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ABSTRACT

Context. Type Ia supernova explosions are violent stellar events important for their contribution to the cosmic abundance of iron peak
elements and for their role as cosmological distance indicators.

Aims. The impact of nuclear physics uncertainties on nucleosynthesis in thermonuclear supernovae has not been fully explored using
comprehensive and systematic studies with multiple models. To better constrain predictions of yields from these phenomena, we
investigate thermonuclear reaction rates and weak interaction rates that significantly affect yields in our underlying models.
Methods. We have performed a sensitivity study by postprocessing thermodynamic histories from two different hydrodynamic,
Chandrasekhar-mass explosion models. We have individually varied all input reaction and, for the first time, weak interaction rates by
a factor of ten (up and down) and compared the yields in each case to yields using standard rates.

Results. Of the 2305 nuclear reactions in our network, we find that in either model the rates of only 53 reactions affect the yield of any
species with an abundance of at least 1073 M, by at least a factor of two. The rates of the '>2C(a, y), >C+'?C, **Ne(a, p), *Ne(a, y),
and *°Si(p, y) reactions are among those that modify the most yields when varied by a factor of ten. From the individual variation of
658 weak interaction rates in our network by a factor of ten, only the stellar Si(8%)?8Al, 32S(8*)*?P, and *°Ar(8+)*°Cl rates signifi-
cantly affect the yields of species in a model. Additional tests reveal that reaction rate changes over temperatures 7 > 1.5 GK have the
greatest impact and that ratios of radionuclides that may be used as explosion diagnostics change by a factor of <2 from the variation
of individual rates by a factor of ten.

Conclusions. Nucleosynthesis in the two adopted models is relatively robust to variations in individual nuclear reaction and weak
interaction rates. Laboratory measurements of a limited number of reactions would, however, help to further constrain model pre-
dictions. In addition, we confirm the need for a detailed, consistent treatment of all relevant stellar weak interaction rates since
simultaneous variation of these rates (as opposed to individual variation) has a significant effect on yields in our models.

Key words. supernovae: general — nuclear reactions, nucleosynthesis, abundances

1. Introduction the first observational constraint places limits on the maximum
amount of hydrogen that can be present in the expanding atmo-
sphere of the star (i.e., My < 0.03-0.1 My), the second feature
suggests that the outermost ejected shells contain intermediate-
mass elements from nuclear processing.

The increasing number of supernovae discovered has re-
vealed some diversity among SNe Ia, raising doubts on the
historically postulated uniqueness of the progenitor system.
Already two decades ago estimates had indicated that only about
85% of the observed SNe Ia belong to a homogeneous class of
events (Branch et al. 1993), with a dispersion of only AM <
0.3 mag when normalized to peak luminosity (see Cadonau et al.
1985; Hamuy et al. 1996). These SNe Ia are known as “branch
normals”, with canonical examples such as SNe 1972E, 1981B,
1989B, or 1994D. A more recent classification of SNe Ia (Li
et al. 2011, in a volume-limited sample) found that the number

Type Ia supernovae (hereafter SNe Ia) have become valuable
cosmological tools. Through calibrated light curve analysis, they
have been used as probes to outline the geometrical structure of
the Universe, unraveling its unexpected acceleration stage (Riess
et al. 1998; Schmidt et al. 1998; Perlmutter et al. 1999; for con-
straints on dark energy and on the cosmic expansion history, see
recent work by Astier et al. 2011; Blake et al. 2011; Suzuki et al.
2012, and references therein).

SNe Ia are spectroscopically classified by the absence of hy-
drogen (Balmer) emission lines and the presence of a promi-
nent P-Cygni absorption feature near 6150 A due to blueshifted
Si I (Wheeler & Harkness 1990; Filippenko 1997)!. Whereas

! Some SNe Ia are, however, anomalous in this regard. SN 2002ic

(Hamuy et al. 2003), for instance, while exhibiting other standard
features common to all SNe Ia, unequivocally showed broad-line H,
emission. This has been interpreted as proof of a SN Ia interacting
with H-rich circumstellar material. Other SN 2002ic-like events include
SN 2005gj, PTF 11kx (Dilday et al. 2012), and SN 2008]J (Taddia et al.
2012).

Article published by EDP Sciences

of SNe Ia deviating from this homogeneous class of objects is
closer to ~30% (see also Li et al. 2000; Branch 2004; Kasen
et al. 2009). Within the minority group, likely progenitor sys-
tems and explosion models have been identified recently for two
subclasses. For SN 2002cx-like supernovae, observable features
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are well explained by weak deflagrations in near-Chandrasekhar-
mass carbon—oxygen (CO) white dwarf stars (WDs) which leave
bound remnants (Jordan et al. 2012; Kromer et al. 2013); for
SN 1991bg-like supernovae, the peculiar spectra, colors, and low
expansion velocities of this subluminous class are reproduced by
mergers of two, relatively light CO WDs of nearly equal mass
(Pakmor et al. 2010).

The most promising progenitor scenarios that have been pro-
posed for spectroscopically “normal” SNe Ia (e.g., Livio 2000;
Hillebrandt & Niemeyer 2000; Isern et al. 2011; Howell 2011;
Hillebrandt et al. 2013) include: the single degenerate scenario,
consisting of a nondegenerate companion star that transfers
hydrogen-rich (or, possibly, helium-rich) matter onto a CO WD
(Whelan & Iben 1973); the double degenerate scenario, con-
sisting of two merging CO WDs, such that the total mass ex-
ceeds the Chandrasekhar limit (Iben & Tututkov 1984; Webbink
1984); and a scenario where a sub-Chandrasekhar-mass CO WD
accretes stably from a companion star and explodes before
reaching the Chandrasekhar limit (Taam 1980; Iben et al. 1987).
Other scenarios may indeed be possible. In spite of the large
number of published SN Ia explosion models for proposed sce-
narios, detailed predictions of the associated nucleosynthesis
have been calculated and published only for a very limited sub-
set of near-Chandrasekhar-mass WD models in the single degen-
erate scenario. To the best of our knowledge, 1D model yields
exist in the literature only for variants of pure deflagrations
(Thielemann et al. 1986; Nomoto et al. 1997; Woosley 1997,
Iwamoto et al. 1999; Maeda et al. 2010); 2D model yields have
been published for gravitationally confined detonation (Meakin
et al. 2009) and delayed-detonation models (Maeda et al. 2010);
and detailed tables of yields from 3D models are available only
for pure deflagrations (Travaglio et al. 2004; Ropke et al. 2006)
and a suite of 14 delayed-detonation models (Seitenzahl et al.
2013).

