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PISN Yield計算

core entropy rapidly increase due to
explosive nuclear burning of oxygen.
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PISNは爆発的酸素燃焼によって爆発する。
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explosion mechanism:
e-e+ pair creation reduces gamma < 4/3

PISNe need very massive CO cores (~60-130 Msun),
formed in very massive stars (~150-300 Msun).

120 MHe

60 MHe

Pair-unstable region

大質量COコア中では
電子-陽電子が対生成
し、星を不安定にする。

PISNになるためには、
COコアが十分大きい事
が必要。

 8.6

 8.8

 9

 9.2

 9.4

 9.6

 2.5  3  3.5  4  4.5  5  5.5  6  6.5  7

lo
g 

Tc
 [K

]

log rhoc [gcm-3]

gamma=4/3
m120, He

m60, He
m80,z=0
m40,z=0
m15,z=0

15年1月18日日曜日



PISN Yield計算

Very massive CO cores are favored by
low metallicity environments.

The Astrophysical Journal, 781:60 (22pp), 2014 February 1 Hirano et al.

(a) (b) (c)

Figure 4. Expanding H ii regions around the primordial protostar for three in our sample of 110 clouds (the same ones as in Figure 12). We show the structure and
the evolution of the accreting gas from left to right. The plotted regions are cubes with 60,000 AU on a side. The colors indicate gas temperature and the contours
show the density structure. The main accretion takes place through the accretion disk on the equatorial plane. As the central protostar becomes more massive and the
surface temperature increases, the ionizing photon production of the central star increases. H ii regions are launched into the polar direction and the opening angles
grow with time, eventually stopping the accretion.
(A color version of this figure is available in the online journal.)
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Figure 5. Final distribution of the calculated stellar masses for our 110 first stars.
The red, blue, and black histograms represent the different paths of protostellar
evolution: P1: KH contracting protostar (red), P2: oscillating protostar (blue),
and P3: supergiant protostar (black). See the text in Section 2.2.1 for details.
P1hd refers to the cases in which the gas clouds are formed by HD cooling
and evolve on low-temperature tracks. P3p (predicted) indicates the same cases
as P3, except that the final masses are calculated from a correlation between
the properties of the cloud and the resulting stellar mass (Equation (13); see
Appendix B).
(A color version of this figure is available in the online journal.)

to 1621 M!. However, the bulk of them are distributed around
several tens or a few hundreds of solar masses. We study the
origin of this distribution in Section 4 in detail. Here we merely
note that the distribution of stellar masses does not mirror the
distribution of dark matter halo masses.

3.2. Evolution in the Early Collapse Stage

3.2.1. Runaway Collapse of the Clouds

In this section we describe the early evolution of the star-
forming clouds up to the moment when a central hydrostatic
core is formed by considering the fate of nine representative
cases. Figure 6 shows that the gravitational collapse of a pri-
mordial cloud proceeds in the well-known self-similar man-
ner. The cloud has a central collapsing core and a surrounding
envelope during the collapse. Where the collapsing core has an
approximately homogeneous density distribution, the envelope
develops a power-law profile, nH ∝ R−2.2 (e.g., Omukai & Nishi
1998; Ripamonti et al. 2002). Figure 6 also shows the radially
averaged density profiles in the nine different clouds at the time
when the central density reaches 1012 cm−3. We see that densi-
ties at the same radial distance can differ among the clouds by
more than a factor of ten. The variation of the density structure
is attributed to the different thermal evolution during the col-
lapse (see Section 3.2.2). Some bumps in the density profiles
indicate the presence of neighboring density peaks, large disk-
or bar-like structures, or fragmented clumps in the collapsing
clouds. We discuss these cases further in Section 5.2.2.
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1. Very massive stars would be 
formed in the early universe.

This is because

The Astrophysical Journal, 792:32 (17pp), 2014 September 1 Susa, Hasegawa, & Tominaga

Figure 7. Density (top), temperature (middle), and H2 fraction (bottom) are
shown as functions of the distance from the primary star for a typical minihalo.
Each dot corresponds to the SPH particle. The three colors correspond to the
three snapshots at 2180 yr, 8180 yr, and 98780 yr after the formation of the
primary star.
(A color version of this figure is available in the online journal.)

if we could properly take into consideration the photoionization
feedback (Hosokawa et al. 2011), since the ionized gas has
higher temperature.

We also remark that the primary star and the secondary star
have already settled down to the main sequence at 105 yr. The
rest of the low mass stars are uncertain, since it is not possible
to resolve the mass accretion rate !10−5 M" yr−1, above which
the stars of !10 M" are still in the pre-main-sequence phase. We
have also checked that all protostars more massive than 10 M"
found in 59 minihalos are in the main sequence phase by the
end of the simulation (i.e., 105 yr after the first sink formation).

4.4. Mass Spectrum

We perform local radiation hydrodynamics simulations start-
ing from the 59 minihalos found in the cosmological simula-
tions. Hence we obtain the mass spectrum of the stars by sum-
ming up the contributions from all the minihalos. In the mass
spectrum of Figure 9, all the stars found in the local simulations
are taken into account.

It is immediately obvious that we have a very top-heavy
mass spectrum with a peak at several tens of solar mass, and
most of the first stars are within the range of 10 M" ! M !
100 M". This is the first IMF of the first stars by way of the

Figure 8. Evolution of sink particles on the M–Ṁ plane. The color gradient is
same as Figure 1. Solid lines denote the path of the six sink particles in this
particular run.
(A color version of this figure is available in the online journal.)

Figure 9. Mass spectrum of first stars is shown. The colors in the histogram
correspond to the order of birth of these stars. The color legend in the upper
right corner describes the correspondence between the order of birth and the
color.
(A color version of this figure is available in the online journal.)

three-dimensional simulations, including the effects of the
radiative feedback and the fragmentation.

