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The first metal enrichment in the universe was made by supernova (SN) explosions of population
IIT stars and the results are recorded in abundance patterns of extremely metal-poor (EMP) stars.
Meanwhile, it has been found that gamma-ray bursts with relativistic jets are associated with
highly-energetic SNe (hypernovae) and observations of SNe in recent days also smoke out that
SNe are universally aspherical. Thus, I present hydrodynamical and nucleosynthetic properties
of the jet-induced explosion of a population III star with a two-dimensional special relativistic
hydrodynamical code. In the jet-induced SNe, Fe-peak products are ejected along the jet axis,
while unprocessed materials fall onto a central remnant along the equatorial plane. This coex-
istence accounts for the abundance patterns of the EMP stars. Also, the jet-induced explosion
realizes the high-entropy environment that enhances [(Sc, Ti, V, Cr, Co, Zn)/Fe]. The enhance-
ments of [Sc/Fe] and [Ti/Fe] improve agreements with the abundance patterns of the EMP stars.
Furthermore, I point out that the evidence of jet-induced SN is found in a Si-deficient metal-poor
star HE 1424-0241 with high [Mg/Si] (= 1.4) and normal [Mg/Fe] (= 0.4). While the peculiar
abundance pattern is difficult to be reproduced by previous SN models, it can be reproduced only
by the angle-delimited yield of the jet-induced SN if the interaction between the SN ejecta and

interstellar medium induces a weak mixing of the abundances.
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1. Introduction

In the early universe, the enrichment by a single supernova (SN) can dominate the preexisting
metal contents (e.g., [1]). The Pop III SN shock compresses the SN ejecta consisting of heavy
elements, e.g., O, Mg, Si, and Fe, and the circumstellar materials consisting of H and He. The
abundance pattern of the enriched gas reflects nucleosynthesis in the SN and the second-generation
stars will be formed from the enriched gases. Thus the abundances of the second generation stars
preserve the information of nucleosynthesis in Pop III SNe [2].

Present-day photometric and spectroscopic observations indicate that gamma-ray bursts (GRBs)
and SNe are aspherical explosions with jet(s) (e.g., [3, 4, 5]). Such aspherical SN explosions are
also suggested in the early universe by the abundance patterns of extremely metal-poor (EMP) stars
with [Fe/H] < —3.! The C-enhanced type of the EMP stars have been well explained by the faint
SNe [6, 7], except for their large Co/Fe and Zn/Fe ratios (e.g., [8]). The enhancement of Co and
Zn in low metallicity stars requires explosive nucleosynthesis under high entropy. In a spherical
model, a high entropy explosion corresponds to a high energy explosion that inevitably synthesizes
a large amount of *°Ni. Thus, it was suggested that some faint SNe are associated with a narrow
jet within which a high entropy region is confined [9].

In this paper, I present hydrodynamical and nucleosynthetic models of the jet-induced explo-
sions of a 40 M, star and show that only an angular-delimited yield of a jet-induced SN explosion
can account for an abundance pattern of a peculiar Si-deficient EMP star. Furthermore, I compare
the jet-induced explosion with the spherical SN model applied the mixing-fallback model [10] and
connect properties of the jet-induced explosion to the mixing-fallback model.

2. Models

I investigate a jet-induced SN explosion of a Pop III 40M, star with a two-dimensional rela-
tivistic Eulerian hydrodynamic and nucleosynthesis calculation (see [11, 12] for the model detail).
Because the explosion mechanism of GRB-associated SNe is still under debate, I do not consider
how the jet is launched but deal the jet parametrically with the following five parameters: en-
ergy deposition rate (Edep), total deposited energy (Eqep), initial half angle of the jets (8i), initial
Lorentz factor (I'je;), and the ratio of thermal to total deposited energies (fwn). The jet is injected
from the inner boundary at an enclosed mass My corresponding to a radius Ry. In this paper, I show
two models; (A) a model with Eqeps51 = Eqep/(10° ergs s™1) = 120 and My = 1.4M;, (Ry = 900
km) and (B) a model with E'dep751 = 120 and My = 2.3M (Rp = 2700 km). The other parameters
are same for each model; Eqep = 1.5 X 10°2 ergs, Bieg = 15°, Ije = 100 and fi, = 10—3. The mass
of jets is M, ~ 8 X 10 7M.

