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The first metal enrichment in the universe was made by supernova (SN) explosions of population
(Pop) II stars and the results are recorded in abundance patterns of extremely metal-poor (EMP)
stars. We investigate the properties of Pop III SNe by comparing their nucleosynthetic yields with
the abundance patterns of the EMP stars. Incresingly more EMP stars are now discovered. This
allows us to statistically constrain their SN properties. We focus on the most metal-poor stars
with [Fe/H]< —3.5 and present Pop III SN models reproducing well their individual abundance
patterns. The distribution of the abundance patterns of EMP stars could be converted to that of SN
properties, e.g., M(Fe) and Myen, in the early universe. Large samples of EMP stars, obtained by
ongoing and planning EMP star surveys, e.g., SEGUE and Skymapper, would clarify distributions
of properties of SNe in the early universe.
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1. INTRODUCTION

The universe was born without heavy elements and evolves chemically with metal enrichment
driven by supernovae. The history of chemical evolution is recorded in the abundances of stars
with low metallicities. The so-called metal-poor stars are low-mass stars formed in the early uni-
verse. Such stars preserve the information of elemental abundances in the early universe until the
present days. Therefore, large programs surveying metal-poor stars provided substantial samples of
metal-poor stars (e.g., HK survey: [1, 2]; Hamburg/ESO survey: [3]). Subsequent high-dispersion
spectroscopic studies are determining the metallicities and abundances of the metal-poor stars. The
metal-poor stars are classified by their metallicities as follows [4]: metal-poor stars (MP stars:
[Fe/H] < —1), very metal-poor stars (VMP stars: [Fe/H] < —2), extremely metal-poor stars (EMP
stars: [Fe/H] < —3), ultra metal-poor stars (UMP stars : [Fe/H] < —4), and hyper metal-poor stars
(HMP stars: [Fe/H] < —5).

The first metal enrichment in the universe is due to massive stars and supernovae (SNe). The
enrichment by a single SN dominates the preexisting metal contents in the early universe at metal-
licity (e.g., [5]). As the number of SNe increases with time, the remnants of SNe overlap with
each other. The abundance of the universe becomes a superposition of numerous SNe and the uni-
verse evolves from unmixed to the well-mixed. Since the r-process elements show large scatters
at [Fe/H] < —2, the transition between the unmixed and well-mixed universe is suggested to be at
[Fe/H] ~ —3-.- —2.5 by hierarchical chemical evolution calculations (e.g., [6, 7]).

Therefore, the properties of SNe in the early universe can be investigated by studying the
abundance patterns of metal-poor stars with [Fe/H] < —2.5. The abundance patterns are reproduced
by SN models [8 — 15]. Spherical SNe eject too much Fe. Thus the abundance patterns of the metal-
poor stars and the chemical evolution are not reproduced (e.g., [16, 17]). Therefore, aspherical
effects, i.e., the ejection of the inner matter and the fallback of the outer matter, are taken into
account. Such an ejection and fallback process proposed by [8] called a mixing-fallback model.
A Rayleigh-Taylor instability or an aspherical explosion is suggested as a physical process of the
mixing-fallback model. Two-dimensional calculations have been performed by [18, 12, 14, 19, 20].
The abundance patterns of EMP stars are reproduced by these two-dimensional models but the C-
enhanced metal-poor (CEMP) stars are not reproduced with the Rayleigh-Taylor instability.

In the recent years, the analysis of the stellar abundance has significantly improved. The first
UMP star was reported in 2007 [21], and the most metal-deficient star was reported in 2012 [22].
Furthermore, the number of the metal-poor stars has increased dramatically e.g., by the Sloan
Extension for Galactic Understanding and Exploration (SEGUE, [23]). Here, we focus on 18 most
metal-poor stars with [Fe/H] < —3.5! and reproduce their abundance patterns with the mixing-
fallback model.

2. Model & Method

We use progenitor models taken from [10, 11, 13]. First, we study three My;s = 25M, models.
The calculation method and procedure are the same as [13].

I'The stars are found in ADS (http://adswww.harvard.edu/) and SAGA database (http://saga.sci.hokudai.ac.jp/, [24]).
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We also take into account aspherical effects by applying the mixing-fallback model. The
mixing-fallback model has three parameters characterizing the explosion: the initial mass cut My,
the outer boundary of the mixing region My, and the ejection factor f (see details in [13]). The
physical process of the mixing-fallback model is an aspherical explosions, e.g., bipolar (jet-like)
explosions [18, 12, 14] and Rayleigh-Taylor instabilities [20]. We show that the mixing-fallback
model well mimics the aspherical explosions except for entropy-sensitive elements like Sc, Ti, Cr,
Co, and Zn [14], and that the yields of aspherical explosions well reproduce the abundance patterns
of the EMP stars [18, 12, 14, 20].

3. Comparison with the observations

In order to constrain properties of SNe, it is necessary to determine abundances of many ele-
ments. In particular, the hydrodynamical features of SNe remain in the abundance ratios between
elements synthesized in different layers and the thermodynamical features of SNe remain in the
abundance ratios between elements synthesized in the same layer [14]. Thus, we select 18 metal-
poor stars (including a binary) with [Fe/H] < —3.5 which have determined abundances or low
upper limits of the following 4 elements: (1) one of C, N, and O, (2) Mg, (3) Ca, and (4) Fe. The
stars are 9 EMP stars, 5 CEMP stars, 2 UMP star, and 2 HMP stars (Figs. 1). The CEMP stars
are CEMP-no stars that do not show an enhancement of n-capture elements. Since the adopted
solar value is different depending on the papers, we recalculate the abundance ratios with the solar
abundances proposed in [25].