On the other hand, stars exceeding 140 M" (i.e., the pro-
genitors of PISNe) also exist in the simulations. In fact, those

8
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超大質量星は何処にあるか？
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FIG. 12. Initial-final mass function of nonrotating primordial stars (Z!0). The x axis gives the initial stellar mass. The y axis gives
both the final mass of the collapsed remnant (thick red curve) and the mass of the star when the event that produces that remnant
begins [e.g., mass loss in asymptotic giant branch (AGB) stars, supernova explosion for those stars that make a neutron star, etc.;
thick blue curve]. Dark green indicates regions of heavy-element (Z"2) synthesis and cross-hatched green shows regions of
partial helium burning to carbon and oxygen. We distinguish four regimes of initial mass: low-mass stars below !10M! that form
white dwarfs; massive stars between !10M! and !100M! ; very massive stars between !100M! and !1000M! ; and supermas-
sive stars (arbitrarily) above !1000M! . Since no mass loss is expected for Z!0 stars, the blue curve corresponds approximately
to the (dotted) line of no mass loss, except for !100–140M! where the pulsational pair instability ejects the outer layers of the
star before it collapses, and above !500M! where pulsational instabilities in red supergiants may lead to significant mass loss.
Since the magnitude of the latter is uncertain, lines are dashed. In the low-mass regime we assume, even in Z!0 stars, that mass
loss on the asymptotic giant branch removes the envelope of the star, leaving a CO or NeO white dwarf (though the mechanism
and thus the resulting initial-final mass function may differ from solar composition stars). Massive stars are defined as stars that
ignite carbon and oxygen burning nondegenerately and do not leave white dwarfs. The hydrogen-rich envelope and parts of the
helium core (dash-double-dotted curve) are ejected in a supernova explosion. Below initial masses of !25M! neutron stars are
formed. Above that, black holes form, either in a delayed manner by fallback of the ejecta or directly during iron-core collapse
(above !40M!). The defining characteristic of very massive stars is their electron-positron pair instability after carbon burning.
This begins as a pulsational instability for helium cores of !40M! (MZAMS!100M!). As the mass increases, the pulsations
become more violent, ejecting any remaining hydrogen envelope and an increasing fraction of the helium core itself. An iron core
can still form in hydrostatic equilibrium in such stars, but it collapses to a black hole. Above MHe!63M! or about MZAMS
!140M! , and on up to MHe!133M! or about MZAMS!260M! , a single pulse disrupts the star. Above 260M! , the pair
instability in nonrotating stars results in complete collapse to a black hole [Color].

1041Woosley, Heger, and Weaver: Evolution and explosion of massive stars

Rev. Mod. Phys., Vol. 74, No. 4, October 2002

Woosley, Heger, & Weaver 02

2. Wind mass loss during the 
evolution would be weaker.

and

初期質量 vs remnant mass の図
　青線が爆発前の質量
　赤線がremnant mass.
　PISNはremnantを残さないで
　星全体が爆発する。

超大質量星は何処にあるか？
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Yields of Pop III PISNe was calculated in 
Umeda & Nomoto (02) and Heger & Woosley (02).

THE ASTROPHYSICAL JOURNAL, 565 :385È404, 2002 January 20 V
( 2002. The American Astronomical Society. All rights reserved. Printed in U.S.A.
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ABSTRACT
We calculate nucleosynthesis in core collapse explosions of massive Population III stars and compare

the results with abundances of metal-poor halo stars to constrain the parameters of Population III
supernovae. We focus on iron peak elements, and, in particular, we try to reproduce the large [Zn/Fe]
observed in extremely metal-poor stars. The interesting trends of the observed ratios [Zn, Co, Mn, Cr,
V/Fe] can be related to the variation of the relative mass of the complete and incomplete Si-burning
regions in supernova ejecta. We Ðnd that [Zn/Fe] is larger for deeper mass cuts, smaller neutron excess,
and larger explosion energies. The large [Zn/Fe] and [O/Fe] observed in the very metal-poor halo stars
suggest deep mixing of complete Si-burning material and a signiÐcant amount of fallback in Type II
supernovae. Furthermore, large explosion energies for M D 13 and for(E51 Z 2 M

_
E51 Z 20 M Z 20

are required to reproduce [Zn/Fe] D 0.5. The observed trends of the abundance ratios among theM
_

)
iron peak elements are better explained with this high-energy (““ hypernova ÏÏ) model than with the simple
““ deep ÏÏ mass cut e†ect because the overabundance of Ni can be avoided in the hypernova models. We
also present the yields of pair instability supernova explosions of M ^ 130È300 stars and discussM

_that the abundance features of very metal-poor stars cannot be explained by pair instability supernovae.
Subject headings : Galaxy : halo È nuclear reactions, nucleosynthesis, abundances È

stars : abundances È stars : Population II È supernovae : general
On-line material : color Ðgures

1. INTRODUCTION

The abundance pattern of metal-poor stars with [Fe/
H] \ [2 provides([A/B] 4 log10 (A/B) [ log10 (A/B)

_
)

us with very important information on the formation, evol-
ution, and explosions of massive stars in the early evolution
of the galaxy (e.g., Wheeler, Sneden, & Truran 1989 ;
Matteucci 2001). Those metal-poor stars may have been
formed just a few generations after the Ðrst-generation
Population III stars, or they may even represent the second
generation (see, e.g., Weiss, Abel, & Hill 2000 for recent
reviews). Their abundance patterns may be the result of
nucleosynthesis in even one single Type II supernova (SN
II) (Audouze & Silk 1995 ; Ryan, Norris, & Beers 1996 ;
Shigeyama & Tsujimoto 1998 ; Nakamura et al. 1999).
Therefore, comparisons with nucleosynthesis patterns in
massive metal-poor stars may help constrain the explosion
mechanism of SNe II (which is still quite uncertain), the
initial mass function (IMF) of Population III stars, and the
mixing of ejected material in the interstellar medium.

With the use of high-resolution spectroscopic devices
attached to large telescopes, abundance measurements of
extremely metal-poor stars have become possible (e.g.,
McWilliam et al. 1995 ; Ryan et al. 1996). The number and
quality of the data are expected to increase with new large
telescopes such as SUBARU and VLT. The observed abun-
dances of metal-poor halo stars show quite interesting
patterns. There are signiÐcant di†erences between the
abundance patterns in the iron peak elements below and
above [Fe/H] D [2.5. For the mean[Fe/H] [ [2.5,
values of [Cr/Fe] and [Mn/Fe] decrease toward smaller
metallicity, while [Co/Fe] increases.

