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今日の内容
銀河進化における超新星フィードバック 
星の進化における元素合成 
超新星からの同位体（特に26Alと60Fe）

3



諏訪雄大 @ 「星惑星形成」A01研究会 /2714/9/2020

新学術領域「星惑星形成」
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領域の妥当性・重要性・発展性

多様な系外惑星系と太陽系の起源を解
明するには？

太陽系は46億年前にどこで生まれたのか？

銀河の化学進化≒重元素（H, He以外の元素）の増加

単独星 &高い重元素量 &短寿命元素の含有量
Î銀河系内側領域の星団の超新星残骸の中か？

約46億年前
の銀河系

現在の銀河系

Our Conjecture

犬塚さんスライド＠3/27シンポジウムより
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銀河進化と超新星フィードバック
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1サイクルが高々0.2Gyr程度

平均的な
星形成率

星
形

成
率

時間

長島【銀河の形成モデルの構築】
●CDM宇宙論に基づく銀河形成モデルを改良し、

銀河・AGNの諸観測を再現するモデルを構築済

●このモデルから銀河系的銀河(回転速度220km/s)
の銀河は、星形成タイムスケールは約140Myr、
星から再放出されたり超新星により銀河円盤外

に放出されるプロセスを含めたガス消費タイム

スケールは220Myr程度と推測される

●いつどれくらいハローができるのか、即ち冷却に

よって円盤に持ち込まれるガスの量は、ダークマ

ター構造形成によって決まる

局所的なジグザグの重ね合わせを
現在の円盤でならすとなだらかな
星形成史になる

ガスの流入(冷却)・消失(星形成)・流出(超新星)

犬塚さんスライド＠3/27シンポジウムより

詳しくは長島さんの講演
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銀河の化学進化
星形成とともに銀河の金属増加 
ヘリウム(α)燃焼で作られる元素：
大質量星が起源 
(低金属で平坦。O, Mg, Si, S, Ca, Tiなど) 
Ni：Ia型超新星が起源 
(WD形成と軌道進化の遅延) 
奇核元素：増加まで時間がかかる 
(CNOサイクルが必要。Na, Al, Cuなど)
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Model C.—The infall model with short star formation time-
scale (Fig. 31, solid line) can meet the observed MDF, and still
give larger ½! /Fe" at ½Fe/H"k # 1 than the thin disk model, which
is as large as in Prochaska et al. (2000). This scenario may be quite
possible. Our model C predicts that the age-metallicity relation is
different from the thin disk, as shown in Bensby et al. (2004b), and
that the duration of star formation is as short as $ 3 Gyr.

4.4. Discussion

In Figure 32 we compare the ½X/Fe"-½Fe/H" relations for the
Galactic disk (solid line), halo (long-dashed line), bulge (short-

dashed line), bulge with a flat IMF (dotted line), and thick disk
models (dot-dashed line). Observational data of thick disk stars
are shown (Prochaska et al. 2000; Bensby et al. 2003;Gratton et al.
2003), except for the large stars are for bulge stars (McWilliam &
Rich 2004). Here, we take the solar neighborhood model (Fig. 6,
solid line) for the disk, the outflowmodel for the halo (Fig. 29, solid
line), the bulgemodels Bwith the Salpeter IMF (Fig. 30, solid line)
and the flat IMF (Fig. 30, dotted line), and the infall model C for
the thick disk (Fig. 31, solid line). We note that these models are
constructed based on the observations of the limited regions (solar
neighborhood and Baade’s window), and the radial dependencies

Fig. 32.—½X/Fe"-½Fe/H" relations for the disk (solid line), halo (long-dashed line), and bulge (short-dashed line), bulge with a flatter IMF (dotted line), and thick
disk (dot-dashed line) models. Here, we take the solar neighborhood model (solid line in Fig. 6) for the disk, the outflow model for the halo (solid line in Fig. 29),
the bulge models with the Salpeter IMF (solid line in Fig. 30) and the flat IMF (dotted line in Fig. 30), and the infall model for the thick disk (dotted line in Fig. 31).
Observational data sources are as follows. For thick disk stars, four-pointed stars: Prochaska et al. (2000); filled and open triangles: dissipative and accretion
components, respectively, in Gratton et al. (2003); small asterisks: Bensby et al. (2004a). Large stars are bulge stars from McWilliam & Rich (2004).