These models have revealed that the nucleosynthesis in
SNe Ia depends critically on the peak temperature achieved and
the density at which the thermonuclear runaway occurs. In ad-
dition, the specific composition of the WD (in particular, the
amount and distribution of '>C and ?’Ne) plays a central role
(see, e.g., Chamulak et al. 2007, 2008; Townsley et al. 2009, and
references therein) as it influences properties such as the ignition
density, the release of energy, the flame speed, and the specific
density at which the initial deflagration may transform into a
detonation. In general, the abundance pattern of the ejecta is the
result of five burning regimes: “normal” and “a-rich” freeze-out
from nuclear statistical equilibrium (NSE) in the inner regions,
and incomplete Si-, O-, and C/Ne-burning in the outermost lay-
ers (Thielemann et al. 1986; Woosley 1986). SNe Ia are galactic
factories of °Fe, producing about half of the iron content in the
Milky Way (Acharova et al. 2012) and perhaps 65-70% of the
iron content in the solar neighborhood (Mennekens et al. 2012).
Hence, reproducing the chemical abundance pattern around the
Fe-peak is a critical test in SN Ia modeling. For decades, mod-
els systematically overproduced neutron-rich species such as
Cr or °Ti with respect to solar system values (Woosley 1990;
Thielemann et al. 1997; Nomoto et al. 1997). The agreement
improved following the revision of key stellar weak interaction
rates (Langanke & Martinez-Pinedo 2000) and through the use
of more recent 3D explosion models (Seitenzahl et al. 2013).
These results emphasize the critical roles played by both the nu-
clear physics input and the modeling techniques employed.

Nonetheless, in spite of their demonstrated importance, the
impact of nuclear physics uncertainties on the nucleosynthesis
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produced in SNe Ia has not been analyzed at the same level of
detail as for other astrophysical scenarios, such as classical nova
explosions or type I X-ray bursts. Most efforts have focused on
determining the role of the '>C+!2C reaction (e.g., Spillane et al.
2007; Bravo et al. 2011) since it triggers the explosion when
the temperature exceeds ~700 MK. Progress has been reported
in very recent work by Bravo & Martinez-Pinedo (2012), in
which thermonuclear reaction rates of importance were inves-
tigated using a single 1D delayed-detonation (or, deflagration-
to-detonation transition, DDT) model of a Chandrasekhar-mass
WD.

The goal of this paper is to investigate the sensitivity of
nucleosynthesis in thermonuclear supernovae to variations of
both the nuclear reaction and weak interaction rates involved
during the explosion. Since all currently available yield predic-
tions are for near-Chandrasekhar-mass models, we have cho-
sen for our study two representative cases in this class: the W7
model (Nomoto et al. 1984), which has been serving as the fidu-
cial SN Ia explosion model in the community for almost three
decades, and a standard 2D DDT model. Since our method in-
volves recalculating the nucleosynthesis in each model every
time a reaction or weak interaction rate is varied (resulting in
over several million individual postprocessing calculations), per-
forming our study for a large suite of explosion models is not yet
feasible.

In the following, we begin by briefly describing the two un-
derlying models employed for our studies. Next, for each of our
two models, we present and compare results obtained from in-
dividually varying each of the rates in our nucleosynthesis net-
work to assess its impact on SNe Ia yields. Finally, we discuss
some additional tests we performed to motivate new experimen-
tal measurements and to link our results to SN Ia observables.

2. Explosion models

For our sensitivity studies we chose to postprocess the results
from two SN Ia explosion models: a generic 2D Chandrasekhar-
mass DDT model (similar to models from Kasen et al. 2009),
and the fiducial W7 pure deflagration model (Nomoto et al.
1984). The °Ni mass ejected is 0.66 Mg, in the W7 model and
0.68 M, in the DDT model; these values are rather typical for
normal SN Ia (see, e.g. Stritzinger et al. 2006). The details of the
models are not the focus here; they merely serve to define a set
of reasonable thermodynamic conditions that arise in thermonu-
clear supernovae for the purpose of examining the sensitivity of
SN Ia yields to variations of the input reaction and weak interac-
tion rates.

2.1. Delayed-detonation model

The DDT model employed was a 2D axisymmetric hydrody-
namic explosion of a 1.40 M, cold WD with a central den-
sity of 2.9 x 10° g cm™>. The initial chemical composition was
47.5% '2C, 50% '°0, and 2.5% 2*Ne homogeneously distributed
throughout the WD. The *’Ne content parametrizes the neutron
excess and corresponds to an electron fraction of Y, = 0.49886.
The simulation was performed with the LEAFS code, which in-
tegrates the discretized reactive Euler equations with a finite
volume method. The hydrodynamics solver is essentially the
PROMETHEUS implementation (Fryxell et al. 1989) of the “piece-
wise parabolic method” by Colella & Woodward (1984).
Subsonic deflagration flames and supersonic detonation
fronts were modeled as level set discontinuities between nuclear
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fuel and nuclear ash (Osher & Sethian 1988; Smiljanovski et al.
1997; Reinecke et al. 1999). Any material traversed by these
fronts was burned to a composition that depends on fuel density
and the mode of burning (deflagration or detonation). The corre-
sponding energy was then immediately released behind the front.
For detonations, we used the energy release data from the tables
of Fink et al. (2010). The speed of the detonations was modeled
as in Fink et al. (2010): at high densities (o0 > 107 g cm™3),
speeds were taken from Gamezo et al. (1999); at low densi-
ties, Chapman-Jouguet-like speeds were calculated for the in-
complete burning yields in our detonation tables. For deflagra-
tions, we used the same energy release table that was employed
by Seitenzahl et al. (2011). Since in two dimensions our usual
subgrid-turbulence-based approach to model the deflagration-
to-detonation transition probabilities is not applicable, we mod-
eled the transition using the method of Kasen et al. (2009). For
the critical Karlovitz number we chose Ka.i = 250, and we
limited the density at which a DDT may occur to the interval
0.6 <p/10" gecm™ < 1.2.

