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ABSTRACT

The most iron-poor stars in the Milky Way provide important observational clues to the astrophysical objects
that enriched the primordial gas with heavy elements. Among them, the recently discovered iron-deficient star
SMSS J031300.36−670839.3 shows a remarkable chemical composition with a non-detection of iron ([Fe/H] <
−7.1) and large enhancement of carbon and magnesium relative to calcium. We investigate supernova yields of
metal-free (Population III) stars to interpret the abundance pattern observed in this star. We report that the high
[C/Ca] and [C/Mg] ratios and upper limits of other elemental abundances are well reproduced with the yields
of core–collapse supernovae (which have normal kinetic energies of explosion E of E51 = E/1051 erg = 1) and
hypernovae (E51 � 10) of Population III 25 M� or 40 M� stars. The best-fit models assume that the explosions
undergo extensive matter mixing and fallback, leaving behind a black hole remnant. In these models, Ca is produced
by static/explosive O burning and incomplete Si burning in the Population III supernova/hypernova, in contrast to
the suggestion that Ca is originated from the hot-CNO cycle during pre-supernova evolution. Chemical abundances
of four carbon-rich iron-poor stars with [Fe/H] < −4.5, including SMSS J031300.36−670839.3, are consistently
explained by faint supernova models with ejected masses of 56Ni less than 10−3M�.
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1. INTRODUCTION

Characteristic masses of the first stars (Population III or
Pop III stars) and the nature of their supernova explosions
are critically important in determining their role in the cosmic
reionization and subsequent star formation in the early universe
(e.g., Bromm & Yoshida 2011). Cosmological simulations have
shown that Pop III stars could be very massive �100 M� as
a result of cooling of primordial gas via hydrogen molecules
(e.g., Bromm & Larson 2004). More recent studies, however,
propose mechanisms in which lower-mass stars can form
through radiation feedback from growing protostars and/or disk
fragmentation (Hosokawa et al. 2011; Clark et al. 2011; Hirano
& Yoshida 2013; Bromm 2013; Susa 2013).

Abundance patterns of the lowest-metallicity stars in our
Galaxy provide us with a rare opportunity to observationally
constrain the masses of Pop III stars. The chemical abundances
in the four iron-poor stars with [Fe/H] < −4.5, HE 0107−5240
(Christlieb et al. 2002, 2004), HE 1327−2326 (Frebel et al.
2005; Aoki et al. 2006), HE 0557−4840 (Norris et al. 2007),
and SDSS J102915 + 172927 (Caffau et al. 2011; see Hansen
et al. 2014 for a recent discovery of another metal-poor star in
this metallicity range), do not show signatures of pair-instability
supernovae of very massive (�140 M�) stars as their progenitors
(Nomoto et al. 2013, and references therein). Instead, the
observed abundances in these stars are better explained by
the yields of core–collapse supernovae of moderately massive
Pop III stars with several tens of M� (Umeda & Nomoto 2002,
2003; Limongi et al. 2003; Iwamoto et al. 2005; Tominaga
2009; Tominaga et al. 2007b, 2014; Heger & Woosley 2010;
Kobayashi et al. 2014).

Another important insight into the nature of the Pop III stars is
that a large fraction of most iron-poor stars are carbon-rich (e.g.,
Hansen et al. 2014). Iwamoto et al. (2005) suggest that the large
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enhancement of carbon observed in both HE 0107−5240 and
HE 1327−2326 is explained by their models with the mixing of
supernova ejecta and their subsequent fallback on to the central
remnant. These models, with different extents of mixing regions,
simultaneously reproduce the observed similarity in [C/Fe] and
more than a factor of ∼10 differences in [O, Mg, Al/Fe] between
the two stars.

A metal-poor star, SMSS J031300.36−670839.3 (SMSS
J0313−6708), recently discovered by the SkyMapper South-
ern Sky Survey, provides us with a new opportunity to test
theoretical predictions about Pop III stars (Keller et al. 2007,
2014). Follow-up spectroscopic observations found that this ob-
ject shows an extremely low upper limit for its iron abundance
([Fe/H] < −7.1), more than 1.0 dex lower than the previous
record of the lowest iron-abundance stars.

