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Ia型超新星、
宇宙の距離指標、
宇宙の加速度的膨張
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Ia型超新星
HST, optical Chandra, X-ray
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A STAR’S LIFE CYCLE 



HST, optical Chandra, X-ray
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• 銀河系外（点源）
• 年間300-500天体

• R ~ 1015 cm, v ~ 10,000 km/s

• 熱源は放射性元素
• 主に可視光で明るい

• Lopt ~ 1043 erg/s

• 吸収線スペクトル
=> 輝線スペクトル

• 主に銀河系内
• 銀河系内に~200天体

• R >~ pc, v~ 3,000 km/s

• 熱源は衝撃波
• X線、電波で明るい

• Lx ~ 1037 erg/s

• 輝線スペクトル
(超新星+星間空間)

超新星残骸



そもそも「Ia型」とは
• 可視光スペクトル

• 銀河系外の超新星

• 爆発後20日程度

• v ~ 10,000 km/s
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波長分解能 
~10A => 500 km/s



Ia型超新星の正体
SN Ia 2006dd & 2006mr

in NGC 1316

NASA, Swift ESO

SN Ia 2006X in M100

Ia型 Ib, Ic, II型Ia型
「古い」星が起源

（Ib, Ic, II型は大質量星の重力崩壊）
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Ia型超新星
絶
対
等
級
（
明
る
さ
）

爆発からの時間

驚異的な性質を持つ
補正前

補正後

超新星の明るさの変動と
最大光度との間に
簡単な関係がある。

宇宙のどこにあっても
同じ明るさの天体として
使うことができる



見かけの明るさと距離

同じ明るさのものが２倍遠い場所にあると、
明るさは４分の１に「見える」
　　　　↓
見かけの明るさを使って超新星までの距離を
「測る」ことができる



赤方偏移-距離関係式



宇宙の膨張史

200   　 　100億年前　   現在  

現
在
の
宇
宙
を
１
と
し
た
場
合
の
大
き
さ

超新星の明るさ

他の方法で推定した
宇宙年齢はこの結果と
整合するか？



膨張宇宙のいろいろ

膨張がどんどん激しくなる

昔　　　　　　　　　　　　　　　今　　　　　　　　　　

今はおだやかに膨張している



爆発する「古い」星
• 白色矮星の核爆発

• C+O縮退コア 

=> チャンドラセカール限界 => 核爆発

• 中性子星merger 

• ガンマ線バースト（たぶん）
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red supergiant R ~ 1-10R!
R ~ 1000R!



白色矮星とは（板書）
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C+O白色矮星の爆発

16 Nomoto+84, Timmes+
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超新星の内部構造を探る
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4 Tanaka et al.
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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).
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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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爆発数日後
~ 10 AU

爆発20日後
~ 100 AU

爆発1年後
~ 1000 AU ~ 0.01pc
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ちょっと算数
• 核反応によるエネルギー生成

• E(nuclear) = [1.56M(56Ni) +1.74M(Fe) +1.24M(Si)] 1051

               ~ (1.56x0.6      + 1.74x0.3   + 1.24x0.3) 1051

               ~ 1.8 x 1051 erg

• 運動エネルギー＝核反応 ー 重力束縛

• E(kinetic) = E(nuclear) -  E(binding energy of WD)
               ~ 1.8 x 1051 - 0.5 x 1051 ~ 1.3 x 1051 erg 

• 膨張速度
• v ~ [2E(kinetic)/ M]0.5 ~ (2 x 1.3 x 1051/1.4 x 2 x 1033)0.5

   ~ 109 cm/s ~ 10,000 km/s
18



“Standard Candle”

• 放射性元素 56Ni (~0.6 Msun)

6 1 Introduction

1994D in Fig. 1.2), they are classified as Type Ia SNe. Type I SNe except for Type Ia are further
classified into two groups depending on the presence of He lines. If SNe show He absorption lines
(see SN 2005bf in Fig. 1.2), they are Type Ib SNe. Type I SNe that do not show strong Si nor
He lines are classified as Type Ic. Type Ic SNe may have weak Si lines and possibly He lines
but they are much weaker than in Type Ia and Ib SNe, respectively. The classification scheme is
summarized in Figure 1.3.