For Zn, early observations have shown that [Zn/Fe] D 0
for [Fe/H] ^ [3 to 0 (Sneden, Gratton, & Crocker 1991).
Recently, Primas et al. (2000) have suggested that [Zn/Fe]

increases toward smaller metallicity as seen in Figure 1,
and Blake et al. (2001) have one with [Zn/Fe] ^ 0.6 at
[Fe/H] \ [3.3 (see Ryan 2001).

These trends could be explained with SN II nucleo-
synthesis, but progenitors and SN explosion models are
signiÐcantly constrained. In SNe II, stellar material under-
goes shock heating and the subsequent explosive nucleo-
synthesis. Iron peak elements including Cr, Mn, Co, and Zn
are produced in two distinct regions, which are character-
ized by the peak temperature, of the shocked material.Tpeak,
For K, material undergoes complete SiTpeak [ 5 ] 109
burning whose products include Co, Zn, V, and some Cr
after radioactive decays. For K,4 ] 109 \ Tpeak \ 5 ] 109
incomplete Si burning takes place and its after decay pro-
ducts include Cr and Mn (e.g., Hashimoto, Nomoto, Shi-
geyama 1989 ; Woosley & Weaver 1995, hereafter WW95;
Arnett 1996 ; Thielemann, Nomoto, & Hashimoto 1996).

We have discussed, using the progenitor models for solar
metallicity (Nomoto & Hashimoto 1988), that the decreas-
ing trend of Mn and Cr and the increasing trend of Co
toward the lower metallicity can be explained simulta-
neously if the mass cut that divides the ejecta and the
compact remnant tends to be deeper for more massive core
collapse SNe (Nakamura et al. 1999). This is because Mn
and Cr are produced mainly in the incomplete explosive
Si-burning region, while Co is produced in the deeper com-
plete explosive Si-burning region. The mass cut is typically
located somewhere close to the border of complete and
incomplete Si-burning regions. Therefore, the deeper mass
cut leads to larger Co/Mn.

As for Zn, its main production site has not been clearly
identiÐed. If it is mainly produced by s-processes, the abun-
dance ratio [Zn/Fe] should decrease with [Fe/H]. This is
not consistent with the observations of [Zn/Fe] D 0 for
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ABSTRACT
Growing evidence suggests that the Ðrst generation of stars may have been quite massive (D100È300

Could these stars have left a distinct nucleosynthetic signature? We explore the nucleosynthesis ofM
_

).
helium cores in the mass range corresponding to main-sequence star masses ofMHe \ 64È133 M

_
,

approximately 140È260 Above without rotation and using current reaction rates, aM
_

. MHe \ 133 M
_

,
black hole is formed, and no nucleosynthesis is ejected. For lighter helium core masses, D40È63 M

_
,

violent pulsations occur, induced by the pair instability and accompanied by supernova-like mass ejec-
tion, but the star eventually produces a large iron core in hydrostatic equilibrium. It is likely that this
core, too, collapses to a black hole, thus cleanly separating the heavy-element nucleosynthesis of pair
instability supernovae from those of other masses, both above and below. Indeed, black hole formation
is a likely outcome for all Population III stars with main-sequence masses between about 25 and 140

as well as those above 260 Nucleosynthesis in pair instability supernovaeM
_

(MHe \ 9È63 M
_

) M
_

.
varies greatly with the mass of the helium core. This core determines the maximum temperature reached
during the bounce. At the upper range of exploding core masses, a maximum of 57 of 56Ni is pro-M

_duced, making these the most energetic and the brightest thermonuclear explosions in the universe. Inte-
grating over a distribution of masses, we Ðnd that pair instability supernovae produce a roughly solar
distribution of nuclei having even nuclear charge (Si, S, Ar, etc.) but are remarkably deÐcient in produc-
ing elements with odd nuclear chargeÈNa, Al, P, V, Mn, etc. This is because there is no stage of stable
postÈhelium burning to set the neutron excess. Also, essentially no elements heavier than zinc are pro-
duced owing to a lack of s- and r-processes. The Fe/Si ratio is quite sensitive to whether the upper
bound on the initial mass function is over 260 or somewhere between 140 and 260 When theM

_
M

_
.

yields of pair instability supernovae are combined with reasonable estimates of the nucleosynthesis of
Population III stars from 12 to 40 this distinctive pattern of deÐcient production of odd-Z elementsM

_
,

persists. Some possible strategies for testing our predictions are discussed.
Subject headings : nuclear reactions, nucleosynthesis, abundances È stars : early-type È

supernovae : general
On-line material : machine-readable tables

1. INTRODUCTION

Simulations of the collapse of primordial molecular
clouds suggest that the Ðrst generation of stars (Ostriker &
Gnedin 1996) contained many massive members, from 100
up to 1000 (see, e.g., Larson 2000 ; Bromm, Coppi, &M

_Larson 1999 ; Abel, Bryan, & Norman 2000). Calculations
by Nakamura & Umemura (2001) suggest a bimodal initial
mass function for Population III with peaks at D100 and
1È2 Considerable attention has been given recently toM

_
.

the nucleosynthesis of stars having main-sequence mass
below 100 (Woosely & Weaver 1995 ; Thielemann,M

_Nomoto, & Hashimoto 1996), but what is the nucleo-
synthetic signature of stars appreciably heavier?

