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Kの生成問題

金属欠乏星におけるK存在度と生成問題

超新星爆発時の爆発的酸素燃焼
大質量星でのK合成
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炭素燃焼, ネオン燃焼 (Woosley et al. 2002)

deep mixing show relatively small [N/Fe] (!"1; Spite et al.
2005). However, [N/Fe] in our models are even smaller than the
smallest [N/Fe] observed in the EMP and VMP stars (Spite et al.
2005). Thus, the following mechanism might be important.

2. N was enhanced in massive progenitor stars before the SN
explosion. N is mainly synthesized by the mixing between the He
convective shell and the H-rich envelope (e.g., UNN00; Iwamoto
et al. 2005, hereafter IW05). The mixing can be enhanced by ro-
tation (Langer 1992; Heger & Langer 2000; Maeder & Meynet
2000). Suppose that the Pop III SN progenitors were rotating
faster than more metal-rich stars because of smaller mass loss,
then [N/Fe] was enhanced as observed in the EMP stars.

[O/Fe] of the 18M# and the IMF-integratedmodel are in good
agreement with the observations (Figs. 4c and 5), while [O/Fe]
of the 13 and 15 M# models are lower than the observations
(Figs. 4a and 4b). In the abundance determination of O, how-
ever, uncertain hydrodynamic (three-dimensional) effects are
important (Nissen et al. 2002), and CA04 applied the three-
dimensional correction for dwarfs to the metal-deficient giants.
If the observed values of [O/Fe] in the figures are correct, this
may indicate that the contribution of a single normal SN from a

small-mass progenitor to the chemical enrichment in the VMP
stars is small.
We assumed all massive stars withMMS $ 20 M# explode as

HNe. However, there is a suggestion that the fraction of HNe to
whole SNe (!HN) is !HN ! 0:5 (Kobayashi et al. 2006). If !HN !
0:5, ½(C;N;O)/Fe& and [Zn/Fe] are slightly larger and smaller,
respectively, than the case with !HN ! 1, but these are still in good
agreement with the observation (Fig. 12 in Nomoto et al. 2006).
On the other hand, if the contribution of the faint SNe (MMS $
20 M#) to reproduce the abundance patterns of the C-rich EMP
stars is large enough (see x 4.1; UN03; UN05; Tominaga et al.
2007), then ½(C;N;O)/Fe& is enhanced, because the faint SNe pro-
duce large ½(C;N;O)/Fe& due to a small amount of Fe ejection.
The contribution of the faint SNe, however, might be small, since
[Mg/Fe] is close to the upper limit of the observations without the
contribution of the faint SNe. In order to estimate the ratios of
HNe and faint SNe relative to all core-collapse SNe, further in-
vestigations are necessary.

4. TRENDS WITH METALLICITY

In xx 3.1 and 3.2, we show that the observed abundance pat-
terns can be reasonably reproduced by themixing-fallbackmodel.
CA04 showed not only the abundance patterns of individual stars
but also the existence of certain trends of the abundance ratios
with respect to [Fe/H]. In this section, we compare the observed
trends with our models in Tables 1Y3.
In Figure 6, the observed abundance ratios [X/Fe] against

[Fe/H] are compared with yields of individual SN models in
Table 1 and the IMF-integrated yield described in x 3.2. Here,
[Fe/H] of individual SN models are determined by equation (2),
while [Fe/H] of the IMF-integrated abundance ratios are assumed
to be the same as normal SN models (½Fe/H& ! "2:6). We note
that the observed abundance ratios of most elements are roughly
constant for"2:5P ½Fe/H& < "1. This can be interpreted that the
SN ejecta had been mixed homogeneously in the halo at "2:5P
½Fe/H&. This is consistent with the chemical evolution models in
Ishimaru&Wanajo (1999), Argast et al. (2000), Tumlinson (2006),
Nomoto et al. (2006), and Kobayashi et al. (2006).
According to the SN-induced star formation model (eq. [2]),

our models cluster around ½Fe/H& ! "3:5, and only a fewmodels
exist around ½Fe/H& ! "3, because we applied only one explo-
sion energy for each mass. In reality, the explosion energies of

Fig. 4.—Comparison between the abundance pattern of the VMP stars given
by CA04 (circles with error bars) and the theoretical individual normal SN yields
(solid line). Panels show the comparisons with (a) MMS ¼ 13 M#, E51 ¼ 1,
(b) MMS ¼ 15 M#, E51 ¼ 1, and (c) MMS ¼ 18 M#, E51 ¼ 1.

Fig. 5.—Same as Fig. 4, but for the IMF-integrated yield of Pop III SNe from
10 to 50M#. Themixing-fallbackmodel is applied for HNmodels, not for normal
SNmodels. In case A (solid line), all HNmodels are determined by their mixing-
fallback parameters so that ½O/Fe& ¼ 0:5, but in case B (dashed line), massive
HN models larger than MMS ¼ 30 M# have mixing-fallback parameters so that
½Mg/Fe& ¼ 0:2.