In this Letter, we extend the study of Iwamoto et al. (2005)
and examine whether the abundances of the five stars with
[Fe/H] < −4.5, including the most iron-deficient star SMSS
0313−6708, can be consistently explained by the supernova
yields of Pop III stars that undergo mixing and fallback.

2. MODELS

We employ the Pop III supernova/hypernova yields of pro-
genitors with main-sequence masses of M = 25M� (Iwamoto
et al. 2005) and 40 M� (Tominaga et al. 2007a) and assume ki-
netic explosion energies, E, of E51 = E/1051 erg = 1, 10 for the
25 M� model and E51 = 1, 30 for the 40 M� model in the same
way as in Tominaga et al. (2007b). The abundance distribution
after explosions of the 25 M� models with E51 = 1 and 10 as a
function of the enclosed mass (Mr) is illustrated in Figure 1.

For the parameters that describe the extent of the mixing
fallback, we follow the prescription of Umeda & Nomoto (2002)
and Tominaga et al. (2007b) as briefly summarized below. We
assume that the supernova ejecta within an Mr range between
an initial mass cut Mcut(ini) and Mmix(out) are mixed, and a
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Figure 1. Top: the distribution of elemental abundances as a function of the
enclosed mass (Mr) for a model with M = 25 M� and E51 = 1. Regions where
explosive burning takes places are shown with filled (complete Si burning),
bordered (incomplete Si burning), hatched (O burning), and cross-hatched (C
burning) areas. Bottom: same as the top panel but for a model with M = 25 M�
and E51 = 10.

(A color version of this figure is available in the online journal.)

fraction f of the mixed material falls back onto the central
remnant, presumably forming a black hole. This approach
has been compared with a hydrodynamical calculation of jet-
induced explosions (Tominaga 2009) and it is demonstrated
that the prescription of the mixing fallback applied to a one-
dimensional calculation mimics an angle-averaged yield of
aspherical supernovae.

We assume that the Mcut(ini) is approximately located at
the outer edge of the Fe core (Mr = 1.79 M� and 2.24 M�
for M = 25 M� and 40 M�, respectively; Tominaga et al.
2007b). The value of Mcut(ini) is varied within ±0.3 M� with
steps of 0.1 M� to better fit the observed abundance patterns.
Then, we calculate the grids of supernova yields for the range
of log f = −7.0–0.0 with steps of Δ log f = 0.1 and for
Mmix(out) = 1.5–9.0 M� (M = 25 M�) and 2.0–16.0 M�
(M = 40 M�) with steps of ΔMmix(out) = 0.1M�. These
ranges have been chosen so that the Mmix(out) is searched
approximately in the range between the location of the Mcut(ini)
and the outer boundary of the CO core (see Figure 1). Using
this grid of yields, parameter sets (Mcut(ini), Mmix(out), f ) that
reproduce the observed [C/Ca] and [C/Mg] ratios in SMSS
0313−6708 are searched. In addition to SMSS 0313−6708, we
adopt the same parameter-search method for the four other iron-
poor stars with [Fe/H] < −4.5 (see Tominaga et al. 2014 for
models with other E).

We adopt the observational data analyzed with three-
dimensional (3D) and/or NLTE corrections (see the captions
of Figures 2 and 3 for details) and normalized with the solar
abundances of Asplund et al. (2009). For Ca abundances, we
use abundances estimated from Ca i lines for the four other
iron-poor stars. We should note, however, that there are uncer-
tainties in the Ca abundances for the 3D and NLTE effects (e.g.,
Korn et al. 2009; Lind et al. 2013), which affects the normal-
ization of Figure 3. We also consider Ca ii abundances when we
draw our conclusions.

3. RESULT

Table 1 summarizes the model parameters (Mcut(ini),
Mmix(out), f) that best reproduce the observed abundance pat-
terns of the five iron-poor stars. The resultant masses of the cen-
tral remnant (Mrem) and ejected masses of 56Ni, which finally
decays to 56Fe, are indicated in the last two columns. Since only
C, Mg, and Ca have been measured for SMSS 0313−6708, all
four models ((M,E51) = (25, 1), (25, 10), (40, 1), and (40, 30))
can equally well fit the observed abundance ratios as indicated
in Table 1. For the other four stars, the parameters have been
constrained using a larger number of elements and thus only the
best-fit models are shown.

