallici-
ies and an initial mass of M ZAMS = 16 M �. Detailed post-process
ucleosynthesis calculations with MC analysis are employed to
ompr ehensively e xplor e the effects of uncertainties in r elevant
 eaction rates. A dditionally, we discuss key reaction rates for ex-
losive nucleosynthesis based on a statistical analysis of our MC
ucleosynthesis results. 
The paper is organized as follows: Methods are described in

ection 2 , and the overall results for key reactions presented in
ection 3 . We especially focus on selected nuclides important for
bservations. Section 4 is dedicated to the summary and conclu-
ion. 

 METHODS  

.1 Monte carlo nucleosynthesis 

e post-process tracers – each r epr esenting the time-evolution
f temperature and density in a mass zone of the exploding
tar – and follow explosive nucleosynthesis with the pizbuin

C framework (T. Rauscher et al. 2016 ), containing a nuclear
eaction-network code mc-winnet . This code is based on a pre-
ious version of winnet (M. Reichert et al. 2023 ), extended to
ncorpor ate r ate v ariations and par allelized using OpenMP 

2 (see
.g. T. Rauscher et al. 2016 ). Basic properties, methods for rate
ariation and analysis techniques are described in T. Rauscher
t al. ( 2016 ) with application to SN explosive nucleosynthesis,
ncluding the p-pr ocess. Tr eatment of β-decay uncertainties and
pplications to the s-pr ocess ar e pr ovided in N. Nishimura et al.
 2017 ). The methodology for multizone SN explosion models is
hown in T. Rauscher et al. ( 2016 ) and N. Nishimura et al. ( 2018 ).

In this study, we adopt a nuclear reaction network that includes
15 nuclides with a total of 7992 nuclear decays and reactions
distinguished forward and reverse reactions), ranging from nu-
leons to heavier nuclides with a mass number of up to A = 80 .
his selection effectively covers ir on-gr oup nuclides, as shown

n Fig. 1 , while minimizing the number of nuclear species con-
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Figure 1. The 615 nuclei included in the network (dark-blue circles), 
covering a region closer to the stability line, overlaid on all nuclei within 
the drip lines (light-gr ey cir cles) as determined by the FRDM mass model 
(P. Möller et al. 1995 ). Among them, the 90 stable nuclei and 24 selected 
radioactive species (see Table 1 ) are indicated by black and green squares, 
respectively. 

Table 1. Key radioactive nuclei considered in this study. 

Nuclide ( Z) A Nuclide A Nuclide A 

Na (11) 22 Ca (20) 41 , 47 Mn (25) 52, 53 
Al (13) 26 Sc (21) 44 , 47 Fe (26) 59, 60 
Si (14) 32 Ti (22) 44 Co (27) 55, 56, 57 
Cl (17) 36 V (23) 48 , 49 Ni (28) 56, 57, 59 
K (19) 43 Cr (24) 48 , 51 
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Table 2. The upper and lower limits of theory uncertainty factors used 
for various reaction types. 

Reaction (n , γ ) (p , γ ) (p , n) (α, γ ) (α, n) (α, p) 

U 

up 2 2 2 2 2 2 
U 

low 1 / 2 1 / 3 1 / 3 1 / 10 1 / 10 1 / 10 
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idered to enhance computational efficiency. The network is not 
xt ended t o the theoretical drip lines for mid-heavy nuclei but is
nst ead restrict ed t o nuclides that can be significantly produced
y explosive nucleosynthesis in our calculations. An upper mass 

imit of A = 80 is sufficient for our current purposes, since all
ey nuclei and reactions lie below A ∼ 60 . In the present study,
e analyse nuclear reaction and decay uncertainties for the pro- 
uction of 90 nucleus stable and 24 select ed radioactiv e species,

isted in Table 1 for latter . W e adopt the standard reaction and
ecay rates from the latest JIN A R eaclib Data base (‘default’, re-
ised from V er . 2.2 on 2021-06-24) (T. Rauscher & F.-K. Thiele-
ann 2000 ; R. H. Cyburt et al. 2010 ), 3 which compiles experi-
entally available reaction rates along with theoretical predic- 

ions, the latter being particularly necessary for unstable nuclides. 
We apply temperature-dependent uncertainties to each reac- 

ion rate, with the uncertainty factors defined as functions of tem-
eratur e, arising fr om a combination of experimentally known 

round-stat e rat es and pr edictions fr om rates on thermally e x-
ited target nuclides (see T. Rauscher et al. 2016 ; N. Nishimura
t al. 2017 ). How ev er, this approach is applicable only to reaction
ates with experimentally determined ground-state contributions 
T. Rauscher et al. 2011 , 2020 ; T. Rauscher 2012 ). In explosive
ucleosynthesis, most reaction rates in the network are theoret- 

cally derived. For purely theoretical rat es, w e adopt a constant
 JIN A R eaclib: ht tps://reaclib .jinaweb .org 

s
t
r

ncertainty factor across all temperature values. Starting from the 
tandar d r eaction r ate v alues, we introduce v ariations by defining
ower and upper limits, as listed in Table 2 . The choice of these
imits is discussed in detail in section 2.3.2 of T. Rauscher et al.
 2016 ). For theor etically pr edict ed rat es, the uncertainty range
mplemented by these limits is considered to comprise uncer- 
ainties arising from predicted nuclear properties and from the 
pplicability of the reaction models themselves. Thus, this is a 
odel-independent approach. Within these limits, we vary the 

eaction rates using a uniform random distribution within the 
pecified uncertainty range. 

