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Nucleosynthetic Signatures of Asymmetric Supernovae - Lessons from
1-dimensional Explosion s

A. L. Hungerford, C. L. Fryer, F . X. Timmes, and K . McGhee
Los Alamos National Laboratory Los Alamos, NM 87545 *

We review the evidence for asymmetries in explosions, and in particular, the nucleosyn-
thetic signatures from these asymmetries. To guide our intuition for these yields, we have
modeled a series of spherically symmetric explosions with a range of explosion energies .
Here we present the results from these 1-dimensional simulations, focusing on the yields
of the radioactive elements 44Ti and 56Ni . We find that, although the abundance yields
of 44Ti do depend sensitively on the explosion yield, the trend (whether it increases or
decreases with explosion energy) depends very sensitively on the model .

1 . Introduction

The evidence for global asymmetries in supernovae has been steadily growing, from
the high space velocities of young pulsating neutron stars (see [1] for a review) to the
large polarization measurements in the optical outburst itself (e .g. [2,3]) . More recently,
asymmetries have been used to explain the extended mixing of "Ni and anamolous "Ti
in supernova 1987a (e .g., [4,5]) . The distribution and abundances of these radioactive
isotopes provide an ideal diagnostic of the supernova asymmetry as their decay emission,
although limited to high-energy telescopes and hence nearby supernovae, does not have
the selection biases that pulsar velocities have, nor does it rely on the uncertain time-
dependent radiation transport required to study supernova polarization .

But to truly study supernova asymmetries, we must understand how the nuclear yields
from supernovae depend on asymmetric explosions . Most studies of the late-time (after the
first few seconds) evolution of asymmetric explosions in supernovae has been studied by
artificially depositing the explosion energy into a 2- or 3-dimensional star using a piston-
like explosion. We begin our study by building our intuition about explosion energetics
using 1-dimensional simulations that have a range of explosion energies controlled by
varying the mean neutrino energy in a core-collapse simulation .

2. 1-Dimensional Models

To study the effects of explosion energy on the 44Ti and 56Ni yields, we use the rotating
progenitor "E15B" from Heger, Langer & Woosley[6] . This progenitor represents the
fast-rotating class of progenitors and multi-dimensional collapse models have found that
the neutrino-driven supernova engine produces strong asymmetries in these models wit h

*C.L.F. is also at the University of Arizona. A.L.H. and C.L.F. completed much of this work at the
Institute for Nuclear Theory, University of Washington, Box 351550, Seattle WA, 98195
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velocities along the rotation axis 2 times stronger that those within the equatorial plane[7] .
We model the collapse (ignoring rotation effects) using the 1-dimensional core collapse
code from Fryer et al. [8] and induce explosions by raising the mean neutrino energy
above in the gain region . Such an increased heating probably mimics the true explosion
mechanism better than a piston model . Indeed, for normal and energetic models, the
explosion is launched from a 1 .1 MD neutron star, agreeing well with 2-dimensional results

(e.g. [7]) . We use a small nuclear network for these explosions[9] and then postprocess
these abundances with a larger nuclear network to get detailed abundances[10] .

Table 1
44Ti and 56Ni Yields for a Range of 1-dimensional Supernova e

Explosion Energy 44Tia 56Nia 44Tib 56Nib

(1051 . erg) me Mo Mo Mo
0.1c 4.2 x 10-5 0.082 4.7 x 10-5 0.059

1 .35 5 .3 x 10-5 0.41 7.4 x 10-5 0.28
1 .8 3 .5 x 10-6 0.42 2.3 x 10-6 0.30

6.5 1 .6 x 10-6 0.40 3.0 x 10-6 0.63

0.1d 3 .4 x 10-5 0.083 4.7 x 10-5 0.060

1 .35 1 .6 x 10-5 0.43 7.4 x 10-5 0.30
1 .8 1 .7 x 10-6 0.44 2 .3 x 10-6 0.32

6.5 6 .8 x 10-7 0.41 1 .7 x 10-6 0.29
a Ye = 0.50
b Ye = 0.495
c Weak and (p,n) Reactions On
d Weak and (p,n) Reactions Off

By varying the neutrino energies by 20%, we find a range of explosion energies from
0.1 - 6 .5 x 1051 ergs. The yields of these explosions assuming no late-time fallback are
given in Table 1 . As The et al .[11] have shown, the yields are very sensitive to a number
of reaction rates . As we see in Table 1, the yields are also sensitive to the electron fraction
(Ye) and the inclusion of weak and (p,n) reactions .