The simulation method is similar to that employed in Kasen
et al. (2009), except that here we have assumed reflectional sym-
metry across the equator as well. This is to facilitate analysis of
the nucleosynthetic yields of the model using the tracer parti-
cle method (Travaglio et al. 2004), in which the temperature-
density-time profile of each tracer particle is recorded and later
used within postprocessing calculations. With the above assump-
tion we attain twice the spatial sampling of the explosion ejecta
with the same number of tracer particles. We used the variable
mass tracer particle method of Seitenzahl et al. (2010), which al-
lows us to better resolve the lower density regions of incomplete
burning without greatly increasing the total number of tracer
particles. The resolution was 512 x 512 computational cells, and
1010 tracer particles were distributed to sample the mass distri-
bution of the star. This approach adequately samples the differ-
ent nucleosynthesis regimes in a multipoint ignition DDT model
and provides yields that are accurate to a few percent or better

2D DDT model at ¢t = 100 s from first ignition
of the deflagration. The tracer particles are col-
ored (online) according to the mass fraction of
Ni present.

for the more abundant nuclides (Seitenzahl et al. 2010). To il-
lustrate, Fig. 1 shows tracer particle positions for this model at
t = 100 s from the first ignition of the deflagration.

2.2. W7 model

The W7 model of Nomoto et al. (1984) is commonly used as
a reference when general features of SN Ia are discussed. W7
is a 1D, fast deflagration explosion model of a 1.38 My WD,
consisting of 50% 160, 47.5% '2C, and 2.5% **Ne by mass, ho-
mogeneously distributed. To model the acceleration of the con-
vectively driven deflagration wave in their hydrodynamics code,
Nomoto et al. (1984) used the time-dependent mixing length the-
ory of Unno (1967). They chose @ = 0.7 for the mixing length
| = aH,, where H}, is the pressure scale height. In their hydro-
dynamical simulation, only an a-chain network was included
to model the nuclear energy release. Later, Thielemann et al.
(1986) calculated the detailed nucleosynthesis for the W7 model
by postprocessing the thermodynamic histories of the 172 zones
with a reaction network comprising 259 nuclear species. The
strong overproduction of neutron-rich Fe-group nuclei initially
noted from this model was later attributed to the relatively large
Fe-group electron capture rates of Fuller et al. (1982) that had
been used (see Iwamoto et al. 1999). Use of newer, reduced
Fe-group electron capture rates (Langanke & Martinez-Pinedo
2000) improved the agreement between W7 model yields and
solar system abundances for these nuclei (Brachwitz et al. 2000;
Maeda et al. 2010; but see also Seitenzahl et al. 2013).

3. Sensitivity of nucleosynthesis to rate variations
3.1. Variation of all rates by a factor of ten

We postprocessed the thermodynamic histories from the DDT
and W7 thermonuclear supernova models described above.
This involved coupling an extended nuclear physics network to
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the temperature-density-time profiles extracted from these two
models. Final yields were determined by summing the (mass-
weighted) contributions from either all zones (for the W7 model)
or all tracer particles (for the DDT model). The nuclear physics
network consisted of 443 species ranging from n to 8Kr (see
Travaglio et al. 2004; Seitenzahl et al. 2009a). Nuclear reactions
such as (p,y), (a,7v), (n,y), (p,n), (a,n), (a, p) were included,
as well as reactions such as 2C+'2C, 2C+90, and '°O+'°0
(along with all corresponding reverse processes). Sufficient ex-
perimental information is available to determine rates for only a
limited number of these reactions; these rates have been adopted
from Iliadis et al. (2010), REACLIB V1.0 (Cyburt et al. 2010),
and some recent updates for selected reactions. Theoretical
nuclear reaction rates, for the most part determined through
Hauser-Feshbach models (e.g., Rauscher & Thielemann 2000;
Arnould & Goriely 2003), were adopted when experimentally
based rates were not available. For weak interactions, we used
stellar (temperature and density dependent) rates from the large-
scale shell model calculations of Oda et al. (1994) and Langanke
& Martinez-Pinedo (2000), supplemented with additional stel-
lar rates from Pruet & Fuller (2003) and Fuller et al. (1982).
Together, these sources provided stellar weak interaction rates
for most species in our network with A > 17. NSE was as-
sumed above 7" = 5 GK. The initial composition of the WD for
both models was 47.5% '2C, 50% °0, and 2.5% *2Ne by mass.
Yields from the DDT and W7 models using our standard nuclear
physics network are plotted in Fig. 2. For each of the two models,
we then varied each individual rate in our standard network (to-
gether with the reverse process for reaction rates) by a factor of
ten (up and down), repeated the postprocessing calculations for
all thermodynamic histories, and compared the resulting yields
with the yields shown in Fig. 2.

For reaction rate variations, the results are summarized in
Table 1. Stable and radioactive species are listed since, for each
model, abundances were determined one hour after the begin-
ning of the explosion. To emphasize the rate variations that most
significantly affected the yields in each model, we restrict the
discussion here to species that achieved an abundance of at least
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circle) and W7 (empty square) models. These
yields were obtained using standard rates in our
nuclear network.

