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Ia型超新星とは？
- 連星系をなす白色矮星（White Dwarf, WD）

- 伴星からの質量降着によってChandrasekhar質量(　　　　 )
に達したWDの暴走的な核燃焼

- 母銀河はearly-typeからlate-typeまで様々
→星形成から爆発までにかかる時間（Delay Time）が多様

1.標準光源（明るい MB ~ -19 mag, 減光幅 → 絶対等級）
2.銀河の化学進化（Feを大量に作る）

∼ 1.38M!

起源天体は未だはっきりしていない(WD+RG? WD+MS? WD+WD?)

爆発メカニズム（Detonation? Deflagration? Delayed-Detonation?）
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SN Ia RATEと母銀河の相関
Supernova Legacy Survey(SNLS)

遠方（0.2<z<0.75）の124SNe Ia

1.星形成の盛んな銀河ほどSN Rate大
→Delay Timeの短いSN Iaが卓越!？　

2.近傍の結果（Mannucci+05）ともconsistent　　　　（Sullivan+06）

SSFR大
late type

SSFR小
early type

SN Ia Rateと母銀河の性質には相関がある
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Subaru/XMM-Newton Deep Survey (SXDS)

passiveな銀河（90%以上星形成を終えている銀河）サンプル
＊星形成を行っている若い銀河は、年齢の不定性が大きい

- power-law (0.1 ~ 10 Gyr) 

観測から直接DTDを求める（Totani+08）
DELAY TIME DISTRIBUTION

DTD ∝ t−1
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Table 2. The DTD measurements by the baseline analysis. The DTD results are shown in [century−1] for a single starburst
population whose total K band luminosity is 1010LK," at an age of 11 Gyr. The errors are statistical 1σ. The number of the old
galaxies (Ngal), that of the detected SN candidates (Nobs), and the expected numbers of the prompt SNe Ia (NpIa,exp) and CC SNe
(NCC,exp) are shown. The last column shows the mean of σtIa of galaxies in a time bin, where σtIa is the standard deviation of the
probability distribution of tIa in a galaxy.

tIa bin [Gyr] DTD fD(tIa) Ngal Nobs NpIa,exp NCC,exp 〈σtIa〉 [Gyr]
0.1–0.25 2.41+1.46

−1.08 3715 11 1.0 2.8 0.05
0.25–0.5 2.07+0.92

−0.71 3073 15 0.85 3.0 0.14
0.5–1.0 0.80+0.29

−0.23 4255 19 0.82 3.0 0.30
1.0–2.0 0.45+0.15

−0.12 4781 19 0.61 2.3 0.50
2.0–4.0 0.12+0.35

−0.12 565 1 0.046 0.20 1.2
4.0–8.0 0.00+0.97

−0.00 103 0 0.008 0.038 2.1

reality, there is a probability distribution of tIa, which is
determined by the DTD and star formation history ψ(t),
where t = tga − tIa is the time elapsed from the beginning
of star formation in the host galaxy. The expectation
value of the Ia delay time, 〈tIa〉, is exactly the same as 〈t∗〉
only when fD(tIa) is constant against tIa. The expectation
value is generally given by:

〈tIa〉 =

∫ tga
0 tIa ψ(tga − tIa) fD(tIa) dtIa∫ tga

0 ψ(tga − tIa) fD(tIa) dtIa
. (5)

Therefore, a more accurate estimate is obtained by the
same formulation but with a summation over galaxies sat-
isfying tl ≤ 〈tIa〉 < tu. However, this integration diverges
when tIa → 0 if α ≤ −1. The possibility of a significant
population of the prompt SNe Ia with tIa <

∼ 0.1 Gyr has
been discussed in recent years (Scannapieco & Bildsten
2005; Mannucci et al. 2006; Sullivan et al. 2006; Aubourg
et al. 2007). Such a prompt population may also affect
the estimate of the delay time. Therefore, we separate
the “prompt” population (defined by tIa < tp = 0.1 Gyr)
from the “delayed” (“tardy”) population (tIa ≥ tp). Then,
the DTD of the delayed component can be estimated by
a modified version of eq. (1),

NIa,exp + NpIa,exp + NCC,exp = Nobs , (6)

where NIa,exp is now for the delayed population and the
integration of eq. (5) is from tIa = tp to tga. The expected
number of the prompt Ia, NpIa,exp, can be calculated from
SFR in a similar way to get NCC,exp, if the integrated DTD
at 0 ≤ tIa ≤ tp is given.