For nonrotating stars over 260 on the mainM
_sequence, the answer is simpleÈzero (Fryer, Woosley, &

Heger 2001). The nuclear energy released when the star
collapses on the pair instability is not sufficient to reverse
the implosion before the onset of the photodisintegration
instability, and the star becomes a black hole (see also
Rakavy, Shaviv, & Zinamon 1967 ; Bond, Arnett, & Carr
1984 ; Glatzel, Fricke, & El Eid 1985 ; Woosley 1986),
sweeping all heavy-element production inside. Between
approximately 140 and 260 lies the domain of pairM

_instability supernovae. After central helium burning, stars
have high enough central entropy that they enter a tem-
perature and density regime in which electron/positron

pairs are created in abundance, converting internal gas
energy into rest mass of the pairs without contributing
much to the pressure (Barkat, Rakavy, & Sack 1967 ; Bond,
Arnett, & Carr 1984). When this instability is encountered,
the star contracts rapidly until implosive oxygen and silicon
burning, depending on the mass of the star, produce enough
energy to revert the collapse. These objects are completely
disrupted by nuclear-powered explosions. Unlike their
lighter cousins, the explosion mechanism in pair instability
supernovae is well understood, and there are no issues of
““ mass cut ÏÏ or ““ fallback ÏÏ to complicate the outcome. The
stellar core implodes to a certain maximum temperature
that depends on its mass, burns fuel explosively because of
inertial overshoot, and then explodes. Provided that such
stars existed and retained their high mass until death, the
outcome (neglecting rotation) is uniquely calculable. It is
thought that the precollapse winds and pulsations of such
stars result in little mass loss (Kudritzki 2000 ; Bara†e,
Heger, & Woosley 2001 ; Vink, de Koter, & Lamers 2001).

Nucleosynthesis in pair instability supernovae has been
previously studied by Ober, El Eid, & Fricke (1983),
Woolsey & Weaver (1982), and Woosley (1986), but those
calculations examined a limited range of stellar masses and
had very restricted nuclear reaction networks. In particular,
the synthesis of rare elements with odd nuclear charge was
not followed nor were species heavier than nickel.

532

PISNのYield計算はこれまで初代星にのみ限られていた。
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AIM of this work:
Calculate Yields of PISNe for
   wide mass range 
& wide metallicity range.

A&A 566, A146 (2014)

0 50 100 150 200 250 300
0

0.5

1

1.5

2

2.5

3

M
et

al
 y

ie
ld

 *
 M

 Γ

Mass, solar mass

 

 

CCSN   
Z=0.002

PISN   
Z=0.001

BHs BHs

Fig. 8. Total metal yields of core-collapse SN models at Z = 0.002
provided by Woosley & Weaver (1995) (the A-series SNe models; green
line) and of PISNe at Z = 0.001 (blue line), multiplied by the initial
mass function probability (Φ(M) ∝ M Γ ) as a function of the initial
mass. The y-axis is given in arbitrary units. Here, the PISN yields in the
range 140–260 M" are given by the extrapolation and interpolation of
our 150 M" and 250 M" model results. We assumed a negligible metal
yield for 40 M" < M < 140 M" and above 260 M".

production factor integrated over an IMF (Φ(M) ∝ M Γ) relative
to solar abundances for a given isotope is given by

Pint =

∫ 260
12 misoΦ(M) dM

∫ 260

12 X "iso MΦ(M) dM
=

∫ 260
12 miso M Γ dM

∫ 260

12 X "iso M Γ+1 dM
· (3)

Here, the smallest and the largest masses for supernova progen-
itors are assumed to be 12 M" and 260 M". We adopted the
core-collapse SN yields from Woosley & Weaver (1995). Since
we have only two models at 150 M" and 250 M", we interpo-
lated and extrapolated our results to cover the full PISN regime
(140–260 M") for this calculation, as shown in Fig. 8. From the
qualitative analysis of metal-free helium PISN models (Heger &
Woosley 2002) we find that linear interpolation gives about 20%
effect on weighted bulk yields, which corresponds to 0.1–0.2 dex
differences for the final bulk production factors.

This figure illustrates the contributions of core-collapse SNe
and PISNe to the chemical enrichment. We assumed that yields
from core-collapse SNe come from the explosions of massive
stars in the mass range from 12 M" to 40 M". These values are
taken from the low-energy explosion models of massive stars
at a metallicity of Z = 0.002 by Woosley & Weaver (1995).
The integration over the hatched regions in the figure denotes
the IMF-weighted total amount of heavy elements (all elements
heavier than helium) ejected by the stars from one generation.
Note that even though there are significantly fewer stars in the
PISN range than there are core-collapse progenitors, the total
amount of heavy elements ejected from PISNe is similar to the
integrated CCSN yield.

Here we assumed that stars with initial masses between
40 M" and 140 M" and also above 260 M" do not consider-
ably contribute to the enrichment of the surrounding medium
with heavy elements. We recall that massive stars lose mass
through winds, which may be enhanced in metals (e.g. carbon),
and they contribute to the galactic enrichment even though they
form black holes in the end. However, the stellar winds, also
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Fig. 9. Production factors relative to solar abundances of the main el-
ements from core-collapse SNe (dotted lines), and from both core-
collapse and pair-instability SNe (solid lines). The blue thin lines are
the results using the Population III star models by Woosley & Weaver
(1995) and Heger & Woosley (2002). The red thick lines correspond to
the production factors using the values from Woosley & Weaver (1995)
and our study (shown in Fig. 8).

those of the carbon-rich Wolf-Rayet stars, are reduced for lower
initial iron abundances (Vink & de Koter 2005), such that their
effect at the considered metallicities will be weak.

Figure 9 clearly indicates that the inclusion of PISN yields
has a strong impact on the total production factors even at fi-
nite metallicity: the production factor of the even-charged nu-
clei is enhanced by a factor of 2–3 for most of the α-elements
with PISNe, while it is mostly negligible for the odd-charged
nuclei. Note that this odd-even effect becomes strongest for the
elements between Al and Sc. However, the odd-even effect is
much weaker in our models than in the Population III models.
The Population III yields give almost 10 times higher produc-
tion factors of even-charged nuclei when PISNe are included.
This difference arises mainly because the overall core-collapse
SN yields at a metallicity of Z = 0.002 are significantly higher
than those of Population III core-collapse SNe, and partly be-
cause our PISN models have a somewhat weaker odd-even effect
than the Population III models, as discussed above.

As discussed in Sect. 1, the event rate of PISNe is expected
to decrease to zero for metallicities higher than about Z = Z"/3.
The nucleosynthetic signature of PISNe should be eliminated by
the contribution of core-collapse SNe as the metallicity reaches
the solar value, and the effect of PISNe on chemical evolution
might not be found in Population I stars. However, from our
study we conclude that the impact of PISNe in the environ-
ment of Z = 0.001−0.002 may still be significant depending
on the IMF, and needs to be tested in future observations of
Population II stars with metallicities well below Z = Z"/3.