10-® M, and deviated from the abundances determined with
standard rates (i.e., Fig. 2) by at least a factor of two (unless
otherwise indicated). We realize that for some applications the
variation of yields of particular species by less than a factor of
two may be of interest. As such, full results on the specific effect
of varying any rate in our network in either model are available
upon request (but see also Sect. 3.3). Table 2 highlights impor-
tant reactions from Table 1 by listing only those reaction rates
that affected (i) the yields of at least three species (again, all with
abundances greater than 108 M) by at least a factor of two in
either the DDT or W7 models; and/or (ii) affected the yield of
at least one species in both models by at least a factor of two.
To facilitate interpretation, we also present the results of Table 1
in Figs. 3-5. For both the DDT and W7 models, Fig. 3 shows
the heavy product against the heavy reactant for all reactions in
Table 1. Figures 4 and 5 show reaction rates from Table 1 whose
variation affects the yields of at least three species in the DDT
or W7 models, respectively. For each reaction, these plots show
a ratio: the yield of each affected species when the rate was en-
hanced by a factor of ten divided by the yield of that species
when the rate was reduced by a factor of ten.

From the individual variation of nuclear reaction rates by a
factor of ten, only 53 of the 2305 reactions in our network af-
fect yields of any species with an abundance of at least 1078 M,
by at least a factor of two in either model. (We note that for
reactions, forward and reverse processes are not counted sepa-
rately here since they must always be varied together.) Of these,
all but nine reactions involve exclusively species with A < 40.
There are no reactions listed in Table 1 involving nuclei with
Z > 24. As can be seen from Table 2 (case C) and Fig. 3, 24 of
these 53 reaction rates affect yields in both models. The overall
impact of these rate variations is limited, however. As seen in
Table 2 (cases A and B), only 14 reactions affect the yields of
three or more species in either model. Of these, the rates of the
2C(e, ), 2c2c, a), 2C(2C, D), zoNe(a,p), 20Ne(a, v), and
30Si(p, ) reactions have the greatest impact, affecting the yields
of at least five species when varied by a factor of ten; this is also
illustrated in Figs. 4 and 5. Finally, only five reactions have an
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Table 1. Nuclear reaction rates that significantly affect abundances in
the DDT and W7 models when varied by a factor of ten (up or down).

Table 1. continued.

Reaction Nuclide ‘W7 model DDT model
x10  x0.1 | x10 x0.1
2C(a, y)'°0 3369Ar 2.2 3.0
K 2.0
40Ca 2.2 4.6
4Ca 2.4
“Ti 24
BTi 32 7.1
$Sc 4.3
46Ty 2.5
2Cr 0.17
SMn 0.21
S0Fe 0.42
2C(2C,a)*Ne 170 2.6
20Ne 5.0 2.3
2INe 11
2Na 3.7
2Na 2.5 33
Mg 2.1
Mg 5.2
12C(12C’p)23Na 180 2.1
20Ne 3.7
2INe 6.7
2Na 2.6 041 0.45
%Na 2.7 3.1
Mg 4.0
2671 2.1 2.5
Mg 6.2
31Si 2.8
2¢(2C,n)**Mg 2INe 2.9
Mg 2.0
1°0(n, y)'70 21170 0.31
Ne 2.8
%Na 4.0
Mg 2.7
1°0(a, y)*’Ne 2216Ne 2.5
Al 6.4
38 3.9
160(]60,1))311) 45Ti 2.4
70(p, y)'*F 180 82 021
70(ar, n)*Ne 170 0.35
80(a, n)*'Ne 180 0.32
0Ne(n, y)*'Ne 2INe 62 024 | 46 0.16
Ne(a, p)**Na 2280 044 24
°Na 047 22 | 048
20A1 2.1
BMg 5.4
31Si 3.0
Ne(a, y)**Mg zzMg 3.1 0.07 | 5.1 0.21
Mg 2.1
20A1 2.9
2TA1 0.12 | 34 0.21
08i 0.36 0.42
2p 2.2
Bp 0.49
38 3.0
3Cl1 2.2
3Cl1 0.38
AT 0.36 0.29

Notes. Yields are presented relative to those using standard rates (i.e.,
Fig. 2). Only species that achieve an abundance of at least 10~% M, and
deviate from the standard abundances by at least a factor of two are
presented here.

Reaction Nuclide W7 model DDT model
x10  x0.1 | x10  x0.1
T Ar 0.45 0.39
K 0.32 0.25
K 2.1
“Ca 041 2.1
41Ca 0.29 0.22
“Ca 0.32
$Ca 0.44
$Sc 2.5
BTi 0.19 3.0
40T 0.24 0.15 2.1
YT 0.29
Fe 0.43
ONji 0.24
2INe(n, y)**Ne 2INe 0.44
2INe(a, n)*Mg 2INe 0.17 3.1
22Ne(p,y)*Na 30 042 23
2Na 2.3
%4Na 40 033 | 22
22Ne(a, n)*Mg 70 0.36
30 2.5 0.23
%Na 0.44
2Na(n, y)**Na 24Na 8.1 0.10 | 40 0.14
BNa(a, p)**Mg Na 0.47
%Na 0.30
3Cr 2.1
2Na(p, n)**Mg %Na | 0.16 0.13 28
%Mg(n, y)*Mg Al 39 038
XMg(a, y)?Si Mg 0.31 0.34
LN 0.42 0.34
BMg(n, y)*Mg | ?'Ne 0.41
*Na 0.35
Mg 0.30
XMg | 43 045
SMg(p,y)0Al | Al | 6.2 22
25Mg(a, n)*Si 26 A1 034 2.1
31Si 2.2
BMg(n, y)’Mg | Mg 54
31Si 2.2
Mg(p, n)**Al 26A] 0.40 0.32
6Mg(e,n)®Si | Mg 0.44
318 3.0
Y Al(p, y)?8Si 2%Mg | 0.28 0.34
2TAl 0.26 0.20
7 Al(a, p)®Si Mg | 0.25 0.32
2TAl 0.16 2.0 0.14 2.1
368 2.1
BSi(a, p)’'P 3p 2.1
363 0.31 0.40
2Si(a, n)2S 28 2.1
Si(p,y)*'P 31p 0.49
2p 20 025
3p 0.48
38 2.4
368 0.33
Si(a, y)*S 08 | 0.48
2p 0.49
3p 0.50 0.50
0Si(n, y)*'Si 3184 5.1
0Si(a, n)¥S 3p 048 3.1 3.0
363 2.6 2.8
31Si(p,n)*'P 31Si 3.9
2p(p, n)2S 2p | 042 0.48
348(p,y)*5Cl 35S 2.1
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Table 1. continued.

