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TABLE XVI. Sensitivity of the nucleosynthesis to the rate of (p, n) reactions with the parent nuclide given in the �rst column, with
enhancement factor given by Eq.(4).a

Parent nuclide Nuclei with|Di | > 0.05 Parent nuclide Nuclei with|Di | > 0.05

53Mn 53Mn 32P 32P
30Si 35S 45Sc 45Sc
58Co 58Co 37Cl 37Cl
54Mn 54Mn 62Cu 63Cu,65Zn
55Mn 55Mn 47Ti 46Ti

aThe reactions listed are those that processed more than 10Š6M� in the reference model (see TableIII ) and with any max(|Di |) > 0.05.

with respect to the temperature window in which the reaction
rate is modi�ed. There is a modest variation of order 20%
of the yields for the window centered on 1.5 × 109 K and a
large increase for the next window, centered on 2.5 × 109 K.
In the window centered on 3.5 × 109 K there are some species
that experience large variations of their yields while others are
scarcely affected at all. The yield of20Ne (open triangles)
shows a peculiar behavior, withrij < 0 in the �rst thermal
window, meaning that increasing the rate of the reaction only
at low temperatures (T � 2 × 109 K) results in a variation
of the yield of 20Ne of opposite sign as that obtained if the
reaction rate is increased for any temperature. Note that the
sign ofrij of 20Ne in the next window is positive, and it has the
largestrij among the species shown in the �gure: Increasing
the reaction rate only in the interval 2× 109 � T � 3 × 109 K
produces a change of the yield of this species that is as
much as that obtained by increasing the reaction rate for all
temperatures. Modifying the rate on thermal windows above
4 × 109 K has no effect on any of the �nal abundances of the
species.

We show as well in Fig.13 the ratio of the rates belonging
to the three prescriptions adopted for the rate of the reaction
30Si + p � 31P+ γ , which were discussed in Sec.IV C2 and
in TableXXII . The uncertainty in the rates derived from these
different prescriptions is more or less uniform for temperatures
above� 2 × 109 K. The rate from Ref. [56] differs most from

that based on Ref. [59] at temperatures where the yields are
most sensitive to this reaction rate. However, the discrepancy
between these rates is much lower than the factor of 10 used
in our simulations; thus, we believe that the supernova yields
should not be affected by any reasonable future change of this
reaction rate.

Figure14 summarizes the results for the reaction20Ne+
α � 24Mg + γ . The most noticeable difference with respect
to Fig.13is the behavior and range of the variations of the yield
of 38Ar (asterisks). The maximum sensitivity of this species
occurs in the temperature window 4× 109 � T � 5 × 109 K,
where the change of its yield reaches a value seven times larger
than the change with a rate modi�ed at all temperatures. This is
compensated by the fact that modifying the rate at temperatures
in the interval 2× 109 � T � 4 × 109 K produces a change
of the yield of38Ar of opposite sign. The rest of nuclei plotted
show a behavior similar to the one in Fig.13, with maximum
|rij | � 1.5 (32P, solid pentagons).

As revealed by Fig.14, the different prescriptions for the
rate of the reaction20Ne+ α � 24Mg + γ show a maximum
discrepancy by a factor of� 10 in the temperature range 109–
1010 K. However, both the rate from Ref. [42] and that from
Ref. [60] differ from the rate given in Ref. [67] by a similar
factor in the interval 2× 109 � T � 4 × 109 K.

Finally, we show in Fig.15 the results for the reaction
24Mg + α � 27Al + p. It highlights the behavior of30Si (open

TABLE XVII. Sensitivity of the nucleosynthesis to the rate of (α, γ ) reactions with the parent nuclide given in the �rst column, with
enhancement factor given by Eq.(4).a

Parent nuclide Nuclei with|Di | > 0.3 Nuclei with 0.3 > |Di | > 0.05

28Si 30Si
32S 37Cl
20Ne 20,21Ne,23Na,24Š26Mg,26,27Al,29,30Si,32,33P,33,34S,35,37Cl,37,38Ar,39K,40Š43Ca,45Sc,

44Š47Ti
16O 21Ne,23Na
24Mg 43Ca 24Mg,27Al,35S,47Ti
58Ni 62Ni,63Cu,64Zn
12C 39K,41,42Ca,45Sc,44,46Ti
33S 37Cl
30Si 30Si,32,33P,34,35S,35Cl
41Ca 43Ca,47Ti
42Ca 46Ti
62Zn 66Zn

aThe reactions listed are those that processed more than 10Š6M� in the reference model (see TableIII ) and with any max(|Di |) > 0.05
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FIG. 13. Sensitivity of the yield of selected species to variations
by a factor of× 10 in the rate of the reactions30Si + p � 31P+ γ
in different temperature ranges of size 109 K. The points give the
difference between the yield of a species for an enhanced rate in a
temperature window and its yield in our reference model, normalized
by the difference between the yield for an enhanced rate at all
temperatures and the yield of our reference model [see Eq.(6)]. The
points are centered on each temperature window, and each symbol
represents a product nucleus as follows: Open triangles stand for20Ne,
solid triangles for24Mg, crosses for26Al, open pentagons for30Si,
solid pentagons for32P, stars for35S, asterisks with seven vertices for
38Ar, and open circles for47Ti. The dashed lines (scaled according to
the right axis) give the logarithm of the ratio of the different rates of the
reaction30Si + p � 31 P+ γ in JINA. The short-dashed line belongs
to the ratio of the rate from Ref. [42] to that from Ref. [59], while the
long-dashed line belongs to the ratio of the rate from Ref. [56] to that
from Ref. [59]. The horizontal solid line marks the zero of axes, that
is, no variation of the yield and rate ratio equal to one.