3. Results

The hydrodynamical calculations are followed until the homologously expanding structure is
reached (v o< r). Then, the ejected mass elements are identified from whether their radial velocities

Here [A/B] = log1o(Na/Np) —10g10(Na/NB) e, where the subscript © refers to the solar value and Np and Ng are
the abundances of elements A and B, respectively.
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Figure 1: (a) Positions of the mass elements at f = 10° s for model A. Symbols of the marks represents the
abundance of the mass element (H: circle, He: triangles, O+C: squares, O+Mg: stars, Si: crosses, and Fe:
pluses). Size of the marks represents the origin of the mass element (the jet: dots, and the shocked stellar
mantle: filled circles). (b) Comparison between the abundance pattern of HE 1424-0241 (filled circles) and
the angle-delimited yields of model A for 30° < 8 < 40° (solid line) and 30° < 8 < 35° (dashed line). (c)
Comparison of the abundance patterns of model B (solid line), the EMP stars (filled circles, [13]), and the
mixing-fallback models with My (ini) = 2.3M,, Mpix (out) = 10.3M¢, and f = 0.27 (dashed line).

exceed the escape velocities at their positions. Figures la shows the abundance distribution at
t = 10° s for model A. I classify the mass elements by their abundances as follows: (1) Fe with
X (°®Ni) > 0.04, (2) Si with X (38Si) > 0.08, (3) O+Mg with X (1°0) > 0.6 and X (**Mg) > 0.01, (4)
O+C with X (1°0) > 0.6 and X (!2C) > 0.1, (5) He with X (*He) > 0.7, and (6) H with X ('H) > 0.3.
If a mass element satisfies two or more conditions, the mass element is classified into the class with
the smallest number.

3.1 Abundance patterns of the metal-poor stars

A very peculiar, Si-deficient, metal-poor star HE 14240241 was observed [14]. Its abundance
pattern with high [Mg/Si] (~ 1.4) and normal [Mg/Fe] (~ 0.4) is difficult to be reproduced by
previous SN models. This is because log{[X (Mg)/X (Si)]/[X(Mg)/X(Si)]s} < 1.6 is realized in
the O+Mg layer at the presupernova stage (e.g., [15, 9]). Thus, in order to reproduce the abundance
pattern of HE 1424-0241, the SN yield is required to include explosively-synthesized Fe but not
explosively-synthesized Si.

The angle-delimited yield may possibly explain the high [Mg/Si] and normal [Mg/Fe] (Fig. 1b).
Figure 1b shows that the yields integrated over 30° < 0 < 40° and 30° < 6 < 35° of model A re-
produce the abundance pattern of HE 1424-0241. The yield consist of Mg in the inner region and
Fe in the outer region (Fig. 1a). Although there are some elements to be improved, the elusive
feature of HE 1424-0241 could be explained by taking into account the angular dependence of the
yield. The high [Mg/Si] and normal [Mg/Fe] can be realized with an appropriate integration range
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if the Fe mass elements penetrate the stellar mantle (i.e., the duration of the jet injection is long)
and if the O+Mg mass elements are ejected in all directions (i.e., Edep is high).

3.2 Comparison with the spherical supernova model

The calculations of the jet-induced explosions show that the ejection of the inner matter is
compatible with the fallback of the outer matter. This is consistent with the two-dimensional illus-
tration of the mixing-fallback model (Fig. 12b in [16]).