Reaction Nuclide W7 model DDT model
x10  x0.1 | x10  x0.1
#*S(a, p)37C1 el 0.29 0.43
348 (ar, )Y Ar c1 | 037
3Cl(a, p)*BAr 4“Ca 2.6
%S(p, n)*Cl 369 035 0.44
IClp, ) Ar | VC 0.44
BAr(a,y)*?Ca #Ca 22
¥K(a, p)*Ca 4“Ca 2.5
“Ca(a, y)*°Ti BAr 0.50
“Ca 0.42
46T 2.2
41T 2.1
#Ca(p,y)*Sc #Ca 2.7
5Se(p,y)Ti | “Ca 37
$Sc 0.41 4.4
BT 2.4
HSc(p,n)PTi BTy 2.1 0.43 3.0
TTi(n, y)*Ti T 0.35
BTi(p, 7YV 48T 24
“V(p,y)°Cr BTy 4.4

impact on the yields of the most abundant species produced (i.e.,
those with abundances greater than 1072 M, in Fig. 2): ?C(e, y),
Ne(a, y), *Mg(a,y), ¥ Al(p,y), and >’ Al(a, p). We note that
each of these five reactions also satisfies conditions for “case C”
in Table 2.

From the individual variation of weak interaction rates (A >
17) by a factor of ten, we first note that we have not varied the
electron/positron capture rate and S-decay rate for a particular
nucleus independently; rather, we only varied the sum of these
two contributions to gain a measure of sensitivity to these pro-
cesses. Only three of the 658 weak interaction rates varied affect
yields of species by at least 20% in either model: 28Si(8+)*®Al,
328(B87)*P, and *°Ar(8)*°Cl. From the enhancement of the stel-
lar 28Si(B") rate, the largest effects were seen in the yields of
48T, S0V, Mn, 'Fe (which increased by ~40-80%) and °'V,
3(Cr, 58Fe (which increased by a factor of ~2). Similarly, in the
enhancement of the stellar 3ZS([Tr) rate, the largest effects were
seen in the yields of **Ca, °V, 32Cr, >*Mn, *°Fe, °"Fe, *Co, °'Ni
(which increased by ~40-80%) and 48Ty, 31V, 33Cr, 3Mn, ¥ Fe
(which increased by factors of ~2-3). Yield changes were more
modest from the multiplication of the 3°Ar(8") rate by a fac-
tor of ten: the yields of 4874, SV, 3Cr, S°Mn, ¥Fe all increased
by ~20%. No effects on yields were seen at levels greater than
20% when any of these three rates was reduced by a factor of
ten. In addition, no significant effect on yields was seen from
the individual variation of any 8~ decay rate, in agreement with
expectations (e.g., Brachwitz et al. 2000).

Finally, we note that since postprocessing calculations only
track existing thermodynamic histories, results obtained from
variations in rates that significantly affect the energy production
should be interpreted carefully. Indeed, a hydrodynamic code ca-
pable of suitably adjusting both the temperature and the density
of the environment in response to any changes in energy gen-
eration is required to reliably treat such cases. In the present
calculations, only the '>C+!?C rates were observed to modify
the overall energy output by more than 5% at some point dur-
ing the explosion in both models when varied by a factor of
ten. In addition, variations of the 2C+'°0 and °O+'°0 rates af-
fected the calculated energy generation in the DDT model only.
Of course, energy variation deduced from a postprocessing study
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Table 2. Summary of important reactions from Table 1.

Reaction Importance

Case A | Case B | Case C
2C(a, y)'°0 X X X
2C("2C,a)*Ne X X X
2¢c(2C,p)*Na X X X
160(1’!, ,y)17o X
1°0(a, y)*Ne X
20Ne(n, y)*'Ne
20Ne(a, p)23Na X X
2Ne(a, y)**Mg X X
22Ne(p,y)*Na X

22Ne(a, n)*Mg
2Na(n, y)24Na
BNa(a, p)**Mg X
24Na(p, n)24Mg
2Mg(a, y)2Si
Mg(n, Mg X
Mg(p, ) Al
6Mg(p, n)* Al
27A1(p, ,y)ZSSi
2 Al(a, p)*°Si X
28Si(a/’ p)31P
3OSi(p, ,),)311)
SOSi((Z, ,)/)345
0Si(e, n)*S
32})(1), n)’%ZS
348(0, p)37Cl
363(1), n)%c]
“Ca(a, y)*°Ti
$Sc(p, y)*°Ti X
BSc(p, )P Ti X

>
R e e R o R o o T I e e e e e B el i

Notes. Variation of each of the listed rates by a factor of ten (up or
down) modified yields of at least three species by at least a factor of two
in the W7 model (“Case A”) or the DDT model (“Case B”). If variation
of the rate affected the yield of at least one species in both models, it is
designated as “Case C”.

does not necessarily imply substantial energy variation in a hy-
drodynamic study. Indeed, a recent hydrodynamic study (Bravo
& Martinez-Pinedo 2012) found that variations of the 2C+!2C
and '°0+'°0 rates by a factor of ten had a negligible impact on
the energy of the supernova in their DDT model.

3.2. Additional tests to motivate experiments

We have examined the effects of varying thermonuclear reaction
rates by a uniform factor of ten over all stellar temperatures. To
motivate and interpret experiments to better constrain the rates
whose uncertainties have the largest impact on yields, we per-
formed three additional sets of postprocessing calculations us-
ing the DDT and W7 models. For all rates in Table 2 that affect
the yields of at least three species in a model (11 rates for W7
and eight rates for DDT), we investigated the nucleosynthesis
from (i) varying the rate by a uniform factor of two over all tem-
peratures and (ii) varying the rate by a factor of two over four
temperature windows: 0.01-0.5 GK, 0.5-1.0 GK, 1.0-1.5 GK,
and 1.5-2.0 GK. To be clear, when a reaction rate (along with,
as always, the rate of the reverse process) was varied within
one of the four temperature windows, we retained the standard
rate for all temperatures outside the chosen window. These tests
help to estimate particular temperature ranges over which the
largest effects on yields may be expected from rate variations so
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as to encourage laboratory measurements of, e.g., reaction cross
sections at the corresponding energies. Finally, (iii) we exam-
ined the effect of using experimentally based uncertainties (when
available) for important reactions identified in Table 2.