An obvious difficulty in this new formulation is that
we need to know the DTD itself beforehand to make a
measurement of DTD, because 〈tIa〉 and NpIa,exp depend
on fD(tIa). In fact, this circularity problem can be solved
easily; first we estimate fD with an initial guess of fD(tIa),
and then we can iterationally repeat this process with the
new estimate of fD(tIa). The first DTD estimate with
a constant fD prior (open squares in Fig. 7) is well de-
scribed by a power-law (∝ tIaα) at tIa ≥ tp, and hence we
assume this form of fD for the delayed population at the
later iterations. For the prompt population, we assume
that fD is constant at tIa ≤ tp and it is continuously con-
nected to the delayed component at tIa = tp, for every
iteration. This is reasonable from the DTD predictions

by the stellar evolution theory (section 5), and the effect
of this assumption on the DTD measurement will be ex-
amined in section 4.

We get sufficiently convergent results by just a few it-
erations of this procedure, and they are shown by filled
squares in Fig. 7 as our final results. Since we selected
old galaxies, 〈t∗〉 is already a good estimate of 〈tIa〉, and
this is why the correction is not large. The expected num-
ber of the prompt population, NpIa,exp, is 3.3 for the en-
tire range of tIa = 0.1–8 Gyr, which is just 5.1% of the
65 SN candidates. The derived DTD, as well as im-
portant quantities such as NpIa,exp, NCC,exp, and Nobs,
are summarized in Table 2 for the six time bins in tIa
= 0.1–8 Gyr. The best fit power-law to the measured
DTD is fD(1 Gyr) = 0.53+0.12

−0.11 century−1(1010LK,0,#)−1

and α = −1.06+0.15
−0.15. Here, we included the data point at

tIa = 11 Gyr in the fit.

4. Examination of Systematic Uncertainties

4.1. Are the SN candidates really SNe Ia?

In our statistical estimation of DTD, it is not necessary
to prove that all of the SN candidates are SNe Ia. Since
we have already shown that the selected variable objects
are tracing the light profile of host galaxies, the major-
ity of them must be SNe Ia or CC SNe. What we need
to demonstrate is, then, that about 82% of the 65 candi-
dates are actually SNe Ia, as inferred from the estimate of
NCC,exp = 11.4.

We first examine the i′ band variability magnitude
mvar,i′ of the 65 SN candidates, and compare with the
brightest magnitude mmin,i′ that is possible for SNe Ia
corresponding to the peak luminosity. We calculated this
magnitude for each SN candidate assuming the standard
type Ia light curve with the mean peak B magnitude used
in Oda & Totani (2005). We find that most (61/65) of the
SN candidates have mvar,i′ > mmin,i′ as expected, and all
objects satisfy mvar,i′ ≥ mmin,i′ − 0.53. The four objects
with mvar,i′ < mmin,i′ are reasonable considering the dis-
persion of the peak B magnitude of SNe Ia (∼0.4 mag).
On the other hand, about half of the SN candidates have
the variability magnitudes brighter than mmin,i′ + 1, and
such variability cannot be explained by CC SNe, because
most of them are fainter than SNe Ia by 1–2 magnitudes

ψ(t) : Star Formation History
fD : Delay Time Distribution

DD scenario（WD+WD）のgeneric predictionとよく一致
SDの場合はモデルパラメータスペースに強い制限　
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本研究のモチベーション
SN Iaはその起源天体が未解明である

Delay Timeの短いSN Iaがある

SN Iaの起源に迫るためには、DTDの情報が必要

❖これまでの研究は、仮定したDTDが観測を再現するか調べる事で
DTDに制限を与えていた

Totani+08ではpassiveな銀河サンプルを使ってDTDを導いた

このDTDが他の銀河に対しても成り立つのか確かめたい
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DATA - GALAXY

Subaru/XMM-Newton Deep Survey (SXDS)

　　　に渡る広域・多波長・Deepサーベイ

- Optical: B,V,Rc,i’,z’ (Subaru/Sprime-Cam)

- NIR: J,K (UKIDSS survey)

- IR: 3.6μm, 4.5μm, 5.8μm, 8.0μm (Spitzer/IRAC)

- X-ray: 0.5-2.0, 2.0-100 keV (XMM-Newton/EPIC)

~3年間で~10回の観測を行い1040個の変動天体を検出(Morokuma+08)

SED fitting → 各銀河のSFH / stellar mass / Av

69159 galaxies

∼ 1deg2

Totani+08

wave length

fl
u

x
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DATA - SN Ia

観測されたLight Curve (LC)とtemplate LC（Hsiao+08）をfit

free parameter: 最大光度、stretch、redshift

→46個をSN Iaとして同定（0.2 < z <1.3）

→3.6μmの観測がある39個を使う

1. Totani+08ではpassiveな銀河で銀河中心から外れた変動天体を　　
Ia候補としたが、今回はLC fittingでIaと同定されたものを使った

2. z~1.3までのSN Iaサンプル（過去の研究はz~0.75）
3.Rateの計算にextinctionの効果を入れた

本研究の新しい点

(Ihara+10, in prep)
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RATE CALCULATION
control time (CT): SNを観測器で検出できる時間

SNR: Supernova Rate

DTDモデル

二成分モデル（A+B model, Scannapieco&Bildsten+05）
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SNR =
∫ t