KOBAYASHI ET AL.1168 Vol. 653

Kobayashi+ 2006 詳しくは林さん、小林さんの講演
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宇宙におけるガスの輪廻
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(c) NASA and the Night Sky Network

大質量星

超新星中性子星

ブラックホール白色矮星

太陽くらいの星
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星の進化と元素合成
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 https://en.wikipedia.org/wiki/Stellar_nucleosynthesis

https://sites.ualberta.ca/~pogosyan/teaching/ASTRO_122/lect18/lecture18.html
https://en.wikipedia.org/wiki/Stellar_nucleosynthesis
https://sites.ualberta.ca/~pogosyan/teaching/ASTRO_122/lect18/lecture18.html
https://en.wikipedia.org/wiki/Stellar_nucleosynthesis
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元素の起源
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periodictable.com
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超新星の種族
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Supernova

Type I Type II

Type Ia

Type Ib Type Ic Type IIL Type IIP Type IIn

brightness

time

w/o H w/ H

w/ Si

w/o Si

w/ He w/o He

w/ narrow emission line

Core-collapse supernova
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Ia型超新星
白色矮星の起こす爆発 
α元素合成 
鉄族元素の主起源 
標準光源としての役割 
（暗黒エネルギー発見） 
Ekin~1051 erg 
Lph,peak~1043 erg/s
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https://astrobites.org/2015/04/07/super-bright-supernovae-are-single-degenerate/
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重力崩壊型超新星
大質量星（≳8M⊙）の最期 

コンパクト天体の形成 
ニュートリノ放射 
Ekin~1051 erg 
Lph,peak~1042 erg/s 
Lν,peak~1053 erg/s
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https://www.physicscentral.com/explore/action/neutrino.cfm
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超新星からのガンマ線
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Isotope Mean Lifetime Decay Chain γ-ray Energy (keV)

56Ni 111 d 56Ni→56Co*→56Fe* 847, 1238, 1771,2598

57Ni 390 d 57Co→57Fe* 122, 136

44Ti 89 y 44Ti→44Sc*→44Ca* 68, 78, 1156

26Al 1.04x106 y 26Al→26Mn* 1809

60Fe 3.8x106 y 60Fe→60Co*→60Ni* 59, 1173, 1332

individual 
object/event

cumulative 
from many 

events
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元素の起源

14
periodictable.com

星の進化および超新星爆発
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56Ni

np=nn (Ye=0.5)かつT≳5x109Kで爆発時
に生成（爆発的元素合成） 
超新星光度曲線 
初期：ガンマ線→可視光に下方散乱 
後期：ガンマ線のまま抜けてくる 

ガンマ線直接検出例 
SN 1987A (CC, 51.4 kpc) [Matz+ 1988] 
SN 2014J (Ia, 3.6 Mpc) [Churazov+ 2015] 

爆発機構と相関？ 
[Suwa-Tominaga-Maeda 2019; Sawada-Maeda 2019]
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brightness

time

energy deposition rate

luminosity

td∝(Mκ/v)1/2

56Ni->56Co+e++νe+γ (8.1d) 
56Co->56Fe+e++νe+γ (111d)
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44Ti

爆発的元素合成 
ガンマ線直接検出例 
SN 1987A [Grebenev+ 2012] 
Cas A (SN 16XX) [Iyudin+ 1994] 

衝撃波の非等方性 
パルサーキックと相関？ 
[Wongwathanarat+ 2017]
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≈18″ top-hat kernel to generate the underlying grayscale image
in the left and center panels. This is comparable to the image that
we used for the analysis in Grefenstette et al. (2014). While the
band image is useful, it can contain some contamination from the
strong non-thermal emission that is present in the remnant
(Grefenstette et al. 2015) and is also not optimized to search for
emission that is red- or blueshifted where some of the line flux
may fall outside the 65–70 keV bandpass.