Since Type II, Ib/c SNe occur only in spiral galaxies, they should be related to young stellar
populations. There is a general consensus that they are core-collapse SNe. When a star retains
H-rich envelope at the end of the evolution, it is observed as Type II SNe. If the star experience
an intensive mass loss during the life and lose H-rich envelope, it should be observed as Type Ib.
Type Ic SN may be an extreme case, where the He layer is also lost. Schematic illustration of the
progenitors for core-collapse SNe is shown in Figure 1.4.

On the other hand, Type Ia SNe are found both in spiral galaxies and elliptical galaxies.
Therefore, they are related to old populations. The progenitor of Type Ia SNe is thought to be
C+O white dwarf(s) in a binary system (thermonuclear explosion, Fig. 1.4). It naturally explains
the lack of hydrogen lines in the spectra. Si that is present in the spectra is synthesized by nuclear
burning during the explosion.

1.2.2. Light Curves

The evolution of brightness (luminosity) is called light curve (LC). The behavior of the LC
is determined by the mass of SN ejecta (Mej), kinetic energy of the ejecta (EK), mass of ejected
56Ni mass, stellar radius prior to the explosion, opacity, and so on.

For Type Ib/c and Ia SNe, the primary energy sources of radiation are γ-rays and positrons
from radioactive decay chain of 56Ni→ 56Co→ 56Fe:

56Ni → 56Co + γ + νe, (1.1)

56Co → 56Fe + γ + νe, (1.2)
→ 56Fe + e+ + γ + νe. (1.3)

Decay time (e-folding time) of 56Ni and 56Co is 8.8 and 111.3 days, respectively. High energy
photons interact with SN ejecta mainly via Compton scattering. As a result, the energy of the
photons is degraded, and matter is heated up. Positrons annihilate with ambient electrons, creating
γ-rays, which will also lose their energy. The energy is finally released from the SN mainly as
optical photons. The maximum luminosity of the SNe is roughly proportional to the total amount
of ejected 56Ni, which is synthesized during the explosion.

Although the energy input rate from radioactive elements monotonically decreases with time
(see solid line in Fig. 1.5), the evolution of the emission from SNe is not the case (see the LC of
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The extremely luminous Type Ia SN 2009dc 3

2006gz; this suggests that the Lira-Phillips relation (ho-
mogeneous B − V evolution at 30–90 days, Phillips et
al. 1999) also holds for SN 2009dc. We discuss it in
§3.3. On the other hand, the evolutions of V −R, R− I
and V − I colors in SN 2009dc are somewhat different
from those of SNe 1991T and 2005cf; the color indices of
SN 2009dc become redder monotonously, while the other
SNe Ia (except for SN 2006gz) have small troughs at 10–
15 days after the B-band maximum. SN 2006gz shows
the color evolution similar to SN 2009dc, while it keeps
bluer at −8 through +60 days and shows broad troughs
in the R − I and V − I curves.

3.3. Host Galactic Extinction and Absolute Magnitude

To confirm that SN 2009dc is one of the most lumi-
nous SNe Ia, it is important to determine the extinction
toward this SN (Galactic + host).

The Galactic color excess is estimated to be E(B −
V ) = 0.071 mag (Schlegel et al. 1998), correspond-
ing to an extinction of AV = 0.22 mag within our
Galaxy (a typical selective extinction RV = 3.1 is as-
sumed). On the other hand, the extinction within the
host galaxy is somewhat uncertain. If the Lira-Phillips
relation holds for SN 2009dc, it predicts a reddening of
E(B−V ) = (0.37±0.08) mag. However, this is likely an
overestimation because the equivalent width (EW) of the
Na i D absorption line in the host galaxy (1.0 Å) is only
twice the EW of Na i D in our Galaxy (0.5 Å; Tanaka
et al. 2009). If we assume that the extinction is simply
proportional to the EW, E(B − V ) = 0.14 mag is plau-
sible for the host extinction. Additionally, the empirical
relation between the color excess and the EW of Na i
D (Turatto et al. 2003; we adopt their lower extinction
case) predicts E(B − V ) = 0.15 mag. These two val-
ues are consistent. This also suggests that the relation is
consistent with our Galaxy’s values of E(B−V ) = 0.071
mag and the EW of = 0.5 Å for the Galactic Na i D line.
In Table 1 we summarize the estimated absolute magni-
tude for various cases of extinction parameters. There is
an additional uncertainty for the extinction due to the
diversity of RV (Wang et al. 2006; Krisciunas et al. 2006;
Elias-Rosa et al. 2006). We adopt RV = 2.1 and 3.1 fol-
lowing Hicken et al. (2006). Even if E(B − V ) = 0 mag
within the host galaxy is assumed, the absolute maxi-
mum magnitude is MV = −19.90± 0.15 mag, indicating
that SN 2009dc is one of the most luminous SNe Ia.