We note that the forward and reverse reaction pairs (e.g. 
 ( n , γ ) B and B ( γ , n) A) should not be varied independently. For

hese reaction pairs, the reaction rates must be adjusted in a
hysically consistent manner to satisfy the principle of detailed 

alance 4 . We ther efor e denote the r eaction pair as, e.g . A + n ↔
+ B (see also e.g. T. Rauscher et al. 2016 ; N. Nishimura et al.

017 ). Consequently, the uncertainties in the reaction rates do 
ot affect the abundances when the network is in equilibrium 

nuclear statistical equilibrium; NSE; T. Rauscher 2020a ). The 
SE abundances are sensitive to the nuclear binding energies 
ut nuclear masses are well known for the considered range 
f nuclides and thus nuclear uncertainties provide a negligible 
ontribution to the overall uncertainties of NSE abundances. We 
dopt a 30 per cent uncertainty for w eak-decay rat es, i.e. β decay
nd e ±-capture half-lives, corresponding to a factor of 1.3 for the
pper limit and 1 / 1 . 3 for the lower limit. This choice is motivated
y the fact that all relevant half-lives are based on experimental
valuations in the context of explosive nucleosynthesis. Follow- 
ng the notation of Nuclear Wallet Cards data base (adopted by
IN A R eaclib: R. H. Cyburt et al. 2010 ), w e denot e ε + β+ as the
um of e − capture and β+ decay, while ε refers to the case of 
 

− capture only. We note that, unlike in our s-process study (N.
ishimura et al. 2017 ), we do not include temperature-dependent 
ncertainties for β decay. 
Although the nucleosynthesis details for the PUSH multi-zone 
odels differ from those in our previous MC studies, the ap-

roach itself is identical to that used in our previous work. In
articular, it is comparable to applications of the γ -process in 1D
ultizone CCSN models (T. Rauscher et al. 2016 ) and multidi-
ensional (2D) Type Ia SN models (N. Nishimura et al. 2018 ).
ur pr ocedur e is carried out in thr ee steps: (i) Perform standar d
ucleosynthesis calculations without varying the reaction rates 
nd determination of a weight factor for each zone based on
he amount of each nuclide produced (or depleted); (ii) conduct 
ndependent MC nucleosynthesis calculations for all zones; (iii) 
etermine the uncertainty range in the w eight ed av erage of nu-

leosynthesis products using the results from all zones combined 
MNRAS 546, 1–12 (2026) 

ev en fitt ed paramet ers, has the advantage to implement and ensure de- 
ailed balance, as the reverse reaction is formulated based on the forward 
eaction. 

https://reaclib.jinaweb.org
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tilizing the w eight fact ors and identify key reactions through
tatistical analysis. 

The statistical analysis was implemented as an aut omat ed pro-
edure to identify the most important reactions in complex flow
atterns from superposition of many zones (tracers). Such an
ppr oach is mor e feasible and superior to visual inspection of 
ows and manual variation of limited rate sets, especially when a

arge number of reactions, nuclides, and abundances is inv olv ed.
t is based on e xamining corr elations between variations in rates
nd abundances. Various definitions of correlation identifiers are
ound in literature and can be categorized into rank methods
nd product-moment methods (M. G. Kendall 1955 ; W. A. Hem-
erich 2017 ; T. Rauscher et al. 2020 ). Rank correlation methods,

lthough they are formally assumed to better account for data
utliers, are losing information in the ranking pr ocedur e and
hus are rather unsuited for the purpose of correlating reactions
nd abundances (M. G . K endall 1955 ; W. A. Hemmerich 2017 ).
her efor e the more suitable Pearson product-moment correlation
oefficient was chosen to quantify correlations (K. Pearson 1895 ).
his is safe because data outliers, to which the Pearson coeffi-
ient would be vulnerable, do not appear in an analytical, lim-
ted variation of reaction rat es. Moreov er, the Pearson coefficient
s simpler to handle, especially when calculating a combined,
 eight ed correlation including many tracers (see below). Positive

alues of the Pearson coefficient −1 ≤ r corr ≤ 1 indicate a direct
orrelation between rate change and abundance change, whereas
egative values signify an inverse correlation, i.e. the abundance
ecreases when the rate is increased. Larger absolute values | r corr |

ndicate a stronger correlation and this can be used for extracting
he most important r eactions fr om the MC data. Consistent with
ur previous studies, we define a key rate (i.e. a rate dominating
he final uncertainty in the production of a nuclide) by having
 r corr | ≥ 0 . 65 . 

As detailed further below, we aimed to identify important re-
ctions within single zones but also key reactions globally af-
ecting the final abundances. For the latter, it was necessary to

odify the basic Pearson formula to provide a w eight ed av erage
ver all zones. This avoids overemphasizing contributions from
ones where the respective reactions do not significantly affect
ny abundances. Our w eight ed correlation coefficient r corr ( q, z )
or the abundance q Y of nuclide q with respect to reaction z is
iven by (T. Rauscher et al. 2016 ; T. Rauscher 2020b ) 

 corr ( q, z ) = 

∑ 

i j 
q w 

2 
j 

(
z f i j − f j 

) (q Y i j − q Y j 
)

√ ∑ 

i j 
q w 

2 
j 

(
z f i j − f j 

)2 √ ∑ 

i j 
q w 

2 
j 
(

q Y i j − q Y j 
)2 

. 