Instead of using the band image, we instead perform a
systematic, spatially resolved spectroscopic analysis by divid-
ing the remnant into an 8×8 grid of regions (Figure 2). Each
grid box is a square with 45″ sides. The grid is centered by eye
on the spatial distribution of the 44Ti ejecta. The right panel in
Figure 2 shows the exposure maps computed at 68 keV (this
accounts for the energy-dependent vignetting) and combined in
the same way as the 65–70 keV band image. It demonstrates
that the exposure is relatively uniform across the grid, only
dropping by ≈30% near the corners of the grid.
We use the nuproducts FTOOL to extract source spectra

and generate ancillary response files (ARFs), which describe
the effective area of the optics, as well as response matrix files
(RMFs), which describe the response of the detectors. We
generate simulated background spectra using nuskybgd (Wik
et al. 2014) following the procedure described in Grefenstette
et al. (2014). This results in 22 sets of data files (11 epochs×2
telescopes) for each region. The ARF and RMF files computed
by nuproducts account for the variations in the effective
exposure due to vignetting described above.
We integrate over all 11 epochs by using the addspec

FTOOL, setting bexpscale = 1 when calling addspec to
prevent overflowing the exposure keyword. This results in two
sets of source, background, ARF, and RMF files (one for
FPMA and one for FPMB) for each region.
Since the 44Ti emission is extended (with a spatial distribution

that we do not know a priori), we have to make a decision on
how to normalize the ARF.
For the spectral analysis of point sources, nuproducts

adjusts the normalization of the ARF (and thus the measured
flux) to account for the fraction of the PSF that falls outside the
source region. This “PSF correction” is not performed when
observing extended sources because the correction assumes
that the extraction region is precisely centered on the point
source. Here the source flux is smeared out over the source
extraction region, making an accurate PSF correction impos-
sible. Instead we opt to simply apply no PSF correction to the
ARF as the most conservative approach. We address the impact
of this on the interpretation of the measured flux below.

2.3. Spectral Fitting

We performed spectral fitting using XSPEC (Arnaud 1996)
using the cstat statistic for the model fitting. In general, the
observed (source+background) spectra satisfy the requirement
that each bin contains at least one count, so we do not
arbitrarily rebin the spectra before fitting. We simultaneously fit
the spectra for each telescope, allowing a standard cross-
normalization constant to account for variations in the overall
effective area between the two telescopes.
The broadband hard X-ray spectrum of Cas A is dominated

by thermal emission in the interior of the remnant along with a
non-thermal tail throughout the remnant (e.g., Grefenstette
et al. 2015). The non-thermal tail varies spatially across the
remnant in both flux and spectral shape, so we fit each box with
the srcut spectral model. We keep the radio spectral index
fixed to 0.77 (which is the radio spectral index integrated over
the remnant, Baars et al. 1977) and then fit for the break
frequency and the normalization of the continuum. In the
interior of Cas A, the data also require a thermal component,
which we model using a simple bremss component. This
thermal continuum can contribute significantly up to ∼15 keV.
We mask the spectrum over the Fe K line features in the

Figure 1. The spatial distribution of 44Ti in Cas A compared with the other
bright X-ray features. The NuSTAR 65–70 keV background-subtracted image
covering the 68 keV 44Sc line tracing the 44Ti-rich ejecta is shown in blue. The
NuSTAR image has been adaptively smoothed for clarity. The 4–6 keV
continuum observed by Chandra is shown in gold, the ratio in the Si/Mg band
highlighting the NE/SW jet is shown in green (data courtesy NASA/CXC, Si/
Mg ratio image J. Vink), while the distribution of X-ray-emitting iron is shown
in red (Fe distribution courtesy U. Hwang). Image credit: Robert Hurt, NASA/
JPL-Caltech.