Krisciunas et al. (2004) pointed that the absolute
maximum magnitude in NIR bands does not depend on
the decline rate (except for faint SNe Ia) and derived
the mean values of −18.6 mag, −18.2 mag and −18.4
mag for J , H and Ks-bands, respectively. We esti-
mate the absolute maximum magnitudes of SN 2009dc
as MJ = −19.20 ± 0.16 mag, MH = −19.00± 0.17 mag,
MKs = −19.19± 0.17 mag for zero host extinction case,
which suggests that SN 2009dc is very luminous even in
NIR wavelengths.

It is interesting to examine whether the maximum
magnitude-∆m15(B) relation (e.g. Altavilla et al. 2004)
holds for this brightest SN Ia. If there is no host extinc-
tion, the absolute V magnitude derived from observations
is roughly consistent (< 1 − 2σ) with the relation. On
the other hand, it seems much brightter (by 3−4σ) than
the prediction of this relation if the host extinction is
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AV = 0.29 mag.

3.4. Bolometric Light Curve and 56Ni Mass

We obtain the bolometric luminosity of SN 2009dc us-
ing our BV RcIc-band data, assuming that the optical
luminosity occupies about 60% of the bolometric one
around maximum brightness (Wang et al. 2009). Be-
cause of the uncertainty involved in this assumption,
we consider that this bolometric luminosity may have
a somewhat large systematic error (∼ 20%). To con-
firm the reliability, we also calculate the bolometric
luminosity from BV RI+JHKs data at −3 days and
check the consistency. We assume that the integrated
BV RIJHKs luminosity is 80% of the total (Wang et al.
2009). They agree within an error of ∼ 12%. But this
discrepancy includes an uncertainty of determining the
maximum date of JHKs-band luminosity.

The obtained bolometric light curves are shown in Fig-
ure 2. We also calculate the bolometric luminosity of SN
2005cf with the same assumption and confirm the con-
sistency with the results by Wang et al. (2009). Even
if we assume that the host extinction is zero, the max-
imum bolometric luminosity is Lmax = (2.1 ± 0.5) ×
1043erg s−1, which is comparable to that of SN 2006gz,
(2.18 ± 0.39) × 1043 erg s−1 for E(B − V ) = 0.18 mag
(Hicken et al. 2007). When we adopt the host ex-
tinction of E(B − V ) = 0.14 mag and RV = 3.1,
Lmax = (3.3±0.9)×1043erg s−1, which is likely to exceed
that of SN 2003fg (∼ (2.5 − 2.8) × 1043 erg s−1; Howell
et al. 2006).

The mass of ejected 56Ni can be roughly estimated
from the peak luminosity (e.g., Arnett 1982). Stritzinger
& Leibudgut (2005) suggested that the 56Ni mass de-
pends approximately on the peak bolometric luminosity
and its rising time (tr days), as

Lmax =
(

6.45 e
−tr

8.8d + 1.45 e
−tr

111.3d

)

(

MNi

M"

)

×1043 erg s−1.

(1)

Absolute magnitude ~ -19 mag 

一様性＋強烈な明るさ

宇宙における距離指標
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スーパー明るいIa型超新星がいる
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•大問題４：チャンドラセカール限界質量を
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“Light Echo”



Tycho’s SN = Type Ia!!