3.1. The Best-fit Models for SMSS 0313−6708

Figure 2 shows the abundance patterns relative to Ca of the
best-fit models for M = 25 M� (top) and 40 M� (bottom). In
each panel, the models of the supernova (E51 = 1; solid lines
with squares) and hypernovae (E51 = 10 and 30 for M = 25 M�
and 40 M�; solid lines with triangles) are shown with the
observed abundances in SMSS 0313−6708 (filled circles and
arrows for the upper limits). In the following, we describe
the comparison of each model with the observed abundance
pattern.

M = 25 M�, E51 = 1, supernova model. The model yield
that fits the observed [C/Ca] and [Mg/Ca] ratios is consistent
with the upper limits of other elements except for Na and Al.
Because the predicted Na and Al abundances vary by more than
a few dex depending on overshooting (Iwamoto et al. 2005)
and stellar rotation (Meynet et al. 2010), and on the reaction
rate of 12C(α, γ )16O (Chieffi & Limongi 2002, and references
therein) in the pre-supernova models, we restrict our discussion
for Na and Al to their relative yields between the supernova and
hypernova models.

In our model, the observed large [Mg/Ca] ratio results from
the large mixing region (Mmix(out) = 5.6 M�) and the small
ejected fraction, f; as seen in Figure 1, the material in the
layer containing Ca mostly falls back while the material in the
outer layer containing Mg is partly ejected. The abundances of
iron-peak elements in the model depend on the adopted
Mcut(ini). For Mcut(ini) = 2.0 M�, the ejected mass of 56Ni
is less than 10−5M� for these models, which is extremely
small compared to those estimated for nearby supernovae
(56Ni ∼ 0.1 M�; Blinnikov et al. 2000; Nomoto et al. 2013).

M = 25 M�, E51 = 10, hypernova model. The higher
explosion energy induces explosive burning at the bottom of the
He layer, which leads to extra production of Mg at Mr ∼ 6 M�,
as can be seen in the bottom panel of Figure 1. Consequently,
a large value of Mmix(out) (6.4 M�), which results in a large
fallback of Mg synthesized at Mr ∼ 6 M�, best explains the
observed [C/Mg] ratio. The [O/Ca] ratio is smaller than that
of the supernova model as a result of the associated fallback of
oxygen for the given [Mg/Ca] ratio. The [O/Ca] ratio, however,
can be as large as ∼+ 4 depending on Mmix(out) and f, as shown
by the dotted gray line in Figure 2.

The [Na/Ca] and [Al/Ca] ratios of the hypernova yields are
lower than those predicted by the supernova model. This is due
to the more extended explosive O- and C-burning regions in the
more energetic explosion (cross-hatched regions in Figure 1,
in which more Na and Al are consumed to synthesize heavier
nuclei; Nakamura et al. 2001). The larger Mmix(out) with small
f also leads to the smaller amount of ejected Na and Al than the
supernova model.
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Figure 2. Elemental abundance patterns (relative to Ca) of the best-fit models for SMSS 0313−6708 (observational data from Keller et al. 2014 with 3D–NLTE; filled
circles and arrows for the upper limits) for M = 25 M� (top) and 40 M� (bottom). The solid lines with squares (red) show the supernova model with E51 = 1. The
solid lines with triangles (green) show the hypernova model with E51 = 10 (for M = 25 M�) and E51 = 30 (40 M�). The dotted lines with triangles (gray) indicate
another hypernova model with different parameters from the best-fit model (Mmix(out) = 5.7 M� and log f = −5).

(A color version of this figure is available in the online journal.)

