
Sec$on 9. 
Q&A＋超新星爆発

9.1 Q&A 

9.2 超新星爆発の観測 



• 恒星の性質と進化の概要を理解する
• 星の爆発で何が起きているのかを理解する
• 爆発のメカニズム
• 電磁波放射のメカニズム

•宇宙の元素の起源を理解する
•「時間軸天文学」や 
「マルチメッセンジャー天文学」の 
最新の話題に触れる

「宇宙の爆発現象」



•全体の概論 

•恒星の性質 

•恒星の進化 

•超新星爆発 

•爆発現象からの電磁波放射 

•元素の起源 

•時間領域天文学、マルチメッセンジャー天文学

内容

成績 • 出席、質問 

• レポート課題

講義資料と日程
h1ps://www.astr.tohoku.ac.jp/~masaomi.tanaka/chiba2021

* 半分板書、半分スライド



様々な疑問を物理を使って理解しよう

•なぜ星は「進化」するのか？
•なぜ質量で運命が変わるのか？
•なぜ星は爆発するのか？
•超新星の膨大なエネルギーはどこからきたのか？
•超新星はなぜ非常に明るくなるのか？
•なぜ中性子星合体は輝くのか？
• …



宇宙物理学 
天体物理学

力学 電磁気学

量子力学

熱力学 統計力学

流体力学 原子核物理学

相対論
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爆発現象の観測

•光度曲線
• 明るさ(各波長)の時間的な進化

•スペクトル
• 波長方向の情報（とその時間的な進化）



超新星の分類：分光学
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超新星：４つのタイプ
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II型

「重力崩壊型」超新星のタイプと母天体
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爆発前に「星風」が吹くと、、、
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水素の吸収線 拡大図
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水素の吸収線 拡大図
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超新星の時間進化

爆発20日後 
~ 1015 cm

爆発1年後 
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超新星の「後期」スペクトル 

爆発1年後 
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観測から超新星の元素組成を探る
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thick
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Figure 2. The observed spectra of SN 2003du at the pre-maximum epochs (black) compared with the synthetic spectra (red). Panels
(a) - (d) show the spectra at −12.8, −10.9, −7.8 and −5.8 days from B maximum, respectively. Line identifications shown in the figures
are made only for the major contributions. The synthetic spectra are reddened with E(B − V ) = 0.01 mag.

SN 2003du has relatively narrow Si ii lines. To repro-
duce the profile of the Si ii λ6355 line, the mass fraction of
Si is required to be X(Si) ∼ 0.3. The dominant element in
the layers at v > 13000 kms−1 is not Si, but more likely O.
The distribution of Si is discussed in Appendix B.

The mass fraction of S is X(S) = 0.1-0.2 around v =
10000 km s−1. Although the synthetic spectra for the two
earliest epochs show stronger lines than the observations,
the later spectra are nicely reproduced.

Carbon and Oxygen: There is no clear C line in the ob-
served spectra except for the possible C ii λ6578 line at the
emission peak of the strongest Si ii λ6355 line (Stanishev
et al. 2007). We derive an upper limit for the C mass as
M(C) < 0.016 M" at v > 10500 km s−1 (details are pre-
sented in Appendix C). The small mass fraction and mass of
C are consistent with the results of previous work (Marion
et al. 2006; Thomas et al. 2007; Tanaka et al. 2008; Marion
et al. 2009).

The synthetic spectra show a clear O i λ7774 line

around 7500 Å while the presence of such a strong O line is
not that clear in the observed spectra. Although the abun-
dance of O is not well constrained, considering the lower
abundance of C, Mg, Si and S (see above), we conclude that
the dominant element in the outer layers is O. The mass
fraction of O at v > 9400 kms−1 is X(O) = 0.05 − 0.85,
increasing towards the outer layers.

3.2 Maximum Epochs

In Fig. 3, the observed spectra at the epochs from −4 to
+1.2 days since B maximum (black) are compared to the
synthetic spectra (red). The element features present in the
observed spectra are similar to those in the pre-maximum
spectra. At these epochs, the photospheric velocity decreases
from 9050 to 8200 kms−1. The flux of the synthetic spectra
at the line-free region at λ > 6500 Å tends to be overes-
timated because of our assumption of blackbody emission
(see Appendix A1).

c© — RAS, MNRAS 000, 1 - ??