When each member of this subset of reaction rates was in-
dividually varied by a factor of two over all temperatures, only
the 2C('>C, @) and '>C('2C, p) rates continued to significantly
affect standard yields (by at least a factor of two for species with
standard abundances of at least 107 M,). In the DDT model,

ten divided by the yield of that nuclide
when the rate was reduced by a factor
of ten.

the abundance of 2®Mg was enhanced by a factor of ~2 when
the 12C(IZC, p) rate was increased by a factor of two; in the
W7 model, the abundances of *°Ne, 2!Ne, and Mg were en-
hanced by factors of 2—4 when the '>C('2C, @) rate was multi-
plied by a factor of two.

When each of these rates was individually varied by a fac-
tor of two within each of the four temperature windows men-
tioned above, only variations within the 1.5-2.0 GK window
significantly affected yields for both models. In the DDT model,
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variation of the rates of the >C('2C, a), '2C('2C, D), 20Ne(a, D),
BNa(a, p), and Mg(n, y) reactions by a factor of two within
the 1.5-2.0 GK window affected yields of species by at least
a factor of two; in the W7 model, variation of the ">C('2C, @),
2C(2C, p), '°0(n, y), '°0(a, y), Ne(a, p), and **Ne(p, y) rates
within this window had an impact on yields. Interestingly, these
variations affected more isotopes than observed when varying
the rates by a uniform factor of two; moreover, for some species,
the deviations from standard yields approached the level ob-
served when varying rates by a uniform factor of ten. For ex-
ample, in the DDT model, enhancement of the Mg(n, y) rate
by a uniform factor of ten reduced the yields of 2! Ne, >*Na, and
2’Mg by factors of 0.3-0.4 (Table 1). As mentioned above, en-
hancement of this rate by a uniform factor of two did not change
the yield of any species by at least a factor of two. However, en-
hancing this rate by a factor of two within the temperature win-
dow of 1.5-2.0 GK reduced the yields of 2! Ne, *Na, and Mg
by factors of 0.4—0.5. These tests imply that one must clearly
be cautious when using results from sensitivity studies to inter-
pret experimental measurements where, e.g., a resonance may
modify a given rate only over a limited range of temperatures.
In addition, the lack of impact on yields from variations in the
lower temperature windows suggests that useful measurements
of these rates are probably best made at energies that correspond
to temperatures above 1.5 GK.

A final set of tests focused on the impact of using experimen-
tally based (temperature-dependent) uncertainties for important
rates rather than variations by constant factors. For the '°O(a, ),
Ne(a,y), 2Ne(p,y), Si(p,y), and *°Ne(a, p) rates (all of
which are in Table 2), we calculated the nucleosynthesis in the
DDT and W7 models assuming, for each rate, the “high rate” and
“low rate” calculations of Iliadis et al. (2010). For the 22Ne(a, n)
rate, we calculated the nucleosynthesis in the two models us-
ing the “high” and “low” rate calculations from Longland et al.
(2012). In general, between ~1-5 GK, the high and low rates
for each reaction differ by only ~10-50%, although we note
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Fig.5. Same as Fig. 4, but for the
W7 model.

that the 22Ne(p, ), 2Ne(a, n), and *°Ne(a, p) rates are not well-
constrained experimentally above 4 GK, 1.25 GK, and 3.5 GK,
respectively. At lower temperatures, differences can be as large
as several orders of magnitude (for the 3°Si(p,y) rate, from
0.01-0.04 GK) but are usually within factors of ~2—40 for tem-
peratures between ~0.01-1 GK. We also examined the effect
of using two different calculations of the '?C(a,y) rate (Kunz
et al. 2002, and a re-evaluation of the Buchmann et al. 1996
rate from the REACLIB database (Cyburt et al. 2010)). These
two rates agree to within a factor of ~2-3 at relevant temper-
atures. We note that we did not test the effects of using upper
and lower limits for the '2C+'2C reactions because variation of
these processes affects the nuclear energy generation rate in our
models. As such, postprocessing studies cannot be used to ex-
amine such cases in detail (see Sect. 3.1). We found no signif-
icant effects (i.e., changes to any yields by a factor of at least
two) when, in either model, yields determined using the high
rate for a reaction were compared to yields determined using the
low rate for the same reaction. In addition, no significant differ-
ence was observed when comparing yields using the two differ-
ent '>C(a, y) rates. This is consistent with the results from the
tests using the temperature windows: although uncertainties at
low temperatures may be comparable to or even larger than a fac-
tor of ten, these have little impact on the yields. For these cases,
we encourage experimentalists to confirm the nuclear physics
input presently used to determine these rates for 7 > 1.5 GK
or (for the 2*Ne(p, y), *Ne(a, n), and >°Ne(«, p) reactions) per-
form measurements to better determine these rates up to =5 GK
(at which NSE was assumed in our calculations).

3.3. Impact on predicted isotopic ratios

In principle, abundance ratios of radioactive species produced in
SN Ia may be inferred from late-time bolometric light curves.
The longest lived members of the contributing nuclear decay
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chains (starting from *Ti, >Co, *°Ni, and 3'Ni) have half-lives
that are well separated. This leads to “ankles” in the lepton-
dominated bolometric light curves when a longer lived chain
becomes the dominant heat source (Seitenzahl et al. 2009b;
Seitenzahl 2011). If the production factors are sufficiently dif-
ferent, this effect can in turn be used to distinguish between
competing explosion models (Ropke et al. 2012). In the two
models examined here, the net production of **Ti is dominated
by the rates of the “Ti(a, D), OCa(a, v), 44Ti(p,y), “Ti(n, D),
and *Ti(n,y) reactions. The net production of »Co is dom-
inated by the rates of the SCo(n, D), 54Fe(p,y), 55Co(p,y),
55Co(n,y), and 55Co(p, n) reactions. Finally, the SoNi(n, D),
%Ni(n, y), *°Ni(p, y), and Co(p, y) reaction rates are primarily
responsible for the net production of S6Ni, while the °Ni(n, ),
STNi(n, p), 3Co(p,y), and >'Ni(p, y) reactions produce >’ Ni.