Table 1
Summary of the Observed Abundances and the Best-fit Models

Name [Fe/H]a [C/Ca]a [C/Mg]a M E51 Mcut(ini) Mmix(out) log f Mrem M(56Ni)
(dex) (dex) (dex) (M�) (1051erg) (M�) (M�) (M�) (M�)

SMSSJ0313−6708 <−7.1 4.4 1.2 25 1 2.0 5.6 −5.1 5.6 2.1 × 10−7

25 10 1.7 6.4 −5.8 6.4 1.1 × 10−6

40 1 2.0 12.7 −5.4 12.7 3.4 × 10−6

40 30 2.5 14.3 −6.0 14.3 1.9 × 10−6

HE0107−5240 −5.7 2.9 2.6 25 1 1.7 5.7 −3.3 5.7 1.4 × 10−4

HE1327−2326 −6.0 3.3 1.8 25 1 1.7 5.7 −4.4 5.7 1.1 × 10−5

HE0557−4840 −4.9 1.2 1.1 25 1 1.7 5.7 −2.1 5.7 2.2 × 10−3

SDSSJ102915 + 172927 −4.9 <0.1 <0.1 40 30 2.0 5.5 −0.9 6.0 2.8 × 10−1

Note. a See the captions of Figures 2 and 3 for references of the observational data.

The abundance differences between the odd and even atomic
number iron-peak elements are smaller for the hypernova model.
This results from enhanced production of odd-Z iron-peak
elements due to the higher entropy and larger neutron excess
in the Si-burning region in the more energetic explosion (e.g.,
Nakamura et al. 2001).

M = 40 M�, E51 = 1, supernova model. Compared to the
supernova model with M = 25 M�, the outer boundary of
the Mg-rich layer extends to a larger mass at Mr ∼ 13 M�.
Consequently, the models with Mmix(out) ∼ 12–14 M� best fit
the observed [C/Mg] ratio.

M = 40 M�, E51 = 30, hypernova model. The hypernova
model for the 40 M� progenitor is characterized by larger
[Si/Ca] and [S/Ca] ratios because of a more extended explosive
O- and C-burning region, in which elements such as O and C are
consumed to synthesize Si and S. Aluminum is also synthesized
in the explosive C-burning layer but destroyed in the explosive

O-burning layer to synthesize Si. In comparison to the supernova
model, predicted abundances of V, Mn, Co, and Cu relative to
Ca are larger, similar to the 25 M� hypernova model.

3.2. Four Other Iron-poor Stars with [Fe/H] < −4.5

Figure 3 shows the abundance patterns of the best-fit models
for four other iron-poor stars with [Fe/H] < −4.5. We note
that the N abundances are not included from the fitting because
of their uncertainty in the progenitor models (Iwamoto et al.
2005). For the three carbon-enhanced stars (HE 1327−2326, HE
0107−5240, and HE 0557−4840) shown in the top three panels,
the supernova models of M = 25 M� with E51 = 1 adopting
the parameters Mmix(out) ∼ 5.7 M� and f ∼ 10−4−10−2

best explain the observed abundances (squares). The hypernova
models with E51 = 10 (triangles) tend to yield higher [Mg/Ca]
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Figure 3. Elemental abundance patterns (relative to Ca derived from Ca i lines) of the best-fit models for the four other iron-poor stars with [Fe/H] < −4.5. The
squares (red) and triangles (green) show supernova and hypernova models, respectively, with M = 25 M� (E51 = 1 or 10) for the three carbon-enhanced stars (top
three panels) and M = 40 M� (E51 = 1 or 30) for the star without carbon enhancement (bottom panel). The gray triangles with a dotted line in the bottom panel
indicate the hypernova model with an alternative set of parameters (Mmix(out) = 13.9, log f = −1.9). Observational data sources are HE 0107−5240: Collet et al.
(2006) with 3D-LTE; HE 1327−2326: Frebel et al. (2008) with 3D-LTE and Bonifacio et al. (2012) for S with 3D–NLTE; HE 0557−4840: Norris et al. (2007, 2012)
with 3D-LTE; and SDSS J102915 + 172927: Caffau et al. (2012) with 3D–NLTE.

(A color version of this figure is available in the online journal.)

ratios than the observed values, which is due to the explosive
synthesis of Mg at the bottom of the He layer.

The abundance pattern of SDSS J102915 + 172927 with no
carbon enhancement is in better agreement with the hypernova
yields of M = 40 M� and E51 = 30 (triangles). This is due to
the relatively high [Si/Ca] ratio observed in this star, which is
better explained by the larger Si/Ca ratio in the higher explosion
energy model. Such an energy dependence can be understood
from the comparison of the abundance distributions between
the top and bottom panels of Figure 1. In the hypernova model
(bottom), the region where the post-shock temperature becomes
high enough to produce a significant amount of Si extends to
larger Mr than in the supernova model (top).