5. Conclusions

We calculated the evolution of two very massive stellar models
at a metallicity of Z = 0.001. These two models had initial zero-
age main sequence masses of 150 M" and 250 M". The mod-
els were evolved through the core hydrogen, helium, and car-
bon burning (Langer et al. 2007) with the binary evolution code
BEC of the Bonn stellar physics group (Yoon et al. 2006). Here,

A146, page 8 of 10
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The grid of yields will be useful for 
-SLSN light curve estimates
-Chemical evolution
...

目的：
　初代星に限らないPISN生成物を
　幅広い金属量域で計算する
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PISN Yield計算

Three stages of the calculation.

1. Stellar evolution calculation

2. Explosion calculation

3. Yield calculation

Using stellar evolution code (KT+14).
Solve stellar evolution from MS phase up to the ignition of carbon 
(~Tc=109.1K)

Using implicit hydrodynamical code (Yamada97)
Onset of collapse, oxygen & silicon burning, explosion, and shock 
propagation are solved

Post process calculation with a large reaction network.

15年1月18日日曜日



- composition evolution

      = [     ]nuc + [     ]mix,  [     ]nuc = fi(X; T, ρ, Yn, Ye), 

                                     [     ]mix =     (D      )

Calculate	 hydrostatic	 and	 hydrodynamic	 structure	 of	 a	 star.

9

○ Basic Equations
- mass conservation

      = dr
dM

1
4πr2p

- energy conservation

      = -T      - μ‘      + εnuc - ενdL
dM

ds
dt

dn
dt

- energy transport

      = -           [∇rad or ∇conv]
dT
dM

GMT
4πr4p

- hydro dynamical structure

      = -          -
dp
dM

M
4πr2p

d2r
dt2

GM
4πr4

Stellar	 Evolution	 Code

d
dM

dXi

dM

dXi
dt

dXi
dt

dXi
dt

dXi
dt

dXi
dt

Evolution	 of	 a	 rotating	 40	 M8	 first	 star.
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2. Explosion calculation

Implicit hydrodynamical code (Yamada 97, Yamada+99)

 -general relativistic hydrodynamical equations
 -Shock capture by Roe method
 -Boltzmann solver for neutrino transport is equipped, 
  but turned off in this work.
   -instead, locally determined neutrino cooling effects 
    are installed.

 -non-NSE EOS is equipped.
 -Nuclear network is newly implemented.
   -Two options, coupled and decoupled with 
    hydrodynamical equations. Decoupled treatment is 
    used in most cases.

153 isotopes

738 YAMADA Vol. 475

FIG. 14.ÈMass trajectories for the adiabatic collapse of the 35 model. The line across the trajectories shows the time variation of the CourantM
_number. The evolution is shown only for the –rst 400 ms.

hydrostatic also in this case. However, since the matter is still falling onto the protoÈneutron star continuously, the Courant
number cannot become as large as the previous model as expected. The subsequent evolution is shown in The –nalFigure 15.
time is 900 ms after the start of the simulation. The total number of numerical time steps is 8000. As can be seen, in this case
the Courant number also becomes as large as 1000. Again this is a very encouraging result for this project. However, it should
be mentioned that the resolution of the outer core is not sufficient to resolve the shock wave for the 35 model. This is notM

_only because the variation of dependent variables is allowed up to 2% in this calculation (see the results of the relativistic
shock tube problems), but also because matter continues to concentrate to the center. Hence we must implement some
rezoning routine, or we should use a larger number of zones. This is the problem to be solved in the next step.

3. SUMMARY

The implicit general relativistic hydrodynamical scheme is coded using the approximate Riemann solver, and extensive
numerical tests are accomplished. The scheme is very simple, since the formulae to evaluate the velocity and the pressure at
the cell interface have such simple forms that we can easily calculate their derivatives with respect to the dependent variables.
The numerical solutions obtained by this scheme show no oscillation after both shock waves and rarefaction waves, unlike the

FIG. 15.ÈSame as but for the whole calculationFig. 14,

15年1月18日日曜日
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case 1: He star calculations
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PISN Yield計算
case1: He stars Explosion of 120 MHe

赤：H (水素)
黒：He (ヘリウム)
紺：O  (酸素)
紫：Ne (ネオン)
水：C (炭素)
緑：”Si” (シリコン)
茶：”Fe” (鉄)
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PISNは爆発的酸素燃焼によって爆発する。
鉄族の合成が吸熱反応となり全エネルギーを
減少させる。

case1: He stars
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PISNは O, Si, S を放出する。
Fe (Ni) を合成するのは重いPISN（だけ）