(1) 

he zone is identified by the tracer number j and the iteration by
 , with a variation factor z f i j = 

z r ∗MC ,i j / 
z r ∗std ,i j of the rate of reaction

 and the final abundance q Y i j of nuclide q r esulting fr om this
ariation. The barred quantities are the means of the samples
f variation factors f j = 

(∑ k 
i =1 

z f i j 

)
/k and abundances q Y j =∑ k 

i =1 
q Y i j 

)
/k with respect to the number of MC iterations k.

s in our previous work, k = 10 000 . The standard libr ary r ate is
enoted by z r ∗std and 

z r ∗MC is the rate after multiplying the standard
ate by the MC variation factor. The asterisks imply that these are
tellar rates, i.e. including reactions on thermally excited states of 
he inv olv ed nuclides. This is especially important at the elevated
 emperatures encount ered in explosive burning. 
NRAS 546, 1–12 (2026) 
To connect all rates to all abundances of interest, the number
f w eight ed correlation fact ors t o be comput ed for each nuclide
f interest is the number of reactions in the netw ork. The w eight
f each zone is calculated from the relative abundance change 

 w j = 

| q Y 

std 
j − q Y 

ini 
j | ∑ 

j | q Y 

std 
j − q Y 

ini 
j | (2) 

or each nuclide q with initial abundance q Y 

ini 
j in trajectory j. The

nal abundances obtained with the standard rate set are denoted
y q Y 

std 
j . The obtained weight factors are shown in Fig. 2 . These

lso illustrate the regions of the star where the abundance of a
uclide is dominantly affected. 
Note that the final abundances of stable nuclei are taken after

ll decays, whereas those of radioactive nuclei are evaluated at
he end of the nucleosynthesis calculations ( t = 10 4 s ). In this
tudy, w eight fact ors are computed and applied separately for
table and unstable nuclei at their respective evaluation times.
onsequently, decay processes occurring w ell aft er 10 4 s are be-
ond the scope of the present scheme. Nevertheless, such late-
ime decays are mostly well known, for example, the decay chain
6 Ni → 

56 Co → 

56 Fe , whose half lives much longer than one day.
he results presented in the Section 3 concern not only weighted
orrelations but also correlations for individual zones. Obviously,
n the latter case j = 1 . Then the weights and variation factors
educe to q w j = 

q w 1 = 1 and 

z f i j = 

z f i 1 = 

z f i = 

z r ∗MC ,i / 
z r ∗std ,i , re-

pectively. 

.2 SN explosion models 

n this study, we adopt SN explosion models by the PUSH method.
he detailed methods and results are shown in the series of 
apers; Paper I–V (A. Perego et al. 2015 ; S. Curtis et al. 2019 ;
. Ebinger et al. 2019 , 2020 ; S. Ghosh et al. 2022 ). Here, we
dopt simulation models from Paper V (S. Ghosh et al. 2022 ),
hich discusses the dependence on the nuclear equation of state

EOS) and stellar metallicity. The r elevant featur es of the PUSH
ethod for explosive nucleosynthesis are that the electron frac-

ion is consistently evolved throughout the infall, bounce, and
xpansion of the material. In addition, the separation between
jecta and the forming pr oto-neutr on star emerges consistently
rom the simulation, i.e. we do not hav e t o impose a mass cut
y hand. 

The specific explosion models adopted in the present work are
16, w16, and u16 exploded using the SFHo EOS (A. W. Steiner, M.
empel & T. Fischer 2013 ) based on 16 M � progenitors (S. Ghosh

t al. 2022 ), corresponding to s16.0, w16.0, and u16 with SFHo,
espectively, in the original paper. Table 3 summarizes the key
haracteristics of the three models, covering progenitor proper-
ies, explosion dynamics, and nucleosynthesis products. The col-
mn ‘# of Progenitor Nuclides’ refers to the number of nuclides in

he progenitor model file, not to the size of the extended network
or the MC post-processing (shown in Fig. 1 ). The masses of 56 Ni
re taken from the end of the present post-processing calculations
t t = 10 4 s . 

These models r epr esent stars of 16 M � zero-age main se-
uence mass at two different metallicities (solar metallicity and
0 −4 of solar metallicity). This is primarily because differences
n explosive nucleosynthesis have been shown to vary signifi-
antly with changes in metal abundances during stellar evolu-
ion. Both the s16 and w16 models assume solar metallicity at
he birth of the star, with the primary difference arising from
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Figure 2. Weight factors of nuclei after decay for the models defined in Section 2.2 and summarised in Table 3 , shown for s16 (top), w16 (middle), 
and u16 (bottom). The left panels show stable nuclei and key radioactive nuclei with A � 80 , while the right panels display results for 8 selected key 
radioactive nuclei. The final abundances of stable nuclei are taken from the values after all decays, while those of radioactive nuclei are taken at the 
end of the nucleosynthesis calculations ( t = 10 4 s ). The order of adopted stable nuclides is p, d, 3 , 4 He , 7 Li , 10 , 11 B , 12 , 13 C , 14 , 15 N , 16 , 17 , 18 O , 19 F , 20 , 21 , 22 Ne , 
23 Na , 24 , 25 , 26 Mg , 27 Al , 28 , 29 , 30 Si , 31 P , 32 , 33 , 34 , 36 S , 35 , 37 Cl , 36 , 38 , 40 Ar , 39 , 40 , 41 K , 40 , 42 , 43 , 44 , 46 , 48 Ca , 45 Sc , 46 , 47 , 48 , 49 , 50 Ti , 50 , 51 V, 50 , 52 , 53 , 54 Cr , 55 Mn , 54 , 56 , 57 , 58 Fe , 
59 Co , 58 , 60 , 61 , 62 , 64 Ni , 63 , 65 Cu , 64 , 66 , 67 , 68 , 70 Zn , 69 , 71 Ga , 70 , 72 , 73 , 74 , 76 Ge , 75 As , and 79 Br . 