All the EMP stars show high [Co/Fe] and/or [Zn/Fe] (> 0.1). These high ratios indicate high-
energy explosions, i.e., hypernovae. Furthermore, all the EMP stars show [Sc/Fe] > 0. The [Sc/Fe]
ratios are realized by the high-entropy explosions (e.g., [13]). Such a high-entropy and high-energy
explosion with mixing and fallback is achieved only in jet-like explosions [14].

The origin of carbon enhancement in the CEMP-no stars is still under debate. We propose a
faint SN characterized by a large amount of Y°Ni(Fe) fallback as the origin of the CEMP-no stars.
The faint SN leads to high [C/Fe] because the fallback of carbon is less efficient than that of Fe [12].
Faint SNe are actually observed in the present days and characterized by low-energy explosions
with low expansion velocities (E5; < 1, e.g., SN 1997D: [36]). Since the explosion energy is low,
spherical fallback takes place. This is consistent with the observations of low M(*°Ni). On the
other hand, a GRB without detection of an associated SN was also observed in 2006 (e.g., [37]).
The upper limit on the amount of °Ni is as low as one hundredth of typical GRB-associated SNe.
This implies the existence of a faint SN with relativistic jets.

Some CEMP-no stars show high [Co/Fe] and/or [Zn/Fe] (> 0): e.g., CS 29498-043 and
HE 1300+0157 show high [Co/Fe], and CS 22949-037 shows high [Co/Fe] and [Zn/Fe]. Ex-
plosive nucleosynthesis in the high-entropy environment is required to reproduce high [Co/Fe] and
[Zn/Fe]. In the spherical symmetry, the high-entropy explosion is equivalent to the high-energy
explosion in which the spherical fallback can not take place. This suggests that the CEMP-no stars
formed from gases enriched by a faint SN with a relativistic jet. We note that the physical mech-
anism of the mixing-fallback model for the CEMP stars is a jet-like explosion with weak jets [12]
because the mixing and fallback due to the Rayleigh-Taylor instability yields [C/Fe] ~ +0.5 [20].
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Figure 1: Abundance patterns of EMP stars (points) compared with yields of the SN models (lines). The
names of stars and references are shown in the figure [26 -31, 21, 3235, 22].

Some stars show [C/N] (< 0) and high [N/Fe] (> 0). Stars with [N/Fe] > +1 are classified as
N-enhanced metal-poor (NEMP) stars (e.g., [38, 39]). Their carbon abundances have large scatter
and [N/C] ranges from ~ —1 to ~ 41. Several origins of N enhancement are proposed. Most of
them display a signature of mixing in Li abundance and '3C/!'2C [38, 39]. The mixing enhances
the conversion from carbon to nitrogen inside the NEMP stars. Such stars are called “mixed” stars
[38, 39]. For the mixed stars, we compare the models with the observations with the abundance
of C+N, instead of C and N. The other process is an enhanced mixing in progenitor star of parent
SN due to rotational mixing and/or overshooting. However, the process can suppress [C/N] only
to ~ —0.5 [11, 40]. For example, since G77-61 is a dwarf, the N enhancement in G77-61 stems
from the pre-enhancement in the SN progenitor.

Although there are 3 UMP stars with [Fe/H] < —4, we focus on 2 UMP stars with [Fe/H] <
—4.5 that were recently found: HE 0557-4840 with [Fe/H] = —4.8 [21] and SDSS J102915+172927
with [Fe/H] = —4.7 [22]. The abundance patterns of HE 0557-4840 and SDSS J102915+172927
are very similar to the CEMP and EMP stars, respectively, except for [Fe/H]. Therefore, we con-
clude that the parent SNe of HE 0557-4840 and SDSS J102915+172927 are similar to that of the
CEMP and EMP stars, respectively, as well. The low [Fe/H] could be the result of a wide distribu-
tion of [Fe/H] (from ~ —5 to ~ —1) of a mixture of the SN ejecta and the pristine gases, according
to 3-dimensional calculation of the expansion of SN ejecta [41, 42].

The first and second HMP stars were identified in 2002 and 2005: HE 0107-5240 ([Fe/H] =
—5.2, [43]), and HE 1327-2326 ([Fe/H] = —5.4, [44]). The abundance patterns of HE1327—
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2326 [44] and HE0107-5240 [27, 45, 30] are quite unusual and shows high [C/Fe] (~ +4).

The mixing-fallback model successfully explains the abundance patterns of HMP stars [9, 11].
Although they [9, 11] proposed that the abundance patterns of HMP stars are reproduced by a faint
SN model with a low explosion energy, such a low-energy explosion cannot reproduce high [Co/Fe]
of HE 0107-5240 [45]. Therefore, assuming an jet-like explosion [12], we constructed an energetic
explosion model with E = 5 x 10°! erg reproducing high [Co/Fe]. This can also enhance Sc [12].
In contrast to HE 0107-5240, Co is not detected in HE 1327-2326. Thus, the explosion energy of
the parent SN of HE 1327-2326 is not constrained strictly. A high [Ti/Fe] ratio is suggestive of
high entropy but the enhancement of [Ti/Fe] is not enough to reproduce the observed value.

4. Conclusion

Many EMP stars have been observed. We focus on 18 EMP stars with [Fe/H] < —3.5 and show
that the abundance patterns are well reproduced by SN models with different explosion properties.
We propose that a large number of EMP stars combined with a large number of the elements
observed in their abundance patterns can constrain the properties of Pop III SNe.

Although the abundance ratios of the EMP stars can be compared with the theoretical models,
sophisticated 3-dimensional calculations taking into account the abundance distribution in the SN
ejecta are required in order to interpret [Fe/H] as well and constrain the next generation stars that
can form from the enriched gas.
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