3.3. Comparison of the Five Most Iron-poor Stars

Figure 4 summarizes the best-fit parameters (Mmix(out),
log f ) obtained for the five iron-poor stars (star: SMSS
0313−6708, square: HE 1327−2326, pentagon: HE 0107−
5240, three-pointed star: HE 0557−4840, and asterisk: SDSS
J102915 + 172927). The results for the model (M,E51) =
(25, 1), (25, 10), (40, 1), and (40, 30) are shown from the
top-left to bottom-right panels. The regions where the
[C/Ca] and [C/Mg] ratios measured within ±3σ in SMSS
0313−6708 are realized are shown in orange and green,
respectively.

In the Mmix(out)– log f parameter space, the [C/Ca] ratio is at
maximum when Mmix(out) is located at the layer where carbon

burning takes place (Mr ∼ 3–4 M� in the M = 25 M� and
E51 = 1 model; top panel of Figure 1). At a given Mmix(out),
the [C/Ca] is larger for smaller f (larger fallback), because Ca
synthesized in the inner layer falls back more efficiently for
smaller f than C synthesized in the outer layer. As a result, the
high [C/Ca] ratio (orange in Figure 4) in SMSS 0313−6708 is
reproduced with an extensive fallback (log f < −4).

The [C/Mg] ratio is at maximum when the Mmix(out) is
located at the outer edge of the Mg-rich ejecta. The ejection
of a large amount of C and the fallback of most of the Mg-rich
layer lead to the large [C/Mg] ratios. The observed [C/Mg]
ratio in SMSS 0313−6708 is close to the maximum for the
observed [C/Ca]. Consequently, mixing up to Mr ∼ 6 M� (for
M = 25 M�) and ∼13 M� (for M = 40 M�) and small f are
required (green in Figure 4). We note that the gap in the [C/Mg]
constraint, which is only seen in the hypernova models, stems
from the explosive Mg production in the energetic explosion
(Section 3.1). The resultant [C/Mg] ratio at the gap is lower
than the observed [C/Mg] ratio.

For the three other iron-poor stars showing carbon enhance-
ment, the best-fit value of Mmix(out) is as large as that required
for SMSS 0313−6707 with log f � −2. The obtained parame-
ters Mmix(out) and f remain similar if we take the average of Ca i
and Ca ii abundances instead of Ca i abundances, which gives
0.2 dex systematically lower [C/Ca] than in Table 1. They also
remain similar if only C, Mg, and Ca abundances are taken into
account in the fitting. This is because these elements are syn-
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Figure 4. Regions in the Mmix(out)– log f parameter space for the observed
[C/Ca] (orange) and [C/Mg] (green) ratios within ±3σ errors. The best-
fit parameters for SMSS 0313−6708 in each model are shown with stars.
The best-fit models for HE 1327−2326 (square), HE 0107−5240 (pentagon),
HE 0557−4840 (three-pointed star), and SDSS J102915 + 172927 (asterisk) are
also shown. The dotted lines indicate the remnant mass in the corresponding
parameter set. The region that represents a relatively faint supernova with
M(56Ni) < 10−3M� is shown in gray.

(A color version of this figure is available in the online journal.)

thesized in the different layers and are dominant in each layer
(the thick lines in Figure 1), and thus their abundance ratios are
mostly determined by the mixing fallback.

The abundance pattern of SDSS J102915 + 172927, which
does not show carbon enhancement, is best reproduced by
the 40 M� model with Mmix(out) = 6.0 M� and log f =
−0.9 (asterisk in Figure 4). If we use the average of Ca i
and Ca ii abundances, a model with Mmix(out) = 13.9 M�
and log f = −1.9 best reproduces the observed abundances
(gray triangles with the dotted line in the bottom panel of
Figure 3).

The differences in masses, energies, and the state of mixing
fallback in the fitted models may explain populations with and
without carbon enhancement in the Galactic halo stars (e.g.,
Norris et al. 2013). Analyses based on a larger number of
samples are required to examine whether or not the properties
of Pop III supernovae/hypernovae can reproduce the abundance
patterns and the relative fraction of the C-enhanced and the
C-normal metal-poor populations in the Galactic halo.