Here we focus on the on the dependence of the "Ti and "Ni yields on explosion energy.
For low energy explosions, both the 44Ti and 56Ni yields are low. This is because much
of the inner core falls back at early times for these models, and ultimately falls back
onto the compact remnant . But for normal (> 1051 erg) and energetic yields, the 56Ni
yield varies by less than 10%, whereas the the 44Ti abundance drops by over an order of
magnitude . The one exception is the Ye = 0 .495, full network calculation of the super-
energetic calculation, where the 44Ti abundance actually increases with increasing energy .
However, in this calculation, the 56Ni productiQn increases even more dramatically, and
the 44Ti/56Ni ratio always decreases with increasing energy.
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Figure 1 . Left Panel : Entropy versus mass for 4 explosion energies . The bulk of the
matter in the high -entropy material for the low energy model falls back onto the neutron
star . The super-energetic model produces much more high-entropy material than the
normally-energetic models . Right Panel: Temperature evolution for 3 mass zones for our
3 normal or strong explosions (energies above 1051 erg) .

If we include late-time fallback (after a few seconds), the 44Ti/56Ni ratio will decrease
even more rapidly with explosion energy. This is because the 44Ti, in general, is made
further out than the "Ni (Fig . 2) . The final remnant masses for our 4 explosion energies
are 3.86,1 .42, 1 .09,1 .06M® respectively for the 0 .1,1 .35,1 .8, and 6 .5x 1051 erg explosions .
If there is no mixing of the elemental yields in this explosion prior to its fallback, then
the yields of radioactive elements, especially the 56Ni which dominates the inner zones,
would be much smaller, especially in the weaker explosion energies where the fallback is
large . For these weak explosions, late-time fallback will lead to higher 44Ti/56Ni ratios .
These ratios will remain relatively unchanged for the most energetic explosions, making
the decrease in the 44Ti/56Ni ratio with increasing explosion even more dramatic .

The fact that the 44Ti/56Ni ratio always decreases with increasing energy seems to
be in direct disagreement with the Nagataki et al .[?] result . Nagataki et al . argued
that the higher entropy in the more energetic explosions led to increased 44Ti production .
Whereas the entropy does increase for our strongest explosion energies (Fig . 1), entropy is
not the only factor determining the 44Ti. Fallback is an issue . But even without fallback,
higher entropy does not mean more 44Ti . Indeed, The et al.[11] found that the final "Ti
yield does not depend uniformly on any single parameter (see Figure 1 of that paper) .
Depending upon the shock conditions, higher entropy may lead to less 44Ti production .

What have we learned from these models? Most importantly, we have learned that the
exact nucleosynthetic yields (and especially the ratios of elements) depend sensitively on
the details of the explosion . Although the results of The et al .[11] already showed the
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Figure 2. 44Ti and "Ni mass fractions vs . enclosed mass for the 1 .35 (left) and 1 .8x 1051
erg(right) explosions .

sensitive nature of the 44Ti yield to the exact shock conditions, this is not generally known
to the astrophysics community. Indeed, most of the yields produced today persist in using
piston models to drive explosions . Such models will only yield the correct nucleosynthetic
yields by accident .

It is not clear that any trends from 1-dimensional models will hold in multi-dimensional
simulations and only multi-dimensional explosions will provide us with accurate nucle-
osynthetic yields from supernovae . However, because the nucleosynthetic yields are so
sensitive to our explosion mechanism and because most of our current intuition is based
on piston simulations, we have a lot to learn from both energy-injected 1-dimensional
models and current, if incorrect, explosion models in multi-dimensions . Perhaps, with
careful studies, we can truly learn the uncertainties in these calculations .
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