Table 3. Properties of the 16 M � progenitor and explosion models. 

Model Metallicity # of progenitor # of Mass- O-burning E expl M cut Layer of M cut 
c Explosive Si 56 Ni mass 

nuclides coordinate for MC 

a Core Mass b burning zones d (post process) 
Z � M � (zone) M � (zone #) 10 51 erg M � M �

s16 1 20 1.845 (#22–321) 1.959 (#435) 1.365 1.524 Si-O #22–138 0.2621 
w16 1 1505 1.886 (#23–372) 2.001 (#492) 1.256 1.514 Si-O #23–119 0.2047 
u16 10 −4 20 2.110 (#18–367) 2.115 (#372) 1.868 1.743 Si-O #18–191 0.4307 
a The enclosed mass and total number of zones included in the MC calculations, in which explosive nucleosynthesis occurs. 
b The enclosed mass of the o xy gen-burning cor e and the corr esponding zone. N ote that this e x ceeds the r egion consider ed in the MC calculations. 
c Mass corresponding to a remnant NS, which is omitted in this study. 
d Complete silicon burning is achieved, reaching NSE in which 56 Ni is the predominant nucleus. 
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he numerical treatment of st ellar ev olution. The w16 model 
ncludes a more ext ensiv e reaction netw ork, incorporating more
uclides. The u16 model r epr esents a mor e metal-poor star with
 lower initial metallicity. Such stars have significantly differ- 
nt stellar structur es, r esulting in notably distinct outcomes. Al-
hough nucleosynthesis can occur at the same peak temper- 
ture, the u16 model has almost twice as much ejecta mass
eaching conditions typical for 56 Ni production. In combination, 
MNRAS 546, 1–12 (2026) 
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Figure 3. Nucleosynthesis yields of explosive nucleosynthesis at 10 4 s 
after explosion for 16 M � stellar models. The s16 and w16 progenitors 
have solar abundance, whereas u16 is based on a metal poor star (see 
Table 3 ). Vertical grey bands labelled with zone numbers indicate the 
boundaries of the Si-, O-, and Ne-burning layers: 0.116 and 0 . 413 M � for 
s16, 0.096 and 0 . 469 M � for w16, and 0.173 and 0 . 354 M � for u16 in the 
horizontal axis ( M –M cut ). 
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hese three models allow to investigate a range of explosion
onditions. 

The final abundances at 10 4 s after explosion from post-
rocessing with our network code are shown in Fig. 3 . Unless
therwise specified, final abundances are defined as fully decayed
alues for stable nuclei and as the values at t = 10 4 s after the
xplosion for radioactive nuclei. These are typical explosive nu-
leosynthesis results and are consistent with the original results
n S. Ghosh et al. ( 2022 ) within differences of input physics such
s reaction rates in the nuclear reaction network. It is to be noted
hat we did not include neutrino-induced reactions in the post-
rocessing network and therefore do not include the νp process
C. Fröhlich et al. 2006 ; J. Pruet et al. 2006 ; S. Wanajo 2006 ) prod-
cts. Thr oughout the r emainder of this paper, unless otherwise
pecified, we define the final abundances as the fully decayed
alues for stable nuclei and as the values at t = 10 4 s after the
xplosion for radioactive nuclei. Under this definition, the final
bundances of stable nuclei differ slightly from those shown in
ig. 3 . 

 R E S U LT S  

n Section 3.1 , as in our previous w ork, w e provide an uncertainty
ssessment and identify ‘key reactions’ for the supernova explo-
ion models as a whole, considering all relevant zones and the
otal nucleosynthesis by integrating over the different stellar la y -
rs (see Table 3 for the included zones). In Section 3.2 , we present
he same analysis focusing on the layer of explosive silicon burn-
ng, where the nucleosynthesis products are distributed relatively
omogeneously within the zone (see Fig. 3 ). In Section 3.3 , we
iscuss the abundance uncertainties and key reactions associated
ith radioactive nuclei of interest for optical observations. 

.1 Abundance uncertainty and key reactions: general 
eatures 

he uncertainty range of the nucleosynthesis products, defined
s the 90 per cent interval around the peak value y peak and result-
ng from variations in reaction and decay rates, is shown as the
ormalized abundance Y/Y peak in Fig. 4 . The results for the s16
nd w16 models are generally consistent, exhibiting a similarly
arg e rang e of uncertainty for products with significant produc-
ion. In contrast, the results for the u16 model differ markedly
rom these due to the much lower metallicity of the progenitor.
ome nuclides exhibited abundance uncertainties exceeding 10–
00, for example 24 , 25 Mg and 

33 , 34 S, and 2–5 for a few Fe-peak
uclei. These nuclides are produced only in very small amounts
uring e xplosive nucleosynthesis, r esulting in large r elative devi-
tions. 