Abundance stratification in Type Ia Supernovae - III: SN 2003du 5

0

1

2

3

4

Fl
ux

 (1
0−

14
 e

rg
 s
−1

 c
m
−2

 Å
−1

)

4000 6000 8000 10000
Rest wavelength (Å)

SN 2003du −4.0
model

(a)

Co
 II

, C
o 
II
I

Ca
 II

Si
 II

M
g 
II

, F
e 
II
I

Co
 II
I

Si
 II
I

Si
 II

, F
e 
II
I

S 
II

Fe
 II

, F
e 
II
I

S 
II

S 
II Si

 II
Si

 II

O
 I

Ca
 II

0

1

2

3

4

Fl
ux

 (1
0−

14
 e

rg
 s
−1

 c
m
−2

 Å
−1

)

4000 6000 8000 10000
Rest wavelength (Å)

SN 2003du −1.9
model

(b)

Co
 II

, C
o 
II
I

Ca
 II

Si
 II

M
g 
II

, F
e 
II
I

Co
 II
I

Si
 II
I

Si
 II

, F
e 
II
I

S 
II

Fe
 II

, F
e 
II
I

S 
II

S 
II Si

 II
Si

 II

O
 I

Ca
 II

0

1

2

3

4

Fl
ux

 (1
0−

14
 e

rg
 s
−1

 c
m
−2

 Å
−1

)

4000 6000 8000 10000
Rest wavelength (Å)

SN 2003du +0
model

(c)

Co
 II

, C
o 
II
I

Ca
 II

Si
 II

M
g 
II

, F
e 
II
I

Co
 II
I

Si
 II
I

Si
 II

, F
e 
II
I

S 
II

Fe
 II

, F
e 
II
I

S 
II

S 
II

Si
 II

Si
 II

O
 I

Ca
 II

0

1

2

3

4

Fl
ux

 (1
0−

14
 e

rg
 s
−1

 c
m
−2

 Å
−1

)

4000 6000 8000 10000
Rest wavelength (Å)

SN 2003du +1.2
model

(d)

Co
 II

, C
o 
II
I Ca

 II
Si

 II
M

g 
II

, F
e 
II
I

Co
 II
I

Si
 II
I

Si
 II

, F
e 
II
I

S 
II

Fe
 II

, F
e 
II
I

S 
II

S 
II Si

 II
Si

 II

O
 I

Ca
 II

Figure 3. Same as Fig. 2 but at the maximum epochs. Panels (a) - (d) show the spectra at −4.0, −1.9, 0 and +1.2 days from B
maximum, respectively.

Fe-group elements: Around maximum, lines of Fe-group
elements are present, as in the pre-maximum epoch. A larger
amount of 56Ni is required compared with the pre-maximum
epochs to block the emission in the near-UV more effectively.
The mass fraction of 56Ni is X(56Ni) = 0.5−0.7 at v = 8200
- 9050 kms−1.

At maximum epochs, the presence of Fe lines does not
directly indicate the presence of stable Fe because of the
high abundance of the decay product of 56Ni. At B max-
imum (texp = 20.9 days), about 10 % of 56Ni has already
decayed into Fe, and thus an Fe abundance of ∼ 0.05 - 0.07
is the product of the decay of 56Ni. This is much larger than
the abundance of stable Fe required for the pre-maximum
spectra, and thus we cannot distinguish the contribution of
stable Fe.

Silicon and Sulphur: The Si ii λ6355 line becomes nar-
rower. The Si distribution at the outer layers derived from
the line profile in the pre-maximum spectra (Appendix B)
nicely reproduce the maximum spectra. In the spectrum at
maximum, the line ratio of two Si ii lines (λ5879 and 6355,

R(Si ii) in Nugent et al. 1995) is also nicely reproduced,
suggesting the estimates of the temperature and of the ion-
ization are reasonable (Table 1, Hachinger et al. 2008).

The S ii lines around 5500 Å are also reproduced
nicely. Although the photospheric velocity at this epoch is
vph= 8200 - 9050 km s−1, the S ii lines, as well as the Si ii

lines, are mainly formed at v ∼ 10000 kms−1 (see Fig. 1).
The “detachment” of the lines is caused by the ionization
effect, e.g., S iii is dominant near the photosphere while the
fraction of S ii increases towards higher velocities (see Fig.
9 of Tanaka et al. 2008).

3.3 Post-Maximum Epochs

In Fig. 4, the observed spectra at epochs from +4.3 to +17.2
days since B maximum are compared to the synthetic spec-
tra. At these epochs, the contribution from Fe-group ele-
ments is larger than at earlier epochs. The assumption of
blackbody emission becomes unreliable, and results in the
overestimate of the flux at λ > 6500 Å. Although the photo-
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Figure 5. The nebular spectrum of SN 2003du (+376.9 days
from B maximum, black) compared with the synthetic spectra
(color lines). The red solid line shows the best fit model while the
blue dashed line shows the model without central region devoid
of 56Ni.

spectra show too strong high velocity component. They are
caused by the high abundance at v > 15000 kms−1 derived
from the earliest spectra. We believe that the constraints
from the earlier spectra are more reliable because the valid-
ity of the assumptions in the atmosphere is more certain at
those epochs.