Hawaii, on 24 September 2008 (Fig. 1b). The peak of the emission,
with a surface brightness of R5 23.56 0.2mag arcsec22, has again
shifted away from SN1572. The shift of 1.46 0.2 arcsec within 22
days is consistent with a light-echo origin. A long-slit spectrum of the
brightness peak of the echo structure at positionRA 00 h 52m12.79 s,
dec. 65u 289 49.799 (J2000) was obtained with FOCAS on the same
night, covering the wavelength range from 3,800 to 9,200 Å with a
spectral resolution of 24 Å.

The acquired echo spectrum unambiguously shows light of a
supernova origin (Fig. 2). A number of broad absorption and emis-
sion features from neutral and singly ionized intermediate mass ele-
ments were detected, all of which are commonly observed in
supernovae10,18. Type I supernovae are distinguished from those of
type II by the absence of hydrogen, and type Ia supernovae are further
distinguished from types Ib and Ic by a prominent silicon 6,355 Å
absorption feature at maximum light. This feature is clearly seen in
the SN 1572 spectrum as a deep absorptionminimum at 6,130 Å with
a width of 9,000 km s21 at half maximum. The absorption minimum
of the line corresponds to a velocity of 12,000 km s21, typical for
normal type Ia supernovae at maximum brightness10,18. Other strong

features detected in the spectrum are Si II 4,135 Å, Fe II, Fe III,
Na I D1 Si II 5,972 Å, O I 7,774 Å and the Ca II infrared triplet.

The echo spectrum represents supernova light during an interval
of time around maximum brightness being averaged over the spatial
extent of the scattering cloud. We therefore compared the echo spec-
trumwith the spectra of other type Ia supernovae time-averaged over
the brightness peak of the light curve from 0 to 90 days after explo-
sion. The light-echo spectrum of SN 1572 matches such comparison
spectra of four well-observed normal type Ia supernovae (1994D,
1996X, 1998bu, 2005cf) and a type Ia composite spectrum19 remark-
ably well. Even faint notches observed in normal type Ia spectra at
4,550, 4,650 and 5,150 Å (ref. 18) can be recognized. Values of the
reduced chi-squared value from the comparison range between
x25 1.5 and x25 2.5. The agreement between the spectra indicates
that the scattering dust cloud is homogeneous on a length scale of at
least 90 light days.

We have compared the spectrum of SN1572 with thermonuclear
supernovae of different luminosity. Both sub- and overluminous
type Ia supernovae, such as SN1991bg20 and SN1991T21, respectively,
showed peculiarities in their spectra near maximum light. SN 1991T
lacked a well-defined Si II 6,355 Å absorption feature at maximum
light, although the subsequent evolution was similar to normal
type Ia supernovae. The lack of Si II absorption is visible as an imprint
in the time-averaged spectrum and differs from the strong Si II feature
in our spectrum of SN1572. The class of subluminous objects shows a
characteristic deep absorption trough at a wavelength of 4,200 Å,
attributed to Ti II (ref. 20), near maximum light. Such a feature is
not seen for SN1572. The sub- and overluminous type Ia templates,
obtained in the same way as described in ref. 19 (template spectra
available at http://supernova.lbl.gov/,nugent/nugent_templates.html),
do not provide a good match to our spectrum of SN1572, with respec-
tive values of x25 8.6 and x25 10.1 (Fig. 3).