In Fig. 5 , we ignore such spurious values for nuclides with final
bundances of Y � 10 −5 , since even large relative enhancements
emain negligible and no important reactions are excluded. Ac-
ording to the ‘Level 1’ results in Fig. 5 , which include all rate
ariations defined in Table 2 , the uncertainty range spans from a
ew percent to about 20 per cent and is not significantly asymmet-
ic between the lower and upper limits. Fe and Ni isotopes, which
re mostly produced under NSE conditions, show smaller un-
ertainties, whereas isotopes with A < 50 exhibit relatively large
ncertainties. The latter nuclei are produced in the incomplete
i-burning layer, so their uncertainties ar e r easonably attributed
 o sev er al nuclear reactions whose r at es are not w ell det ermined.
NRAS 546, 1–12 (2026) 
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Figure 4. Uncertainty ranges (90 per cent intervals around the peak 
value y peak ) obtained from the MC variations for explosion models: s16 
(top), w16 (middle), and u16 (bottom), shown for Level 1–3 MC runs. 
Nuclei marked with squares indicate key products listed in Tables 4 , 
5 , and 6 . Selected nuclides are 20 Ne , 22 Na , 24 , 25 Mg , 26 , 27 Al , 28 Si , 31 P , 
32 , 33 , 34 S , 36 , 38 Ar , 39 K , 40 , 41 , 42 Ca , 44 Sc , 44 Ti , 48 , 50 , 52 Cr , 52 , 53 , 55 Mn , 54 , 56 , 57 Fe , 
55 , 56 , 57 , 59 Co , 56 , 57 , 58 , 59 , 60 Ni , 65 Cu , and 64 , 66 Zn , arranged in this order. 
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Furthermore, w e conduct ed a statistical analysis of the MC 

ucleosynthesis results and calculated correlation coefficients to 
dentify key reactions as explained in Section 2.1 . Tables 4 , 5 ,
nd 6 summarize the key reactions found for each model along 
ith their correlation coefficients. The bidirectional arrow in the 

eaction notation indicates that both forward and reverse reac- 
ions were varied simultaneously because they are connected by 
etailed balance. 
As in our previous w ork, w e inv estigat e sev eral ‘lev els’ of key

 eactions. Level-1 r eactions (with corr elation r corr , 0 ) ar e the most
mportant r eactions. Level-2 r eactions (with corr elation r corr , 1 ) ar e
dentified by repeating the MC procedure without variation of the 
ev el-1 reactions. Thus, lev el 2 reactions only become important
nce level-1 reactions have been determined accurately. Likewise, 
evel-3 r eactions ar e obtained without variation of level-1 and
ev el-2 rat es. The normalized abundances obtained at the differ-
nt levels also are shown in Figs 4 and 5 . Note that although
he overall uncertainty reduces with every level, the resulting 
ncertainty bar may be shifted relative to the previous levels. It

s especially clear from Fig. 5 that the uncertainty range becomes
maller when the uncertainty of key reactions is removed. In 

eneral, the reduction from Level 1 to Level 2 is significant. Al-
hough 

44 Ti does not have its own key reactions, the uncertainty 
s still considerably reduced. This is because the 44 Ti abundance is 
nfluenced by neighboring reactions, some of which inv olv e key
uclei such as 48 Cr (see Section 3.2 ). 
The first column in Tables 4 , 5 , and 6 specifies the nuclide of 

hich the abundance is significantly affected by the shown key 
ate. Also shown in the tables are the ground-state contributions 
 0 to the stellar reaction rate at two temperatures, 3 GK and 5 GK.
MNRAS 546, 1–12 (2026) 
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M

Table 4. Key reactions and decays for the s16 model. The underlined nuclides are stable ones (beyond p and α), all others are radioactive. The notation 
used for nuclear reactions (pairs) and weak decays is explained in Section 2.1 . 

Nuclide r corr , 0 Key rate r corr , 1 Key rate r corr , 2 Key rate X 0 Compound nucleus 
Level 1 Level 2 Level 3 (3, 5 GK) 

41 Ca −0 . 67 38 Ar + α ↔ n + 

41 Ca 1.00, 0.94 42 Ca 
48 Cr −0 . 82 48 Cr + α ↔ p + 

51 Mn 0.78, 0.50 52 Fe 
0.65 44 Ti + α ↔ p + 

47 V 0.28, 0.14 48 Cr 
0.88 40 Ca + α ↔ γ + 

44 Ti 1.00, 1.00 44 Ti 
52 Mn −0 . 70 52 Fe + α ↔ p + 

55 Co 0.84, 0.57 56 Ni 
0.67 52 Fe (ε + β+ ) 52 Mn –

56 Co 1.00 56 Ni (ε + β+ ) 56 Co –
−0 . 69 56 Ni + α ↔ p + 

59 Cu 0.74, 0.46 60 Zn 
57 Co 0.92 57 Ni (ε + β+ ) 57 Co –

−0 . 65 20 Ne + α ↔ γ + 

24 Mg 1.00, 0.99 24 Mg 
57 Ni −0 . 83 57 Co + p ↔ n + 

57 Ni 0.89, 0.68 58 Ni 

Table 5. Key reactions and decays for the w16 model. Same as Table 4 . 