It is of interest to test to what extent model predictions of
these ratios are sensitive to the input reaction and weak inter-
action rates. While this could be inferred from the information
in Table 1, the restrictions we have placed upon the contents of
that table for the sake of brevity (i.e., changes of abundances
with respect to standard yields by at least a factor of two) sug-
gest that a separate analysis be used to account for changes in
both members of a particular abundance ratio. We examined the
effects of individual rate variations by a (uniform) factor of ten
on ratios composed of the species **Ti, >Co, °Ni, and ¥'Ni.
In the DDT model, we find that variations in the '*C(a, v) rate
affect the ratios **Ti/>Co and *Ti/*Ni by a factor of ~2; in-
dividual variation of the °Ne(«,y) and “*Ti(a, p) rates affects
the same ratios by #30%. In addition, variation of the 3 Co( DY)
rate modifies the **Ti/>>Co, **Ti/*°Ni, Co/*°Ni, and >>Co/*’Ni
ratios by ~30%. In the W7 model, variation of the '>C(a,y)
and “°Ca(a, y) rates affects the ratios of **Ti/>>Co and **Ti/*°Ni
by ~30%. The #Ti(a, p) and >>Co(p,y) rates have somewhat
larger influence when varied in W7. Both change the ratios
#Ti/%Co and *Ti/>®Ni by ~40%, while the latter also modifies
the 3>Co/*®Ni and >>Co/?"Ni ratios at about the same level. No
weak interaction rates have comparable effects on ratios of these
radioactive species in either model when individually varied by
a factor of ten.

The rates affecting the ratios of concern include those
rates directly responsible for the net production of the rele-
vant isotopes, as mentioned above (e.g., “Ti(a, D), 55Co(p,y),
and “°Ca(a,y)), as well as other rates such as '>C(a,y) and
20Ne(w,y) which affect the abundances of numerous species
when varied by a factor of ten (see Table 1). In addition, we find
that most of the ratios affected by rate variations include “Ti.
This is because the abundances of >>Co, *°Ni, and 3'Ni are not
very sensitive to changes of rates by a factor of ten, even when
one considers abundance changes below a factor of two. The
abundances of *°Ni and *’Ni are robust at the 10% level to all rate
changes; the abundance of >>Co changes by ~30% due to vari-
ation of the ¥ Co(p, y) rate. We conclude by noting that for the
two models tested here the predicted ratios of radionuclides are
rather robust to rate uncertainties. Given that delayed-detonation
and merger scenarios predict ratios of, e.g., >>Co/*°Ni, that differ
by a factor of »3 (Ropke et al. 2012), our results further sup-
port the idea of using observed ratios of radioactive species as a
means of discriminating between explosion mechanisms.

4. Discussion

Of the 2305 nuclear reactions in our network, individual vari-
ation of only 29 rates by a factor of ten significantly affects
yields of either at least three species in one model or at least one

species in both SN Ia models examined in this study (Table 2).
Moreover, all but eight of these 29 reactions exclusively involve
species with 20 < A < 36 and 10 < Z < 17 (that is, species
outside the Fe group). No reaction involving any species with
Z > 24 (Table 1) was found to affect yields in either model by
at least a factor of two (for species with standard yields greater
than 1078 M,). Variations in only three reaction rates (those of
2C(a,y), Ne(a, y), and **Na(e, p)) affect the yields of Fe-
group species (Z > 23, see Table 1). Reactions that have the
greatest influence on supernova nucleosynthesis in our models
(when their rates are varied by a factor of ten) include '>C(a, y),
2Cc+12C, 2Ne(a, D), 20Ne(a, v), and 30Si(p, v), all of which
have a significant impact on the yields of at least five species in
a model. Additional tests where the most influential rates were
varied only within specific temperature windows indicate that
rate variations for 7 > 1.5 GK have more impact on yields than
variations at lower temperatures. These results are broadly con-
sistent with the work of Bravo & Martinez-Pinedo (2012), in
which thermodynamic histories from a single 1D DDT model
were postprocessed to determine nuclear reactions whose rates
influenced SN Ia yields when varied by a factor of ten. (The im-
pact of variations in weak interaction rates was not examined
in that study.) They found that nucleosynthesis in their model
was most sensitive to the 2’Ne(a, ), 24Mg(a', p), and *°Si(p, y)
rates and that reactions involving species with Z > 22 did not
have considerable impact on yields when their rates were var-
ied by a factor of ten. In addition, they allude to the relative
robustness of the yields of Fe peak nuclei and claim that rate
modifications have largest impact between about 2 < 7' < 4 GK.
This general agreement between the results from independent
studies involving three different underlying models is encour-
aging and suggests that SN Ia yields in single degenerate sce-
narios with Chandrasekhar-mass WDs are not very sensitive to
uncertainties in nuclear reaction rates. This is further supported
by how most of the influential reactions mentioned above (e.g.,
2C(a, y), **Ne(a, p), °Ne(a, y), *°Si(p, ¥)) have thermonuclear
rates that are at least partially based upon experimental measure-
ments and have uncertainties that do not significantly affect our
calculated yields (see Sect. 3.2). Given this, as well as the in-
creasing reliability of statistical model methods with increasing
stellar temperature, it is likely that the impact of even the lim-
ited set of reactions in Table 2 is overestimated when a variation
factor of ten is employed. Nonetheless, as stated in Sect. 3.2,
we found that even rate variations by a factor of two within the
1.5 < T < 2.0 GK temperature window affected yields in our
models.