0
ψ(t′)DTD(t− t′) dt′

SNR = AMtot(t) + Bψ(t)
delayed prompt

A = 8.7 [10−14yr−1 M−1
" ]

B = 8.9 [10−4M−1
" ]

DTD ∝ t−1(Totani + 08) DTD ∝ t−0.5(Pritchet + 08)
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結果 - SSFR

SSFR大
late type

SSFR小
early type
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結果 - STELLAR MASS
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結果 - SFR

SFR大SFR小
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まとめ
SXDSの銀河/SN Iaサンプルを用いて、SNRと母銀河の相関
（SSFR, SFR, M）を調べた
passiveな銀河から導かれたDTDモデルと観測を比較した

1.過去の研究より遠いz~1.3までで相関を確認
2.SN Ia Rateの計算の際には、extinctionの効果が必要
3.passiveな銀河から導かれたDTD（Totani+08）は他の銀河を
含めても観測（母銀河との相関）を説明している

4.Pritchet+08のDTD(             )はあまり合わない
5.A+B modelでも合わせられるが、係数は過去の研究と比べると
バラバラ→A+B modelがuniversalなDTDではないことを示唆

∝ t−0.5
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終
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A+B MODEL

二成分モデルの係数 

- A+B modelでも合わせられるが、係数は過去の研究と比べると
バラバラ→A+BがuniversalなDTDではないことを示唆

- 違うサーベイの違うpopulationに対してA+Bをfitするとこのよ
うな事が起こりうる

A = 8.7 [10−14yr−1 M−1
" ]

B = 8.9 [10−4M−1
" ]

A = 5.3+1.2
−1.2

B = 3.9+0.7
−0.7

A = 1.4+1.0
−1.0

B = 8.0+2.6
−2.6

A = 4.4+1.6
−1.4

B = 26+11
−11

Sullivan+06 Neil+06 Scannapieco&Bildsten05
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RATE CALCULATION

control time (CT): SNを観測器で検出できる時間

SNR: Supernova Rate
SNuM: Supernova Rate per unit mass

host dust extinction

Milky Way (Cardelli+89)
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RATE CALCULATION

DTD model

- 本研究のサンプル：Nexp = 37.61（Nobs = 39）
- extinctionを考慮に入れないと：Nexp = 71.87

二成分モデル（A+B model）　(Scannapieco&Bildsten+05)

tt′0

t− t′

SNR =
∫ t

0
ψ(t′)DTD(t− t′) dt′

Nexp = Σ SNRi · CTi

SNR = AMtot(t) + Bψ(t)

delayed prompt

D
T

D

delay time

モデル
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SN IA RATEと母銀河の相関
近傍（~100Mpc）の136 SNe

1. CC SNはearly typeで起きていない
2.SN Iaは銀河の形態によらず存在
→幅広いDelay Timeを示唆

3.星形成の盛んな銀河ほどSN Rate大
→Delay Timeの短いSN Iaが卓越!？　　　　　　（Mannucci+05）

SFR大
late type

SFR小
early type

SN Iaの発生頻度（SN Ia Rate）と母銀河の性質には相関がある

2010年3月23日火曜日



SULLIVAN+06
stellar mass SFR

SNRとMass / SFRには相関がある
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DTD

DTD models
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結果 - SSFR

A & B components
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結果 - SSFR

prompt & delayed components

SSFR大
late type

SSFR小
early type

単
位
質
量
辺
り
の

SN
 I

a 
R

at
e

-14

-13.5

-13

-12.5

-12

-11.5

-11

-10.5

-13 -12 -11 -10 -9 -8

LO
G

 S
Nu

M
 [y

r-1
M

su
n-1

]

LOG SSFR[yr-1]

Totani+08 DTD
A+B model

prompt
delayed

2010年3月23日火曜日



結果 - SSFR

SSFR histogram
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結果 - STELLAR MASS
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結果 - STELLAR MASS
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結果 - STELLAR MASS

mass大mass小
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結果 - SFR
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結果 - SFR
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結果 - SFR
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DTD - DD MODELS
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DTD - SD MODELS
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MANNUCCI+06
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MANNUCCI+06
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RATE CALCULATION

control time (CT): SNを観測器で検出できる時間

SNR: Supernova Rate
SNuM: Supernova Rate per unit mass

60 days

SNR =
Nobs

CT(z,AV )
SNuM =

Nobs

CT(z,AV ) · M

SNを1個検出
SNR = 1/60 days~6/yr
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RATE CALCULATION

control time (CT): SNを観測器で検出できる時間

SNR: Supernova Rate
SNuM: Supernova Rate per unit mass

300 yr

SNR =
Nobs

Σ CTi(z,AV )
SNuM =

Nobs

Σ CTi(z,AV ) · Mi

SNを30個検出
SNR = 30/300yr~0.1/yr
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SED-SFR VS UV-SFR
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