Nuclide r corr , 0 Key rate r corr , 1 Key rate r corr , 2 Key rate X 0 Compound nucleus 
Level 1 Level 2 Level 3 (3, 5 GK) 

48 Cr −0 . 81 48 Cr + α ↔ p + 

51 Mn 0.78, 0.50 52 Fe 
0.65 44 Ti + α ↔ p + 

47 V 0.28, 0.14 48 Cr 
0.89 40 Ca + α ↔ γ + 

44 Ti 1.00, 1.00 44 Ti 
56 Co 1.00 56 Ni (ε + β+ ) 56 Co –

−0 . 65 56 Ni + α ↔ p + 

59 Cu 0.74, 0.46 60 Zn 
57 Co 0.91 57 Ni (ε + β+ ) 57 Co –
57 Ni −0 . 85 57 Co + p ↔ n + 

57 Ni 0.89, 0.68 58 Ni 
59 Ni −0 . 85 59 Cu + p ↔ γ + 

60 Zn 0.97, 0.87 60 Zn 

Table 6. Key reactions and decays for the u16 model. Same as Table 4 . Only 44 Sc decreases in abundance after the NSE. 

Nuclide r corr , 0 Key rate r corr , 1 Key rate r corr , 2 Key rate X 0 Compound nucleus 
Level 1 Level 2 Level 3 (3, 5 GK) 

44 Sc −0 . 72 44 Ti + α ↔ p + 

47 V 0.28, 0.14 48 Cr 
0.74 40 Ca + α ↔ γ + 

44 Ti 1.00, 1.00 44 Ti 
0.83 44 Ti (ε) 44 Sc –

48 Cr −0 . 75 48 Cr + α ↔ p + 

51 Mn 0.78, 0.50 52 Fe 
−0 . 84 49 Mn + p ↔ γ + 

50 Fe 0.78, 0.67 50 Fe 
−0 . 66 52 Fe + α ↔ p + 

55 Co 0.84, 0.57 56 Ni 
56 Co 1.00 56 Ni (ε + β+ ) 56 Co –

−0 . 71 56 Ni + α ↔ p + 

59 Cu 0.74, 0.46 60 Zn 
57 Co 0.87 57 Ni (ε + β+ ) 57 Co –
57 Ni −0 . 79 57 Co + p ↔ n + 

57 Ni 0.89, 0.68 58 Ni 
−0 . 66 59 Cu + p ↔ γ + 

60 Zn 0.97, 0.87 60 Zn 
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he values are taken from T. Rauscher ( 2012 ). They are intended
o guide experimenters as they indicate what percentage of the
t ellar rat e can be constrained by a measur ement of a r eaction
n the ground state of the target nucleus. The values are given
or the reaction direction with positive Q -value ( 41 Ca(n, α) 38 Ar,
7 V(p, α) 44 Ti, 59 Cu(p, α) 56 Ni, 57 Ni(n,p) 57 Co) and for captur es r e-
 ar dless of Q -value as their X 0 values are larger than for their
 everse r eactions. 

The final abundances of the key nuclei listed in Tables 4 –6
enerally increase due to explosive nucleosynthesis, i.e. they are
roduced after NSE, with the exception of 44 Sc in the u16 model
Table 6 ), which is destroyed after NSE. In this case, explosive oxy-
en burning is insufficient to raise the abundance of 44 Sc above
ts initial value in the pre-collapse NSE core. Its key reaction,
4 Ti (α, p) 47 V, has also been discussed in previous studies, but in a
iffer ent conte xt, for e xample as one of the reactions affecting 44 Ti
NRAS 546, 1–12 (2026) 
A. A. Sonzogni et al. 2000 ; K. A. Chipps et al. 2020 ). Here, we also
dentify this reaction as a level-2 key reaction for the production
f 48 Cr in models s16 and w16. 

In A. Arcones, C. Fröhlich & G. Martínez-Pinedo ( 2012 ), the re-
ctions 59 Cu(p, γ ) and 

59 Cu(p, α) have been found to be important
n determining whether the νp-process path continues beyond

ass A = 59 . Our pr esent investig ation does not include the νp-
rocess but these reactions appear as key reactions of levels 1, 2,
nd 3 for Co and Ni isot opes. The prot on capture channel appears
s level-1 key reaction for 59 Ni in model w16 and as level-2 key
eaction for 57 Ni in model u16. The (p, α) reaction shows up as
eing important for production of 56 Co in all models, as level-2
ey reaction in models s16 and w16, and as level-3 key reaction
n model u16. 

Fig. 6 shows the combinations of key reactions and their cor-
esponding nuclides on a section of the nuclear chart. When β
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Figure 6. Key reactions and corresponding nucleus on the N–Z plane. Level 1 rates listed in Tables 4 , 5 , and 6 are adopted. Key reactions and decays 
are plotted in the same color as the corresponding nucleus. 

Table 7. Key nuclear reactions (level 1) from MC calculations with fixed 
w eak rat es. 

