Figure 1—

Mass of **Ni ejected by
Type Ia Supernovae as

a function of the initial
metallically Z. Shown is
the linear relation (red
curve; the curvature is
from the logarithmic ab-
scissa), and two popular
I-dimensional models
(purple and green
curves). As indicated

by the arrows, a scatter
in the abundances with
which a low mass star

is born leads to a varia-
tion of about 25% of
%6Ni ejected if the metals
are uniformly distrib-
uted within the remnant
white dwarf. A factor

of seven scatter about
the mean in the initial
metallicity corresponds
to a factor of 2 variation
in M(Ni).
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e explore the idea that the
observed variations in the
peak luminosities of Type Ia
supernovae originate in
part from a scatter in metallicity of the
main-sequence stars that become white
dwarfs. Previous, numerical, studies have
not self-consistently explored metallicities
greater than solar. One-dimensional
Chandrasekhar mass models of Type Ia
supernovae produce most of their radioactive
nickel in a thermonuclear burn to nuclear
statistical equilibrium between where the
electron to nucleon ratio is constant. We show
analytically that, under these conditions,
charge and mass conservation constrain the
mass of nickel produced to depend linearly
on the original metallicity of the white dwarf
progenitor. This curious result is independent
of any complicated hydrodynamics or flame
propagation microphysics, and 3-dimensional
(3D) explosion models confirm this
linear dependence. The observed factor
of three scatter in the metallicity of solar
neighborhood stars is enough to induce a
25% variation in the mass of nickel ejected
by Type Ia supernova, which is enough to
vary the peak luminosity of Type Ia events
by about 0.2 magnitudes in the visual band.
We argue that this intrinsic scatter in the peak
luminosity is present in spirals and elliptical
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galaxies out to the limiting redshifts of
current observations.

Nearly all 1D Chandrasekhar mass models of
Type Ia supernova produce most of their **Ni
in a burn to nuclear statistical equilibrium
between the mass shells 0.2 M and 0.8 M.
In this region, unlike in the innermost 0.2 M
weak interactions operate on timescales
longer than the time for the thermonuclear
burning front to disrupt the white dwarf.
Following this rapid burn to nuclear statistical
equilibrium, most of the mass is in the iron-
peak nuclei *°Ni, **Ni, and **Fe. First consider
the case when **Ni and **Ni are the only

two competing species. Mass and charge
conservation,

Zn‘xi =1,zn‘£xi =Y,
i=1 i=1 Ai

imply that the mass fraction of **Ni depends
linearly on Y,

X(**Ni) = 58Y, - 28,

where isotope i has Z protons, A, nucleons
(protons + neutrons), and a mass fraction

X. The aggregate ensemble has a proton to
nucleon ratio of Y.

In the white dwarf progenitors of Type Ia
supernovae, the surplus neutrons come from
*’Ne formed from the original CNO of the
progenitor main-sequence star, and from
the original **Fe. Using this to compute only
unknown, Y, we find

X( “Ni) = (1 —0.057 ZAJ )
®

The total mass of *Ni ejected is then

X(*Ni) = 0.6(1 ~0.057 £)M@.
Z@

This linear relation is shown by the red line
in Fig. 1 along with the results of our post-
processing calculation (purple dashed line)
of a standard one-dimensional model of
Type Ia supernovae (courtesy E Brachwitz
and F. Thielemann). Our analytical result
[1] and postprocessing result are in good
agreement with those of Refs. [2, 3] and
(green dotted line) where the calculations
overlap in metallicity. Our findings disagree,
however, with those of [4], who found only a
4% variation in M(*°Ni) over an even larger
range of Z (0.1 to 10 times solar).
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The Max-Planck group in Germany [5], and
the ASC/Alliance Center at the University

of Chicago [6] have recently explored the
dependence of the M(**Ni) abundance on the
initial metallicity, as reflected in X(**Ne), with
2D and 3D calculations. The temperature
field of our 2D calculations is shown in the
impressionistic Seurat-like pointillism of

Fig. 2. Both of these groups substantially
reproduce the analytic result (Fig. 3).

The general trend among field stars is

that the metallicity rises rapidly and then
increases gradually over the last 10 Gyr
corresponding to redshifts z ; 1. The scatter
in the abundances is roughly from 1/3 to

3 times solar at all ages, and this scatter in
the material from which stars are born is
sufficient to induce a 25% variation (0.13 M)
in the mass of M(**Ni) ejected. The minimum
peak brightness variations caused by this
variation in **Ni mass are AM ~ 0.2.

For the nearby Type Ia supernovae with
Cepheid determined distances, the overall
dispersion in the peak magnitude is rather
small, about 0.5 magnitude in the B and V
bands [7, 8]. When the sample is enlarged to
include more distant supernovae, there are
several subluminous events that broaden the
variation to about 1 magnitude in B [9, 10],
but the bulk of the Type Ia sample lies within
0.5 magnitude in B. While the magnitude of
analytic effect that we have identified cannot
account for all of the observed variation in
peak luminosity of local Type Ia supernovae,
it is probably the largest contributor [11].
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Figure 2—

Nickel mass from a two-
dimensional calculation
performed at the ASC
Alliance Center the Uni-
versity of Chicago [6].
The strong 45° sym-
metry in the Seraut-like
image is due to artificial
symmetries present in
the initial conditions.

Figure 3—

Nickel mass from three-
dimensional (purple
curve) and two-dimen-
sional (green curve)
simulations. The

linear relationship of
the analytical for-

mula (black curve) is
largely reproduced.

The difference between
the 3D and 2D results
has less to do with the
dimensionality of the
calculation and more to
do with how the burning
front is modeled.
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