A well-established correlation between the measured decline
Dm15(B) of the supernova B-band brightness atmaximumand 15 days
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Figure 2 | Spectrum of SN 1572 and comparison spectra of normal type Ia
supernovae. Important spectral features aremarked. The spectra are plotted
logarithmically in flux units and shifted for clarity. The spectrum was
obtained with two grisms in the blue (l, 5000 Å) and red (l. 5000 Å).
Total integration timewas 4 h: 2.5 h for the red channel and 1.5 h for the blue
channel. The spectrum was extracted from a 2.83 2.0-arcsec2 aperture
(position angle 81u) positioned at the echo brightness peak and then binned
to a resolution of 11.2 Å per pixel and smoothed by taking a moving average
over five pixels. Flux calibration was performed against the standard star
G191B2B, which was observed at comparable airmass. The uncertainty in
the flux calibration is 15%. Atmospheric A-band and B-band absorptions
were removed using the stellar spectrum of a K star observed in the same slit
as the echo. The spectrum was then corrected for the colour dependence of
the scattering process for a scattering angle of h5 84u and de-reddened for a
foreground extinction of AV5 4.2mag. The scattering angle of h5 84u
results from the light-echo geometry: because all echo emission at a given
epoch is located on an ellipsoidal sphere with the Earth and SN1572 at its
foci, the echo geometry can be accurately determined. For a distance range to
the Tycho remnant of 2.3–2.8 kpc, the distance and scattering angle of the
echo knot are d5 4606 45 light yr and h5 90u6 5u, respectively. For a
larger distance of 3.8 kpc, the scattering angle is smaller, h5 67u, leading to a
slightly redder corrected spectrum.However, a slight increase of the adopted
foreground extinction by DAV5 0.08mag compensates for this effect. The
comparison spectra have been obtained from the time average of light-curve-
weighted spectra at days25,24,22,12,14,110,111,124,150,176 for
SN 1994D and days29,24,11,19,118,140 for SN 2001el (refs 26, 27).
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and a foreground extinction of AV5 4.2mag as described for Fig. 2. The
comparison spectra have been derived as the time averages of spectral
series19 over days 0–90 after explosion and scaled to the spectrum of
SN 1572. Specific features typical of the three subtypes are indicated. For the
comparison with the intrinsically redder subluminous template, the
spectrum of SN 1572 was de-reddened for a foreground extinction of
AV5 3.9mag.
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Tycho Brahe’s 1572 supernova as a standard type Ia
as revealed by its light-echo spectrum
Oliver Krause1, Masaomi Tanaka2,3, Tomonori Usuda4, Takashi Hattori4, Miwa Goto1, Stephan Birkmann1,5

& Ken’ichi Nomoto2,3

Type Ia supernovae are thermonuclear explosions of white dwarf
stars in close binary systems1. They play an important role as cos-
mological distance indicators and have led to the discovery of the
accelerated expansion of the Universe2,3. Among the most impor-
tant unsolved questions4 about supernovae are how the explosion
actually proceeds and whether accretion occurs from a companion
or by themerging of twowhite dwarfs. Tycho Brahe’s supernova of
1572 (SN1572) is thought to be one of the best candidates for a
type Ia supernova in theMilkyWay5. The proximity of the SN1572
remnant has allowed detailed studies, such as the possible iden-
tification of the binary companion6, and provides a unique oppor-
tunity to test theories of the explosionmechanismand thenature of
the progenitor. The determination of the hitherto unknown7–9

spectroscopic type of this supernova is crucial in relating these
results to the diverse population of type Ia supernovae10. Here we
report an optical spectrum of Tycho’s supernova near maximum
brightness, obtained from a scattered-light echo more than four
centuries after the direct light from the explosion swept past the
Earth.We find that SN1572 belongs to themajority class of normal
type Ia supernovae.

The supernova of 1572marked amilestone in the history of science.
Danish astronomer Tycho Brahe concluded from his accurate obser-
vations of the ‘new star’ in the constellation of Cassiopeia that it must
be located far beyond the Moon11. This contradiction to the
Aristotelian concept, that a change on the sky can only occur in the
sublunar regime, ultimately led to the abandonment of the notion of
the immutability of the heavens. The classification of SN1572 has

been controversial. On the basis of historical records of the light curve
and colour evolution, it has been interpreted as a type Ia supernova of
either a normal or somewhat overluminous type7 or of a subluminous
type8. Core-collapse supernovae of type Ib9 or II-L12 have also been
suggested to be compatible with the light curve. Support for the inter-
pretation as a type Ia has been inferred fromX-ray studies of the ejecta
composition13, but the determination of the exact supernova type has
not been possible without spectroscopic information.

The discovery of light echoes from historic Galactic supernovae,
due to both scattering and absorption/re-emission of the outgoing
supernova flash by the interstellar dust near the remnant14,15, raised
the opportunity of conducting spectroscopic ‘post mortems’ of his-
toric Galactic supernovae. Such a precise determination of the spec-
tral type long after the original explosion has recently been performed
for the Cassiopeia A supernova16 and a supernova in the Large
Magellanic Cloud17.