Nuclide Key rate s16 w16 u16 
r corr , 1 r corr , 1 r corr , 1 

41 Ca 38 Ar + α ↔ n + 

41 Ca −0 . 67 
44 Sc 44 Ti + α ↔ p + 

47 V −0 . 76 
48 Cr 48 Cr + α ↔ p + 

51 Mn −0 . 82 −0 . 81 −0 . 75 
52 Mn 52 Fe + α ↔ p + 

55 Co −0 . 73 −0 . 66 
57 Co 57 Co + p ↔ n + 

57 Ni −0 . 85 −0 . 85 −0 . 80 
59 Ni 59 Cu + p ↔ γ + 

60 Zn −0 . 85 
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5 We varied a total of ∼ 8 000 reactions, but the number of index entries is 
about half of that, because forwar d and r everse r eactions wer e not varied 
independently. 
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ecay (or electron capture) is the key reaction, it serves as a key
eaction for the parent or daughter nucleus (see the first column
n Tables 4 –6 ). In contrast, for other nuclear reactions, a key
eaction may also play an indirect role in the production of other
uclides, not directly inv olv ed in the reaction. This is due to the

act that in nucleosynthesis, where multiple nuclear reactions are 
nv olv ed, the impact of uncertainties also appears in a complex

anner. Parts of 5th par agr aph in the right of page 8 was revised.
hese results demonstrate the usefulness and necessity of the MC 

pproach in nucleosynthesis sensitivity studies. Without the MC 

pproach, one must either individually inv estigat e the sensitivity 
f all reaction rates, significantly increasing the computational 
ost, or narrow down the surrounding reactions, with the risk 

f ov erlooking key rat es. Once the key reaction rates are iden-
ified thr ough MC analysis, r eg ar dless of the specific r eactions or
ecays inv olv ed, they can be subject ed t o more detailed studies
ocusing on individual rates. 

As uncertainties in decay half-lives may mask other important 
eactions, we also performed MC runs without including decays 
n the variation for the three progenitor models. The resulting 
evel-1 key reactions are shown in Table 7 . Removing the decay
alf-lives from the MC variation led to the appearance of the

evel-1 key reaction 

57 Co + p ↔ n + 

57 Ni instead of the 57 Ni de-
ay in all thr ee models. Ther e was no key reaction affecting 56 Co
nymore without variation of the decays. All other level-1 key 
 eactions r emained unchanged. 
.2 MC analysis of complete silicon burning 

e also performed statistical analyses for individual layers (e.g. 
or the explosive Si-burning layer; see Table 3 ), applying the same

C results, w eighting fact ors, and methodology, but restricting 
he analysis to different zone ranges. We find that the values of 
 r cor | are enhanced for some rates, and few reactions or decays
xhibit | r cor | ≥ 0 . 65 , meeting our threshold for designation as key
eactions. For the complete Si-burning layer, one additional rate, 
4 Ti (α, p) 47 V, satisfies the criterion for 44 Ti production across all 
xplosion models. The resulting correlation factors, r cor , for 44 Ti 
n the s16 model are shown in Fig. 7 among varied reactions and
ecays 5 . Selected | r cor | are plotted for the case of all zones (Fig.
 a and for the explosive Si-burning layer (Fig. 7 b). We identify
n additional key reaction, 44 Ti (α, p) 47 V, and another reaction, 
0 Ca (α, γ ) 44 Ti , both of which significantly increase r cor . These re-
ctions ar e alr eady included among the key r eactions r esponsible
or the production of other nuclei, such as 44 Sc and 

48 Cr , in Levels
 to 3. 

The corr elations of 44 Ti (α, p) 47 V (fr om r cor = −0 . 024 to −0 . 78 )
nd 

40 Ca (α, γ ) 44 Ti (from r cor = 0 . 27 to 0.36) become significantly
tronger when only explosive Si-burning zones are included in 

he analysis. Similar trends are found for the other models. 
n the explosive Si-burning layers, r cor = −0 . 76 and −0 . 75 for
4 Ti (α, p) 47 V in the w16 and u16 models, respectively, and r cor =
 . 37 and 0.40 for 40 Ca (α, γ ) 44 Ti in the u16 and w16 models, re-
pectively. A ccor ding to our current criterion, 40 Ca (α, γ ) 44 Ti is
ot identified as a key reaction; how ev er, it becomes the dom-

nant reaction in the explosive Ne-burning layers ( M − M cut =
 . 2 –0 . 3M �) of the s16 model (Fig. 3 ). Although its impact is
educed when averaged over the entire star, it may still be ob-
ervationally significant if the contribution from this particular 
jecta layer can be isolated or weighted by a specific observational
robe. 
In addition to 44 Ti (α, p) 47 V, additional decay contributing to 

8 V production is identified only in the u16 model: 48 Cr (ε +
MNRAS 546, 1–12 (2026) 
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M

Figur e 7. Corr elation factors of 44 Ti (s16 model) pr oduction with r espect to all varied r eaction and decay rates, labelled by their ‘r eaction inde x’ numbers. 
The plot shows correlations with | r cor | ≥ 0 . 02 : positive correlations are indicated by circles (red), while negative correlations are shown by diamonds 
(blue). The red dashed line corresponds to the threshold for the key reaction, 0.65. (a) Results of the analysis including all stellar zones. (b) Results of 
the analysis restricted to the Si-burning layers. 
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+ ) 48 V ( r cor = 0 . 90 ), whose ground state half-life is 21 . 56 h . The
 eaction 

44 Ti (α, p) 47 V, r elevant to the production of 44 Sc , also
ppears as a key reaction ( r cor = 0 . 90 ) in w16, although in our
revious full-layer analysis it was identified only for u16. This
eaction is already identified as key for several nuclei with A �
0 . Note that our nucleosynthesis calculations are t erminat ed
fter 10 4 s (2.78 h), so the inferred importance of key nuclei for
stronomical observations depends sensitively on the time after
xplosion. 