case1: He stars

140も飛ぶかも
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TABLE 2

CENTRAL PARAMETERS AT MAXIMUM DENSITY

T
c

o
c

Mass (K) (g cm~3) X(n) X(p) X(4He) g
c

65 . . . . . . . 1.741 ] 109 3.158 ] 105 1.145 ] 10~20 9.808 ] 10~17 1.756 ] 10~13 2.905 ] 10~4
70 . . . . . . . 3.570 ] 109 2.001 ] 106 1.412 ] 10~12 2.356 ] 10~4 5.395 ] 10~5 2.812 ] 10~4
75 . . . . . . . 3.867 ] 109 2.544 ] 106 2.381 ] 10~11 9.438 ] 10~4 3.014 ] 10~4 2.892 ] 10~4
80 . . . . . . . 3.876 ] 109 2.316 ] 106 2.960 ] 10~11 1.040 ] 10~3 3.492 ] 10~4 2.583 ] 10~4
85 . . . . . . . 4.025 ] 109 2.479 ] 106 9.769 ] 10~11 2.370 ] 10~3 8.908 ] 10~4 2.400 ] 10~4
90 . . . . . . . 4.197 ] 109 2.699 ] 106 3.761 ] 10~10 5.328 ] 10~3 2.518 ] 10~3 2.636 ] 10~4
95 . . . . . . . 4.355 ] 109 2.902 ] 106 1.418 ] 10~9 8.919 ] 10~3 6.228 ] 10~3 2.959 ] 10~4
100 . . . . . . 4.533 ] 109 3.195 ] 106 6.519 ] 10~9 1.325 ] 10~2 1.627 ] 10~2 3.746 ] 10~4
105 . . . . . . 4.720 ] 109 3.577 ] 106 2.775 ] 10~8 1.743 ] 10~2 3.399 ] 10~2 4.705 ] 10~4
110 . . . . . . 4.931 ] 109 4.079 ] 106 1.158 ] 10~7 2.144 ] 10~2 6.029 ] 10~2 5.643 ] 10~4
115 . . . . . . 5.140 ] 109 4.637 ] 106 4.591 ] 10~7 2.460 ] 10~2 9.971 ] 10~2 7.311 ] 10~4
120 . . . . . . 5.390 ] 109 5.423 ] 106 2.118 ] 10~6 2.688 ] 10~2 1.672 ] 10~1 9.632 ] 10~4
125 . . . . . . 5.734 ] 109 6.766 ] 106 1.421 ] 10~5 2.757 ] 10~2 3.002 ] 10~1 1.317 ] 10~3
130 . . . . . . 6.169 ] 109 9.012 ] 106 1.312 ] 10~4 2.356 ] 10~2 5.312 ] 10~1 1.867 ] 10~3

pened, as in other pair-unstable stars, just after helium
burning. The center of the star reached a temperature of
3.2 ] 109 K and density 1.5 ] 106 g cm~3 before rebound-
ing in an energetic explosion that released 6.5 ] 1051 ergs
from nuclear burning, principally explosive oxygen burning
(4.5 ] 1051 ergs was released above a central temperature of
3 ] 109 K; 6.4 ] 1051 ergs was released above 2 ] 109 K;
6.5 ] 1051 ergs is the net energy release after nuclear
burning Ðrst exceeded neutrino losses in the star). The total
binding of the star actually became brieÑy positive at this
point (6.9 ] 1050 ergs), but the outward motion was hydro-
dynamically concentrated into the outer layers with the
result that only 12.8 was ejected with kinetic energyM

_1.2 ] 1051 ergs, the equivalent of an ordinary Type II
supernova. The remaining star then experienced an
extended period of Kelvin-Helmholtz contraction during
which no fuel was burned, but the central temperature and
density gradually rose. This contraction phase after the Ðrst
““ pulse ÏÏ was slow because temperature and density at the
stellar center after expansion (o \ 25 g cm~3 ;

T \ 7.3 ] 107 K) were too low for neutrino emission. Thus,
the star contracted on the Kelvin-Helmholtz timescale for
photon emission from the surface and was una†ected by
neutrino emission. During most of the next 4800 yr the star
had a surface luminosity of (8È10) ] 1039 ergs s~1, and that
luminosity governed the evolution until late times.
However, the details of the re-expansion and, consequently,
the timescale of the subsequent contraction phase may
depend on the modeling of energy transport (convection/
Rayleigh-Taylor instabilities) during the dynamic phases of
the core. We assumed convection in subsonic regions.

A second collapse and explosion occurred 4800 yr after
the Ðrst pulse, this time ejecting 2.7 with kinetic energyM

_of only 1.3 ] 1050 ergs. The star did not expand so much
following this weak explosion, rebounding from a tem-
perature of 3.68 ] 109 K, o \ 1.0 ] 107 g cm~3 to only
1.2 ] 109 K and 4.9 ] 105 g cm~3. Neutrino losses rapidly
robbed the core of energy so that the remaining star (now
47.5 evolved rapidly through a second Kelvin-M

_
)

Helmholtz phase. By this point the central 4 of the starM
_

FIG. 1.ÈYields of the dominant elements (left-hand scale) and explosion energies (thick gray line, right-hand scale ; one ““ foe ÏÏ is 1051 ergs, about the
explosion energy of a typical modern supernova) as a function of helium core mass (see also Heger et al. 2001). The range shown corresponds to
main-sequence masses of D140È260 Helium cores of lower mass do not explode in a single pulse, and those of higher mass collapse into black holes (seeM

_
.

Fig. 2).

Heger&Woosley 02

He星の計算でH&W(02)の結果を確認。
➡ 外層付きの星、メタルのある星ではどうなる？

case1: He stars
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case I1: Full evolution
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PISN Yield計算

case I1: Full evolution

Massive metal poor star のコア質量は、
ほどほどのmetallicity (10-4~10-2 Zsun)で一番大きい。

metallicity が大きい (0.002 = 10-1 Zsun) と
質量放出のため小さくなる
metallicity が小さい (Z=0) とHe燃焼期の
dredge-up(Yoon et al. 2010)によってHeコアが削られる。

280Msun, Z=0

15年1月18日日曜日
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PISN Yield計算

case I1: Full evolution

Massive metal poor star のコア質量は、
ほどほどのmetallicity (10-4~10-2 Zsun)で一番大きい。

PISNの初期質量域は（不定性は大きいが）、
 Mini = 120 - 300 Msun (Z=0)
        = 120 - 260 Msun (Z=10-4(?)-10-2 Zsun)
        = 140 - 300 Msun (Z=10-1 Zsun)
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PISN Yield計算
メタルがあるとPISN組成は変わるのか？
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PISN Yield計算
メタルがあるとPISN組成は変わるのか？

Z = 10-4 Zsun
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メタルがあるとPISN組成は変わるのか？

Z = 10-2 Zsun
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PISN Yield計算
メタルがあるとPISN組成は変わるのか？

PISN Yiled の Metallicity 依存は弱い。
N, Fなどの低質量奇数核種が影響を受けるのみ。
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PISN Yield計算
Sc, Coが少ない。

Z = 10-2 Zsun
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NUCLEOSYNTHESIS IN POPULATION III 541

low a density for much additional electron capture or posi-
tron decay (Arnett & Truran 1969 ; Truran & Arnett 1971 ;
Arnett 1973).