TOMINAGA, UMEDA, & NOMOTO524

(Tominaga et al. 2007)

[X/Fe] = log(NX /NFe) − log(NX /NFe)⊙

爆発モデルを工夫してもK存在度を再現するのが困難

A: [O/Fe] = 0.5 for HN models
B: [Mg/Fe] = 0.2 for >30 M! HN models

● Very Metal-Poor Stars の平均存在度
    -2.7 < [Fe/H] < -2.0
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対流層の物質混合と大質量星の最終進化

物質混合

観測を再現するようにαMLT, fovを決定

後期進化の燃焼まで適用可能かはわからない

星の対流層における物質混合
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対流層

輻射層
Δr

拡散近似
Dcv = 1

3 vMLTαMLTHP

overshoot
対流領域の境界の少し外まで混合
Dov

cv = Dcv,0 exp (−2 Δr
fovHP0 )

αMLT: mixing length parameter
HP: pressure scale height

fov: overshoot parameter

…主に主系列星と赤色超巨星の性質
αMLT = 1.8, fov = 0.03/(0 or 0.002) until/after He burning
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研究経過

太陽系金属量の星：大質量星の進化 + 超新星爆発
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大質量星の後期進化における対流層境界での物質混合に影響
するovershootの効果に対する中質量元素(Kを含む)の生成量
の依存性を調べる

M = 10, 12, 15, 20, 25 M! stars
overshoot parameter: fov = 0, 0.002, 0.005, 0.010, 0.030
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初代星(金属量0)：大質量星の進化
M = 8, 9, 10, 12, 15, 17, 20, 22, 25 M! stars
overshoot parameter: fov = 0, 0.002, 0.005, 0.010, 0.030

（第7回超新星ニュートリノ研究会）

→ 超新星爆発元素合成の計算へ



超新星ejectaの質量比分布: 15 M! (Z=Z!)
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Progenitorの質量比分布: 15 M! (Z=Z!)
 fov = 0.000  fov = 0.010
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大きなovershootの効果
Si層が薄くなる
O-rich層の組成

C,Ne,Mgの減少とSi,Sなどの増加
O-shell燃焼の生成物がO-rich層に流入
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K合成: 15 M! (Z=Z!)

36Ar

41Ca

39K

38Ar

41K

40Ca

39Ar
40K

36Ar

41Ca
39K

38Ar

41K

40Ca

39Ar 40K

fov = 0.010 case
Kが多く合成される
O-shell燃焼によりSi-Kが合成
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 fov = 0.000  fov = 0.010
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overshootが大きいと必ずKができるわけではない
fov 依存性
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初代星progenitorの質量比分布: 15 M! (Z=0)
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O-rich層の組成
C,Ne,Mgの減少とSi,Sなどの増加
このモデルではO/Si層とO/Ne層の間で混合
(dredge out)
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初代星progenitorでのK合成: 15 M! (Z=0)
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fov = 0.010 case
Kが多く合成される
O-shell燃焼によりSi-Kが合成
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 fov = 0.000  fov = 0.010

傾向は太陽系金属量の場合と同じ
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軽い初代星progenitorでのK合成: 8M! (Z=0)

36Ar

41Ca
39K

38Ar

41K

40Ca

39Ar

40K

36Ar

41Ca

39K

38Ar

41K

40Ca

39Ar
40K

10

 fov = 0.000  fov = 0.010
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ここで作られない 作られる
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fovが大きい場合の中間質量元素過剰問題

36Ar

41Ca

39K

38Ar

41K

40Ca

39Ar
40K

Kが多く合成される
O-shell燃焼が大規模に進行
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“Fe” “Si”
O C

Ne
Mg

He

Ca

H

O/Ne層全領域がSi/O層になる
金属欠乏星組成や銀河化学進化での検証が必要

15 M!, fov = 0.030

12C(α,γ)16O反応率依存性



まとめ
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初代大質量星：超新星直前段階

大質量星の後期進化における対流層境界での物質混合に影響
するovershootの効果に対する中質量元素(Kを含む)の生成量
の依存性を調べる

O/Ne, O/Si層でのK質量比>10-4
8 9 10 12 15 17 20 22 25

0.000 × × × × × × × × ×

0.002 × × × ○ × × × × ×

0.005 × ○ × ○ × × × × ×

0.010 ○ × ○ ○ ○ ○ × × ○

0.030 ○ × ○ ○ ○ ○ ○ ○ ×

(赤色は中質量元素過剰の可能性)
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今後の方針

超新星ejectaの組成比
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初代星モデルでの超新星元素合成計算

金属欠乏星の組成との比較

組成比のfov依存性
12C(α,γ)16O反応率

de Boer et al. (2018)
Kunz et al. (2002)
(太陽系組成モデル: Caughlan et al. (1988) ×1.2)
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大質量星の進化モデル
HOngo Stellar Hydrodynamics Investigator (HOSHI) CODE

∂P
∂Mr

= − GMr

4πr4 − 1
4πr2

∂2r
∂t2

∂r
∂Mr

= 1
4πr2ρ

∂ ln T
∂ ln P

= min(∇ad, ∇rad) ∂Lr

∂Mr
= ϵnucl − ϵν + ϵgrav

∂Xi

∂t
= ∂

∂Mr [(4πr2ρ)2D ( ∂Xi

∂Mr )] + ( ∂Xi

∂t )
nucl

対流, 輻射

元素合成対流混合組成変化

( ∂Xi

∂t )
nucl

= − λiXi + ΣjλjXj − ρΣj⟨σv⟩i, jXiXj + ρΣj,k⟨σv⟩j,kXjXk + . . .

元素合成(ここでは~Brまでの300核種)

·M(Teff, L, [XH, XHe, Z]) 質量放出率

自転を考慮した星の計算も可能

(Takahashi et al. 2016, 2018, 2019, Yoshida et al. 2019)
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