.3 Impacts on supernova observables 

ever al key r adioactive nuclei produced in explosive nucleosyn-
hesis have been inv estigat ed in connection with optical observa-
ions. F. Timmes et al. ( 2019 ) identified radioactive SN products
hich potentially could be observed in SN remnants by their
ecay lines. In addition to the well known cases of 26 Al , 44 Ti , and

6 Ni , these are 43 K , 47 Sc , 48 V, 47 Ca , 44 Sc , 48 , 51 Cr , 52 Mn , 59 Fe , 56 , 57 Co ,
nd 

57 Ni . Concerning 26 Al , this Al isotope is produced in several
istinct phases during stellar evolution and also explosively (see
.g. A. Falla et al. 2025 ). An analysis of key reactions for this
uclide is not within the scope of the present work. 
Inspection of Tables 4 − 6 shows that key reactions for the

 xplosive pr oduction of 44 Sc , 48 Cr , 52 Mn , 56 , 57 Co , and 

57 Ni wer e
ound in our approach. The nuclide 56 Ni is a typical isotope pro-
uced by explosive nucleosynthesis and one of the most impor-
ant nuclei inv olv ed in the observation of supernova light curves.
ow ev er, its pr oduction corr esponds to the peak of the nuclear

istribution in the vicinity of the NSE and is not driven by in-
ividual nuclear r eactions. Ther efor e, it is not surprising that

ndividual nuclear reaction rates cannot be identified as being
mportant for the production of Fe and Ni isotopes. The weak
ecay 56 Ni → 

56 Co , which is a well-known SN light-curve energy
ource, can be identified as the dominant process affecting the
bundance of 56 Ni about 10 h after the explosion. On the other
and, we find that the reaction 

57 Co (p , n) 57 Ni is a key process for
7 Ni production, and 

57 Ni is also an observable nucleus, similar to
ther Fe and Ni isotopes, particularly in terms of its ratio to 56 Ni
see e.g. F.-K. Thielemann et al. 1996 ; S. N ag ataki et al. 1997 ).
NRAS 546, 1–12 (2026) 
ithin our approach of studying explosive nucleosynthesis by
ost-pr ocessing e xisting pr ogenit or models w e only find a key
eaction for 44 Ti when focusing on the region of complete Si
urning (see Section 3.2 ). 

The production of 56 Ni and 

44 Ti also strongly depends on the
xplosion mechanism and thus on the mass cut. In the PUSH
ethod, the mass cut is obtained self-consistently and is not a

ree parameter. The dependence on the explosion mechanism of 
he production of 44 Ti has been inv estigat ed in previous studies
e.g. G. Magkotsios et al. 2010 ; S. Andrews et al. 2020 ). T . W ang
 A. Burrows ( 2024 ) recently pointed out that neutrino - driven
inds in long-term multi-D SN simulations can yield additional
r oduction of 44 Ti . A dditionally, S. K. Subedi et al. ( 2020 ) found
dditional reactions impacting the production of 44 Ti and 

56 Ni
hen also taking into account uncertainties in the stellar evolu-

ion phase. 

 SUMMARY  AND  CONCLUSION  

e ha ve in vestigated nuclear uncertainties in ir on-gr oup nu-
lides (up to A = 80 ) in explosive nucleosynthesis of core-
ollapse supernovae within a Monte Carlo approach, in which
e simultaneously varied about 8000 r eactions. Thr ee e xplosion
odels based on a 16 M � progenitor with different metallicities
er e post-pr ocessed using several hundr ed e xplosiv e traject ories

ach, covering the innermost ejected layers of the stars, obtained
sing the PUSH method. 
We obtained abundance uncertainties stemming from nuclear

nput, i.e. from uncertainties in reaction rates and decay half-
ives. Key reactions were identified for a number of nuclides,
hereas for the majority of nuclides in the full reaction network
o single key reaction was found. This implies that either their
bundances are insensitive to reaction r ate v ariations or several
 eactions contribute mor e or less equally to their abundances
nd abundance uncertainties. In the latter case, only general im-
rovements in reaction rate predictions can reduce the remaining
ncertainty because an experimental determination of such a

arg e rang e of reaction rates seems unlikely. On the other hand,
n all of the identified key reactions at least one of the target or
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nal nuclei is stable or the compound nucleus is stable. Further-
or e, with the e x ception of 44 Ti + α ↔ p + 

47 V, the ground-state
ontributions to the stellar rate are significant. These facts are 
romising for the feasibility of e xperimentally r educing the nu-
lear uncertainties in the astr ophysical pr oduction in this nuclear 
ass range. 
We note that the results and conclusions of the present study

re influenced by physical uncertainties in the explosion model, 
ncluding those originating fr om pr ogenit or ev olution. Nev erthe-
ess, as with discussions of nucleosynthesis in one-dimensional 
upernova models, if the present study is regarded as a phe-
omenological approach to reproducing observables, the nucle- 
synthesis process should be understood as capturing the overall 
ramew ork, similar t o studies employing the ‘PUSH’ method. Ac- 
or dingly, in r epr esentative scenarios, the impact of uncertainties
n nuclear reaction rates should be appropriately reflected. How- 
ver, in r ealistic e xplosions that incorporate multidimensional 
ffects, the quantitative aspects presented here may require re- 
ision, w arr anting confirmation in futur e, mor e advanced inves-
igations. 
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