4 NEBULAR-PHASE SPECTRA

A spectrum at +376.9 days since B maximum (Stanishev
et al. 2007) is modelled to derive the abundances at the in-
nermost layers. A 56Ni distribution decreasing toward higher
velocities (v

∼
> 10000 kms−1) nicely fits the profile of the

two strongest Fe lines (red line in Figure 5). This is con-
sistent with the constraints from the spectra at the pre-
maximum and maximum epochs.

The innermost layers are dominated by stable Fe. In
particular, stable Fe and Ni dominate the abundance at ve-
locities inside of about 3000 km s−1, accounting for a total
mass of ∼ 0.2M". Most of this is actually stable Fe. Lim-
its to the stable Ni mass can be set by the weakness of the
[Ni ii] emission near 7400 Å. As for stable Fe, this is required
in the innermost regions in order to keep an ionization bal-
ance between Fe ii and Fe iii which allows the shape of the
two strong, Fe-dominated emissions in the blue to be re-
produced, as well as their ratio. The bluer emission, near
4600 Å, is in fact dominated by Fe iii, while the redder one,
near 5200 Å, is dominated by Fe ii.

If a central region devoid of 56Ni is absent (blue dashed
line), both of Fe features look very sharp, unlike the obser-
vations. In order to reduce the flux, the 56Ni distribution
must be limited to a smaller region, and the overall higher
density of the tinner region leads to a lower Fe ionization,
so that the ratio of the two Fe lines in the blue is no longer

correct: the Fe ii-dominated line (near 5200 Å) becomes too
strong, as shown in the model in blue dashed line in Fig-
ure 5. On the other hand, the presence of stable Fe acts as a
coolant, keeping the ionization degree to a level which yields
reasonable line intensities (red line).

5 BOLOMETRIC LIGHT CURVE

The derived abundance distribution is tested against the
bolometric LC (Stanishev et al. 2007). SN 2003du is an ex-
tremely well-observed SN, and the bolometric LC was con-
structed with a small uncertainty, including the contribution
in NIR (Stanishev et al. 2007).

For the modelling, we use a Monte Carlo LC code based
on that developed in Cappellaro et al. (1997). The code fol-
lows the emission and propagation of γ-rays and positrons
from 56Ni and 56Co decay. Both γ-rays and positrons are
treated with an effective opacity (i.e., the positrons are
not assumed to deposit in situ). The opacities adopted are
0.027 cm2 gm−1 for the γ-rays and 7 cm2 gm−1 for the
positrons (Axelrod 1980). For optical opacity, we use an an-
alytic formula introduced by Mazzali et al. (2001a, 2007),
which includes the composition dependence (Fe-group ele-
ments and other elements) and a time dependence (Hoeflich
& Khokhlov 1996).

Fig. 6 shows the comparison between the observed bolo-
metric LC (black squares) and the computed LC (blue line).
The input luminosities for the photospheric-phase spectra
are also plotted (red circles). The model LC matches well
with the observed LC from before maximum until > 1 year.
This suggests that the derived abundance distribution, espe-
cially that of 56Ni is reasonable. The bolometric LC derived
from the synthetic spectra at epochs after maximum devi-
ate progressively from the observational points, reflecting
the increased production of spurious flux redwards of 6500
Å in the synthetic spectra (see Sect. 4).

6 ABUNDANCE DISTRIBUTION AND

INTEGRATED YIELDS

6.1 Abundance Distribution

The abundance distribution derived from the modelling of
the photospheric- and nebular-phase spectra is shown in
Figs. 7 and 8. These two figures show the mass fraction of
each element as a function of mass and velocity, respectively.
For comparison, the abundance distribution of a deflagration
model (W7, Nomoto et al. 1984) is also shown (Figs 7b and
8b). Note the line with “56Ni” represents the mass fraction
of radioactive 56Ni at the time of the explosion (texp = 0),
and that “Fe” and “Ni” denotes only stable elements.

At the innermost layers (Mr < 0.1M", v < 3000
kms−1), stable Fe is dominated (Section 4). This is also
suggested by the NIR spectrum at late phase (Höflich et al.
2004; Motohara et al. 2006). The existence of stable ele-
ments at the innermost layers is consistent with the ex-
plosion model. These elements are synthesized via electron
capture reactions under high density, and thus are typically
located in the innermost layers.

Above the layer of stable elements, there is a 56Ni
-dominated layer (Mr = 0.1-0.9M", v = 3000-10000
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Figure 7. Abundance distribution in the mass coordinate derived from the spectral modelling (a) compared with that of W7 (b). “56Ni”
represents the mass fraction of 56Ni at texp = 0 and “Fe” and “Ni” only represent mass fractions of stable Fe and stable Ni, respectively.
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Figure 8. Same as Fig. 7 but in the velocity coordinate.
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