I clarify the relation between the mixing-fallback model and the jet-induced explosion model
by comparing the yields. The mixing-fallback model has three parameters; initial mass cut [My(ini)],
outer boundary of the mixing region [Mpix(out)], and a fraction of matter ejected from the mixing
region (f). The remnant mass is written as Myey = My(ini) + (1 — f) [Mpix (out) — My (ini)]. The
three parameters would relate to the hydrodynamical properties of the jet-induced explosion mod-
els, e.g., the inner boundary (M), the outer edge of the accreted region (Macc our), and the width
between the edge of the accreted region and the jet axis.

The angle-integrated yield of model B is compared with the yields of the spherical SN model
with My = 40M¢, and Egep = 3 X 10°2 ergs. The inner boundary, the outer edge of the accreted
region, and the central remnant mass of model B are My = 2.3M,, Mycc oue = 12.2M ), and Myery =
8.1M,. For the spherical SN model, the explosion energy is deposited instantaneously as a thermal
bomb and I set M (ini) to be the same as My [i.e., My (ini) = 2.3M] and apply Mpix(out) =
10.3M,, and f = 0.27. f is the fraction of the solid angle of the Si-burning region (hereafter the
fraction is written as fs;). Mix(out) is set to yield the same M, as model B. The angle-integrated
abundance pattern of model B is roughly reproduced by the mixing-fallback model (Fig. 1¢). Thus,
I conclude that the jet-induced explosion is approximated by the mixing-fallback model reasonably.
My, fsi, and My, in the jet-induced explosion model are represented by My (ini), f, and Myep, in
the mixing-fallback model, respectively.

There are some elements showing differences, Sc, Ti, V, Cr, Co, and Zn. The enhancements of
[Sc/Fe] and [Ti/Fe] improve agreements with the observations. The differences stem from the high-
entropy explosion due to the concentration of the energy injection in the jet-induced explosion (e.g.,
[17]). Such thermodynamical features of the jet-induced explosion model cannot be reproduced by
the mixing-fallback model exactly but a “low-density” modification might mimic the high-entropy
environment (e.g., [9, 16]).

4. Conclusions and Discussion

I present the aspherical abundance distributions and investigate the angular dependence of the
yield. The abundance distributions in the jet-induced SN ejecta could be examined by spatially-
resolved observations of supernova remnants (e.g., [18]). The angle-delimited yield could repro-
duce the extremely peculiar abundance pattern of HE 1424-0241. However, the angle-delimited
yields of model A have a large scatter that may be inconsistent with the relatively small scatter in
the abundance ratios of the EMP stars. This implies that the angular dependence of the yield in
most SNe is diluted by the strong mixing of the SN ejecta. The angle-delimited yield strongly de-
pends on which mass elements are included into the integration. This would be determined by the
abundance mixing in the SN ejecta [19] and by the region where the next-generation star takes in
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the metal-enriched gas. To investigate this issue further, it is required to calculate three-dimensional
evolution of the supernova remnant in the ISM.

The angle-integrated yield of the jet-induced explosion is well reproduced by a spherical SN
model applied the mixing-fallback model. This confirms that the mixing-fallback model approx-
imates the jet-induced explosion well and that the mixing and fallback in hypernovae assumed in
the mixing-fallback model are actually achieved in aspherical explosions. The abundance ratios
between elements synthesized in different regions (e.g., C, O, Mg, and Fe) depend on the hydrody-
namical structure of the explosion, e.g., the fallback. Thus, such macroscopic properties of the jet-
induced explosion are represented by the mixing-fallback model. In particular, My, fsi, and Myem
in the jet-induced explosion model are represented by M (ini), f, and Mgy, in the mixing-fallback
model, respectively. On the other hand, the ratios between the explosively-synthesized elements
depend on the thermodynamical properties of the explosion. In particular, [Sc/Fe], [Ti/Fe], [V/Fe],
[Cr/Fe], [Co/Fe] and [Zn/Fe] are enhanced by the high-entropy environment in the jet-induced ex-
plosion, thus showing differences from the mixing-fallback model. The enhancement of [Sc/Fe]
and [Ti/Fe] improve the agreement with the observations.
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