The gray-filled region in Figure 4 represents the range of
parameters that give the ejected Fe mass less than 10−3M�,
which presumably corresponds to faint Pop III supernovae. All
three stars showing the C enhancement are located in the faint
supernova region.

4. DISCUSSION

As shown in the previous section, the abundance mea-
surements (C, Mg, and Ca) in SMSS 0313−6707 are repro-
duced with Pop III supernova/hypernova yields ((M,E51) =
(25, 1), (25, 10), (40, 1), and (40, 30)), with the model

parameters corresponding to faint supernovae/hypernovae with
extensive mixing and prominent fallback. In order to discrimi-
nate between models with different masses and energies, addi-
tional abundance measurements for oxygen as well as iron-peak
elements including V, Mn, Co, and Cu are particularly useful.

The ejected mass of 40Ca is only ∼10−7–10−8 M� in the
faint supernova/hypernova models. To be compatible with the
observed calcium abundance ([Ca/H] = −7.0), the supernova
ejecta should be diluted with ∼103–104 M� of the primordial
gas. In the case of supernova models with E51 = 1, this is con-
sistent with the suggested relation between the supernova en-
ergy versus the swept-up gas mass with primordial composition
(Thornton et al. 1998), as adopted in Tominaga et al. (2007b), for
the assumed number density of hydrogen 1 < nH < 100 cm−3.
On the other hand, this relation predicts that the hypernova
sweeps up a much larger amount of hydrogen (�105 M� for
nH < 104 cm−3) than the above values. Recent cosmological
simulations of the transport of metals synthesized in a Pop III
supernova, however, suggest a wide range of metal abundances
in the interstellar gas clouds after the explosion of a Pop III
star (Ritter et al. 2012), and thus the hypernova could work as
a source of chemical enrichment for the formation of stars with
[Ca/H] � −7.

In our model, Ca is produced by hydrostatic/explosive O
burning and incomplete Si burning in Pop III supernovae or
hypernovae with masses of 25 or 40 M�. This is different from
the 60 M� model adopted in Keller et al. (2014), where Ca is
originated from the hot-CNO cycle during the main-sequence
phase. Synthesis of ∼10−7M� Ca in the hot-CNO cycle is also
seen in the 100 M� models of Umeda & Nomoto (2005). On
the other hand, Ca produced in this mechanism is not seen in
the 25 and 40 M� progenitors analyzed in this Letter. The mass
fraction of Ca near the bottom of the hydrogen layer in these
progenitors is log XCa < −10.

In order to clarify which of these nucleosynthesis sites
are responsible for the observed Ca, we note a different
prediction between the two scenarios. Our models suggest that
a certain amount of Fe distributed in the inner region as well
as explosively synthesized Ca are ejected as a result of the
assumed mixing at Mr = 2–6 M�. This results in an [Fe/Ca]
ratio of ∼− 2–0, depending on the Mcut(ini). Consequently, our
models of the faint supernova/hypernova predict the metallicity
distribution function (MDF) to be continuous even below
[Fe/H] < −6. On the other hand, the model adopted in Keller
et al. (2014), in which Ca is produced in the hot-CNO cycle,
predicts [Fe/Ca] � −3, which is not observed in other extremely
iron-poor stars. Because of the distinct Ca production sites, the
MDF could be discontinuous in the most metal-poor region.
Future photometric and spectroscopic surveys to discover the
lowest-metallicity stars and their MDF will provide clues to
discriminate these mechanisms.

The models adopted in this work suggest that faint Pop III
supernovae could be the origin of the observed abundance pat-
terns and the variation among the most iron-poor carbon-rich
stars. To understand the physics of faint Pop III supernovae,
multi-dimensional simulations are necessary. Large-scale mix-
ing, as suggested for carbon-enhanced stars, is not predicted in
the models with Rayleigh–Taylor mixing alone (Joggerst et al.
2009). Instead, a more likely origin of such large-scale mix-
ing fallback would be the jet-induced supernovae/hypernovae,
where the inner material can be ejected along the jet axis, while
a large fraction of the material along the equatorial plain falls
back (Tominaga 2009).
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