This neutron deÐciency imprints a distinctive signature
on the nucleosynthesis of Population III pair-instability
supernovae that is even more extreme than seen in metal-
free stars of lower mass.

3.3. Integrated Nucleosynthesis
In Figure 3, the individual isotopes in Table 1 have been

summed, divided by the mass ejected (equal to the mass of
the star in the present study), and the resultant elemental
mass fraction integrated over an estimated Salpeter-like
(Salpeter 1959) IMF for the assumed progenitor stars of the
helium cores (° 3.1) and divided by their solar mass fraction.
We show the result of this integration for three di†erent
slopes, c \ [0.5, [1.5, and [3.5 of the IMF, where c is
deÐned by the number of stars formed per mass interval,
c 4 1 ] d log N/d log M. The ““ dot ÏÏ indicates the middle
value, connected by lines, and the ““ thick ÏÏ and ““ thin ÏÏ ends
of the triangle show the shallower and steeper IMF slopes,
respectively.

The results, shown in Figure 3, are not very sensitive to
the slope of the IMF since we are only studying stars in a
limited mass range (a factor of 2 from the lowest to the
highest mass considered). The dependence of the integrated
production factor on the element number Z shows the odd-
even e†ect discussed in ° 3.2 and quantiÐes it to be from 1
order of magnitude for iron group elements to 2 orders of
magnitude for some of the intermediate-mass elements. The
iron group shows a smaller e†ect because of the weak inter-
actions that occur in the central regions of the more massive
cores because they reach high density during their bounce.

Given the unusual nature of the synthesis site (pair insta-
bility supernovae are not generally thought to be the domi-
nant site where solar abundances were produced), the
overall approximate agreement of the yields with the solar
abundances of elements with even charge is somewhat sur-
prising. The nuclear properties of the elementsÈtheir
binding energies and cross sectionsÈare apparently as

FIG. 3.ÈProduction factors for very massive stars (helium cores of
65È130 corresponding to initial masses of D140È260 integratedM

_
, M

_
)

over an IMF and compared to solar abundances as a function of element
number Z. The integration assumed a Salpeter-like IMF with three di†er-
ent exponents : [0.5 (thick end of triangle), [1.5 (solid dot), and [3.5 (thin
end of triangle).

important as the stellar environment. However, there are
di†erences. For example, Si and S are overabundant com-
pared to O, Fe, and Mg. As noted in ° 3.2, elements above
Ni are essentially absent. Above Ge, the numbers are all
below the lower bound of the plot, and their abundance
decreases exponentially with mass number.

This conÑicts with observations that show appreciable
r-process elements present even in very metal-deÐcient stars
(see, e.g., Burris et al. 2000), at least for [Fe/H] Z [2.9.
Since we believe that the r-process requires neutron starsÈ
one way or anotherÈfor its production, the synthesis of
elements by lower mass stars must also be considered. That
is, no matter what the IMF for Population III, abundances
at could not have been made solely by pair-[Fe/H] Z [3
instability supernovae.

Also, lacking any hard evidence of what the IMF for
Population III was like, one cannot preclude a truncation
somewhere within the mass range MHe \ 64, . . . , 133 M

_
.

Taking away the stars above could clearlyMHe \ 90 M
_give an arbitrarily large production factor for oxygen and

intermediate-mass elements compared to the iron group.
To explore further the consequences of an admixture of

lighter Population III stars, we included in our integration
the yields of the ““ Z series ÏÏ of Population III supernovae
studied by Woosely & Weaver (1995), metal-free stars in the
mass range 12È40 Figures 4 and 5 show the conse-M

_
.

quences of including these stars with two di†erent choices of
explosion energy. For larger explosion energies, less fall-
back occurs, and more iron group elements are ejected. In
the higher mass stars that tend to make black holes, more
explosion energy ejects more heavy elements of all kinds.
This explains the di†erence between Figures 4 and 5. We
also assume, as the calculations suggest, that for reasonable
supernova energies, no heavy elements are ejected in the
explosion of Population III stars over 40 (Fryer 1999).M

_

FIG. 4.ÈProduction factors for massive stars (12È40 dotted line,M
_

;
open triangles) integrated over IMF and compared with solar abundances
as a function of element number. The yields are taken from Woosely &
Weaver (1995), and in this plot we use the low explosion energy primordial
models of the ““ A ÏÏ series, Z12A, Z15A, . . . . The solid line and Ðlled tri-
angles give the same integration but also including exploding very massive
stars (D140È260 In the mass range 40È100 essentially the wholeM

_
). M

_helium core falls into a black hole, ejecting only the unprocessed envelope.
In the mass range 100È140 some of the outer layers of the helium coreM

_may be ejected, adding to the carbon and oxygen yields and maybe a little
to the neon and magnesium yields but not to the heavier elements. The
IMF is assumed Salpeter-like with an exponent of [1.5.

Heger&Woosley 02
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メタルがあるとPISN組成は変わるのか？
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メタルがあるとPISN組成は変わるのか？
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メタルがあるとPISN組成は変わるのか？
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メタルがあるとPISN組成は変わるのか？

No. 1, 2002 NUCLEOSYNTHESIS OF Zn AND Fe PEAK ELEMENTS 397

FIG. 18.ÈAbundance pattern in the ejecta (after radioactive decay) for the 150 and 170 PISN models normalized by the solar abundances of 16O.M
_[See the electronic edition of the Journal for a color version of this Ðgure.]

mechanisms and the formation of compact remnant, i.e.,
less massive stars form neutron stars, while more massive
stars tend to form black holes.

To explain the observed relation between [Zn/Fe] and
[Fe/H], we further need to know how M and E of SNe and
[Fe/H] of metal-poor halo stars are related. In the early
galactic epoch when the galaxy is not yet chemically well
mixed, [Fe/H] may well be determined by the Ðrst gener-
ation of SNe. The formation of metal-poor stars has been
suggested to be driven by an SN shock, so that [Fe/H] is
determined by the ejected Fe mass and the amount of cir-
cumstellar hydrogen swept up by the shock wave (Ryan et
al. 1996).