There are two main reasons for the small relative impact
of the uncertainties of individual nuclear reaction rates on the
supernova yields. First, the nuclear �ows that determine the
�nal abundances during the supernova explosion are driven
collectively by many reactions, which are much faster than
the hydrodynamic explosion time scale because of the high
temperatures involved. The relevance of any individual rate
is much diluted within this large pool of reactions. A similar
conclusion was reached by Ref. [52] in the context of type
II supernovae. They cite three major causes, which we can
adapt to nucleosynthesis in SNIa. (1) The dominant nuclear
�ows are governed by the fusion reactions of the fuel, carbon
and oxygen, while the rest are only perturbations on the
main stream. (2) The nuclear �ow follows the path of least
resistance; that is, if one reaction rate drops by a large factor
there is always another reaction capable of playing its role. (3)
If the freeze-out from high temperatures is fast enough, the
rates of individual reactions are much less important than the
properties of nuclei (binding energy, partition function).

Second, there are narrow temperature ranges where
the yields are more sensitive to the rates. For instance, the
temperatures at which a modi�cation of the rate of the

FIG. 14. Sensitivity of the yield of selected species to variations
by a factor of× 10 in the rate of the reactions20Ne+ α � 24Mg + γ
in different temperature windows of size 109 K. The meaning of the
points is the same as in Fig.13. The dashed lines (scaled according
to the right axis) give the logarithm of the ratio of the different rates
of the reaction20Ne+ α � 24 Mg + γ in JINA. The short-dashed
line belongs to the ratio of the rate from Ref. [42] to that from
Ref. [67], while the long-dashed line belongs to the ratio of the rate
from Ref. [60] to that from Ref. [67]. The two horizontal lines mark
the zero of the left axis, that is, no variation of the yield (solid line),
and the zero of the right axis, that is, rate ratio equal to one (dotted
line).

FIG. 15. Sensitivity of the yield of selected species to variations
by a factor of× 10 in the rate of the reactions24Mg + α � 27Al + p
in different temperature windows of size 109 K. The meaning of the
points is the same as in Fig.13. The dashed lines (scaled according
to the right axis) give the logarithm of the ratio of the different rates
of the reaction24Mg + α � 27Al + p in JINA. The long-dashed line
belongs to the ratio of the rate from Ref. [42] to that from Ref. [59],
while the short-dashed line belongs to the ratio of the rate from
Ref. [61] to that from Ref. [59]. The two horizontal lines mark the
zero of the left axis, that is, no variation of the yield (solid line), and
the zero of the right axis, that is, rate ratio equal to one (dotted line).
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above-mentioned three reactions has a larger impact are in the
range 2× 109 � T � 4 × 109 K (see Figs.13to15). One kind
of rate uncertainty we have not explored is that owing to the
erroneous location of a resonance. Such a kind of error might
originate an increase of the rate (with respect to the presently
recommended one) in a temperature range and a decrease in a
contiguous one. If this were the case, the changes of the yields
of some species might be exacerbated. Thus, this kind of error
in the nuclear reaction rates might be the most relevant with
respect to the supernova yields.

We conclude that the explosion model chie�y determines
the element production of type Ia supernovae and derived
quantities such as their luminosity, while the individual nuclear
reaction rates used in the simulations have a small in�uence
on the kinetic energy and �nal chemical composition of the
ejecta. Often it is argued that discrepancies of up to a factor
of 2 between isotopic ratios in SNIa ejecta and those in the
solar system, especially within the Fe-group, can be attributed
to uncertainties in nuclear reaction rates. Our results show
that the uncertainty in individual thermonuclear reaction rates
cannot account for this factor. It remains to be seen if the
yields are more sensitive to uncertainties in nuclear masses,
weak interaction rates, or the simultaneous modi�cation of
the bulk of thermonuclear reaction rates. The sensitivity
of the supernova nucleosynthesis to simultaneous random

modi�cations in the bulk of thermonuclear reaction rates will
be the subject of future work. In this respect, our �nding is
interesting in that the most in�uential reactions depict a clear
path in a plotZ vs A (Fig. 12), going from12C up to 37Ar
through many branches involving mainly reactions withα
particles plus the fusion reaction12C + 12C. Modi�cations of
these rates “in phase” may have interesting consequences for
the chemical composition of supernova ejecta.

Finally, it is worth noting that reaction rate variations
may also have an impact on the hydrostatic evolution of the
progenitor of the exploding WD. Given the robustness of the
explosive yields, it may well be that changes in progenitor
evolution are the largest source of reaction rate sensitivity in
thermonuclear supernovae.
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