Of the 658 weak interaction rates varied within our net-
work, only three stellar rates (where contributions from electron/
positron capture and S-decay were summed) have even a modest
impact on yields when individually varied by a factor of ten, and
then only when enhanced. This is interesting in light of the study
by Brachwitz et al. (2000), who examined the role of different
libraries of electron capture rates on SN Ia yields. In general,
they found that the use of libraries with larger electron capture
rates resulted in larger yields (by factors of ~2—10 or more) of
neutron-rich species in the Fe group (e.g., >°Ti, *Cr, ®Fe, %Ni).
We note that the different libraries adopted in that study differed
by more than simple uniform scalings of all rates and that the
largest electron capture rate differences between libraries (up to
several orders of magnitude) occurred for odd-A parent nuclei.
In the present study, we did find some effect on neutron-rich nu-
clei (e.g., 7%Fe, >3Cr, see Sect. 3.1) from the enhancement of
individual rates. To investigate this issue further, we examined
the effect on yields from multiplying all weak interaction rates
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in our network (simultaneously) by a uniform factor of ten in
the W7 model. This is obviously not equivalent to the study of
Brachwitz et al. (2000) since we used different underlying mod-
els and different rate libraries. Moreover, we enhanced the to-
tal weak interaction rates for all species (8-decay and electron
capture) as opposed to only the electron capture contributions.
Nonetheless, we can test the general trend observed. Indeed,
we found significant overproduction of neutron-rich species be-
tween A = 49—-65 when all weak rates were enhanced. For ex-
ample, °Ti, >*Cr, ®Fe, and ®*Ni (highlighted in Brachwitz et al.
2000) were overproduced by factors of =30, 12, 4, and 8, re-
spectively. In addition, 98¢, 99Ty, 5152V, S6Mp, PFe, ©061Co, and
3Ni (all neutron rich) exhibited large overproduction factors of
~5-10 relative to yields with the standard rates. At least with
regard to weak interaction rates involved in SN Ia nucleosynthe-
sis, these results both expose limitations of the individual vari-
ation method for sensitivity studies and confirm the need for a
detailed, consistent treatment of all relevant rates.

5. Conclusions

We have investigated the sensitivity of yields from two different
thermonuclear supernova models to variations in nuclear reac-
tion and weak interaction rates. Thermodynamic histories from
a DDT model and the canonical W7 pure deflagration model
were postprocessed in conjunction with the individual variation
of each rate in our network by a uniform factor of ten. The rates
of only 14 reactions significantly affect the yields of at least three
species in a model by a factor of two for species with standard
yields greater than 1078 M. Of these, the rates of the >C(e, y),
2eglzc, 20Ne(cy, ), 2ONe(a/, v), and 30Si(p, v) reactions had the
greatest impact on nucleosynthesis. Weak interaction rates had
a relatively more modest impact on yields when individually
varied. Enhancement of the stellar 28Si(3*)*8 Al, 32S(8*)*?P, and
36 Ar(8+)30Cl rates affected some yields by a factor of ~2; on the
other hand, no significant effect on yields was noted in either
model when any weak interaction rate was reduced by a fac-
tor of ten. In general, rates that had an impact on the calculated
nucleosynthesis involved nuclei with Z < 24 and A < 40; vari-
ation of these rates mostly affected nuclei with 20 < A < 45,
with the abundances of Fe-group nuclei being rather robust to
rate variations. This is likely due to how, in models involv-
ing Chandrasekhar-mass WDs, most species in the Fe-group are
synthesized in NSE (which is insensitive to rate variations). The
abundances of Fe-group nuclei may indeed be less robust to rate
variations in a merger scenario, where a larger fraction of the
material in the Fe-group is synthesized in incomplete Si-burning.
Additional tests involved the variation of important nuclear re-
action rates by a factor of two (over all temperatures), by a factor
of two only within specific temperature windows, and by experi-
mentally based uncertainties. In the first of these additional tests,
only the '>?C+'2C rates continued to affect yields. In the second,
it was found that variations for 7 < 1.5 GK did not have a large
impact on yields in our models, while in the third test, it was
observed that for the reactions examined, experimentally based
uncertainties did not result in significant changes to calculated
yields in either model.

Overall, given the size of the reaction network employed
(443 species from H to %0Kr), nucleosynthesis in our two
adopted models involving single degenerate scenarios with
Chandrasekhar-mass WDs is rather robust to individual varia-
tions of the input rates. Laboratory measurements of the few im-
portant nuclear reaction rates (see Table 2), especially at energies
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corresponding to temperatures above 1.5 GK, would be welcome
to further constrain the model predictions. Nonetheless, our re-
sults support the idea of using isotopic ratios of radioactive
species as a means of discerning between single and double de-
generate scenarios (which may differ by factors of up to =3 in
their predictions of these ratios).

Finally, we stress the need for some caution in interpreting
our results. We have examined the role of rate variations in DDT
and pure deflagration models with Chandrasekhar-mass WDs.
Given the scale of the required calculations, we limited the scope
of this work to investigating to what degree nucleosynthesis pre-
dictions from these different, representative, explosion simula-
tions are affected by varying the input nuclear reaction and weak
interaction rates. We did not examine the role of rate variations in
other proposed SNe Ia scenarios, such as those involving merg-
ers or sub-Chandrasekhar-mass WDs, nor did we test the role
of rate variations in determining, e.g., the early evolution of the
progenitor in our models. In addition, we did not explore the im-
pact of the initial composition of the WD. Such studies would be
valuable and are encouraged. Moreover, we individually varied
all rates but did not examine in detail the effects of simultane-
ous variations of rates. In other astrophysical scenarios, sensitiv-
ity studies using individual variation and simultaneous variation
methods gave similar results (e.g., for Type I X-ray bursts, see
Parikh et al. 2008). This should be confirmed for thermonuclear
supernovae, especially given our observation of large abundance
changes when all weak interaction rates in our network were si-
multaneously enhanced by a factor of ten. As such, it is clear that
a consistent set of stellar weak interaction rates for all nuclei in-
volved in models of Type Ia supernovae is urgently needed.
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