Explosions with the following two combinations of M
and E may be responsible for the formation of stars with
very small [Fe/H] :

1. Energetic explosions of massive stars (M Z 25 M
_

).
For these massive progenitors, the SN shock wave tends to
propagate farther out because of the large explosion energy
and large sphere of the progenitors (NakamuraStro" mgren
et al. 1999). The e†ect of E may be important since the
hydrogen mass swept up by the SN shock is roughly pro-
portional to E (e.g., Ryan et al 1996 ; Shigeyama & Tsuji-
moto 1998).

2. Normal SN explosions of less massive stars (M D 13
These SNe are assumed to eject a rather small mass ofM

_
).

Fe (Shigeyama & Tsujimoto 1998), and most SNe are
assumed to explode with normal E irrespective of M.

The above relations lead to the following two possible
scenarios to explain [Zn/Fe] D 0.5 observed in metal-poor
stars :

1. Hypernova-like explosions of massive stars (M Z 25
with Contribution of highly asymmetricM

_
) E51 [ 10.

explosions in these stars may also be important. The ques-
tion is what fraction of such massive stars explode as hyper-
novae ; the IMF-integrated yields must be consistent with
[Zn/Fe] D 0 at [Fe/H] Z [2.5.

2. Explosion of less massive stars with(M [ 13 M
_

)
or a large asymmetry. This scenario, after integra-E51 Z 2

tion over the IMF, might reproduce the observed abun-
dance pattern for (Tsujimoto & Shigeyama[Fe/H] Z [2
1998). However, the Fe yield has to be very small in order to
satisfy the observed [O/Fe] value for the metal-poor(Z0.5)
stars. For example, the 56Ni mass yield of our 13 modelM

_has to be less than 0.006 which appears to be inconsis-M
_

,
tent with the observed luminosities (and thus the 56Ni mass)
of core collapse supernovae SN 1993J and SN 1994I, whose
progenitor masses are estimated to be 13È15 (see, e.g.,M

_Fig. 10 of Iwamoto et al. 2000).

It seems that the [O/Fe] ratio of metal-poor stars and the
E-M relations from SN observations favor the massive

FIG. 19.ÈAbundance pattern in the ejecta (after radioactive decay) for the 200 and 270 PISN models normalized by the solar abundances of 16O.M
_[See the electronic edition of the Journal for a color version of this Ðgure.]

U&N02 重いPISNはこっちに似ている
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PISN Yield計算
メタルがあるとPISN組成は変わるのか？
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FIG. 18.ÈAbundance pattern in the ejecta (after radioactive decay) for the 150 and 170 PISN models normalized by the solar abundances of 16O.M
_[See the electronic edition of the Journal for a color version of this Ðgure.]

mechanisms and the formation of compact remnant, i.e.,
less massive stars form neutron stars, while more massive
stars tend to form black holes.

To explain the observed relation between [Zn/Fe] and
[Fe/H], we further need to know how M and E of SNe and
[Fe/H] of metal-poor halo stars are related. In the early
galactic epoch when the galaxy is not yet chemically well
mixed, [Fe/H] may well be determined by the Ðrst gener-
ation of SNe. The formation of metal-poor stars has been
suggested to be driven by an SN shock, so that [Fe/H] is
determined by the ejected Fe mass and the amount of cir-
cumstellar hydrogen swept up by the shock wave (Ryan et
al. 1996).

Explosions with the following two combinations of M
and E may be responsible for the formation of stars with
very small [Fe/H] :

1. Energetic explosions of massive stars (M Z 25 M
_

).
For these massive progenitors, the SN shock wave tends to
propagate farther out because of the large explosion energy
and large sphere of the progenitors (NakamuraStro" mgren
et al. 1999). The e†ect of E may be important since the
hydrogen mass swept up by the SN shock is roughly pro-
portional to E (e.g., Ryan et al 1996 ; Shigeyama & Tsuji-
moto 1998).

2. Normal SN explosions of less massive stars (M D 13
These SNe are assumed to eject a rather small mass ofM

_
).

Fe (Shigeyama & Tsujimoto 1998), and most SNe are
assumed to explode with normal E irrespective of M.

The above relations lead to the following two possible
scenarios to explain [Zn/Fe] D 0.5 observed in metal-poor
stars :

1. Hypernova-like explosions of massive stars (M Z 25
with Contribution of highly asymmetricM

_
) E51 [ 10.

explosions in these stars may also be important. The ques-
tion is what fraction of such massive stars explode as hyper-
novae ; the IMF-integrated yields must be consistent with
[Zn/Fe] D 0 at [Fe/H] Z [2.5.

2. Explosion of less massive stars with(M [ 13 M
_

)
or a large asymmetry. This scenario, after integra-E51 Z 2

tion over the IMF, might reproduce the observed abun-
dance pattern for (Tsujimoto & Shigeyama[Fe/H] Z [2
1998). However, the Fe yield has to be very small in order to
satisfy the observed [O/Fe] value for the metal-poor(Z0.5)
stars. For example, the 56Ni mass yield of our 13 modelM

_has to be less than 0.006 which appears to be inconsis-M
_

,
tent with the observed luminosities (and thus the 56Ni mass)
of core collapse supernovae SN 1993J and SN 1994I, whose
progenitor masses are estimated to be 13È15 (see, e.g.,M

_Fig. 10 of Iwamoto et al. 2000).

It seems that the [O/Fe] ratio of metal-poor stars and the
E-M relations from SN observations favor the massive

FIG. 19.ÈAbundance pattern in the ejecta (after radioactive decay) for the 200 and 270 PISN models normalized by the solar abundances of 16O.M
_[See the electronic edition of the Journal for a color version of this Ðgure.]

U&N02 54Fe, 58Niは出来ない。
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PISN Yield計算

目的：
　初代星に限らないPISN生成物を
　幅広い金属量域で計算する

結果：
　- He星 および non-zero metallicity full star の Yield を提供可
　- 大抵のPISNの主生成物は酸素、次いでシリコン。
　  鉄をだすのは重いものだけ。
　- initial mass range はmetallicityに依る。(mass loss & D-up)
　- Yield abundance はmetallicityに依らない？

=まとめ=
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