We obtained Johnson R-band images of the recently identified15

light-echo fields of SN1572 using the 2.2-m and 3.5-m telescopes at
the Calar Alto Astronomical Observatory, Spain, on 23 August 2008
and 2 September 2008. One of the fields observed on 2 September 2008,
at an angular distance of d5 3.15u and position angle of 62u from the
SN1572 remnant, showed a bright and extended nebulositywith a peak
surface brightness of R5 23.66 0.2mag arcsec22 (Fig. 1a). The posi-
tion of this new emission feature, relative to the previously reported
light-echo detection, has shifted away from the SN1572 remnant.

The region was re-observed using the Faint Object Camera And
Spectrograph (FOCAS) at the Subaru 8.2-m telescope onMaunaKea,

1Max-Planck-Institut für Astronomie, Königstuhl 17, 69117 Heidelberg, Germany. 2Institute for the Physics and Mathematics of the Universe, University of Tokyo, Kashiwanoha 5-1-5,
Kashiwa, Chiba 277-8568, Japan. 3Department of Astronomy, Graduate School of Science, University of Tokyo, Hongo 7-3-1, Bunkyo-ku, Tokyo 113-0033, Japan. 4SUBARUTelescope,
National Astronomical Observatory of Japan, 650 North A’ohoku Place, Hilo, Hawaii, USA. 5European Space Agency, Space Science Department, Keplerlaan 1, 2200 AG Noordwijk,
The Netherlands.
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Figure 1 | Optical images of the SN 1572 light
echo. a, b, R-band images of the same 1203 120-
arcsec2 area. The corresponding observing
epochs are labelled. The position of the
brightness peak in the first epoch is marked for
reference (red cross). The rectangle shown in
a indicates the location of a previous light-echo
detection15. The vector towards the remnant of
SN 1572 is indicated (arrow). The respective
seeings for a and b were 1.5 and 0.9 arcsec, full-
width at half-maximum. The integration times of
the two images were 20 and 12min, respectively.
Image reduction was performed using standard
methods with the Image Reduction and Analysis
Facility software.
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銀河系内の超新星残骸



宇宙の膨張史

200   　 　100億年前　   現在  

現
在
の
宇
宙
を
１
と
し
た
場
合
の
大
き
さ

超新星の明るさ



現在の宇宙は
暗黒エネルギーに
満たされている！

が、理論モデルは皆無。（つまり正体不明）
・何故今頃(~100億年）重要になってくるのか。
・なぜ中途半端な量なのか。
・宇宙はこれから一体どうなるのか。



アインシュタイン方程式

アインシュタインの
宇宙項

“The biggest blunder in my life.”

この項が大きな値をもつと、宇宙
の膨張はやがて指数関数的になる



本当に宇宙「定数」か

BAO : 銀河の大域的
分布から得る幾何学
的情報
CMB : 物質密度、
宇宙の平坦性
SNe : 近傍宇宙の
距離-赤方偏移関係

p = w ρ



暗
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有

無

昔(７０億年前）　　　　　　　　　今　　　　　　　　

なんとも
微妙な感じ...



ダークエネルギーの観測
幾何学的方法　標準尺度
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Dark Matter as a Probe of 
the Nature of Dark Energy�

Big 
Bang!�

13.7 billion years�
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Matter distribution as a probe  
                          of cosmology    

w, σ8, fNL

Simulation by M. Shirasaki

(?)



Results: Peak counts
zsource = 2
 + 1 arcmin noise
 (mock observation)

Appreciable differences 
at high-κ tail.

Differences
at medium κ
formally distinguishable.
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宇宙の将来
(ここから先は...)



近傍宇宙の大規模構造

600万光年

髪の毛座
銀河団

乙女座銀河団



今から1000億年後



現在   　　　　　　1000億年後



現在   　　　　　　1000億年後

宇宙の地平線

右の領域は物理的には200倍以上に膨張している。
その頃の宇宙の地平線（そこから先の新しい情報は

届かない）が図ではすぐ近くに見える。



1000億年後...
観測できる銀河は一つだけ。

宇宙が膨張しているかどうかも観測では
わからないだろう。

新しい星などが生まれる頻度も少なくなり、
やがてはもう一度暗黒の宇宙へと姿を
変えていく。