Table 1
NuSTAR Observations of Cas A

OBSID Exposure UT Start Date

40001019002 294 ks 2012 Aug 18
40021001002 190 ks 2012 Aug 27
40021001004a 29 ks 2012 Oct 07
40021001005 228 ks 2012 Oct 07
40021002002 288 ks 2012 Nov 23
40021002006 160 ks 2013 Mar 02
40021002008 226 ks 2013 Mar 05
40021002010a 16 ks 2013 Mar 09
40021003002a 13 ks 2013 May 28
40021003003 216 ks 2013 May 28
40021011002 246 ks 2013 Oct 30
40021012002 239 ks 2013 Nov 27
40021015002 86 ks 2013 Dec 21
40021015003 160 ks 2013 Dec 23

Total ≈2.4 Ms

Note.
a Observations not considered here due to offsets from the desired pointing
location.

3

The Astrophysical Journal, 834:19 (13pp), 2017 January 1 Grefenstette et al.

Grefenstette+ 2017
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超新星からのガンマ線
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Isotope Mean Lifetime Decay Chain γ-ray Energy (keV)

56Ni 111 d 56Ni→56Co*→56Fe* 847, 1238, 1771,2598

57Ni 390 d 57Co→57Fe* 122, 136

44Ti 89 y 44Ti→44Sc*→44Ca* 68, 78, 1156

26Al 1.04x106 y 26Al→26Mn* 1809

60Fe 3.8x106 y 60Fe→60Co*→60Ni* 59, 1173, 1332

individual 
object/event

cumulative 
from many 

events
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26Al
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presenting a lowcontrast. On theother hand, HI and 53 GHz
synchrotron maps can be excluded. In fact, we have seen
(Figure 5) that the emission is confined to the central part of the
Galaxy and close to the disk. This explains why the HI map
does not provide a good fit to the data since it extends far in
longitude and contains important emission at ∣ ∣ ⩾l 30 . We can
also point out that distributions built by imaging method
(MEM or MREM) from COMPTEL data appear as good
tracers of the 26Al emission, as expected.

As shown in Figure 7, the reconstructed flux attributed to the
inner Galaxy does not depend much on the template map and is
compatible with a value of 3.3 × 10−4 photons cm−2 s−1, in
agreement with the previously reported values. We observe that
the flux is systematically higher by ∼8% (low-contrast maps)
to 20% (high-contrast maps) when the fixed-pattern back-
ground determination method is used, but it has no scientific
implication. However, the total flux integrated over the whole
sky clearly depends on the contrast of the assumed model. The

more the map is contrasted (from left to right on Figure 7), the
weaker is the reconstructed total flux. This is due to the fact that
the recovered global intensity relies on the central parts of the
image (both higher flux and higher S/N) and that a contrasted
map encompasses less flux in its external parts than a flatter
map. Moreover, we are aware that low-contrast maps may
suffer from significant “cross-talk” between the lowspatial
frequency structure (a kind of pedestal that mimics a flat,
lowsurface brightness emission) and the (more or less
uniform) background contribution.
As an additional test, we have performed correlations

between the direct image with 6° resolution (e.g., ICF of 6°
FWHM) and each of the templates downgraded to the same
∼6° spatial resolution (except the DMR/COBE 53 GHz one,
which originally has 7° resolution). Indeed, the linear
correlation coefficient does not depend much on the template
map and keeps a value greater than 0.9 in latitudeand above
0.7 in longitude, except the HI map (coefficient of 0.4 in
longitude).
Finally, it appears that it is hard to firmly conclude about a

unique solution. This reflects the difficulty of determining
precisely such an extended weakly emitting structure and the
similarity presented by most of the considered maps. However,
we note that the χ2 curves follow the same evolution regardless
of the background determination method and hence that the
conclusions do not depend on it.

3.3. Regions of Potential Excesses

To check quantitatively the significance of the most significant
excesses and known 26Al emitting regions, we have performed a
more complete model-fitting analysis. Note, however, that our
analysis is not optimized for extended pointsources since a map
contribution is necessarily subtracted at the position of the
sources and, at worst, may make them disappear.
The sky model consists of one of the templates listed in

Table 1, to which is added a spatial model including the spots.
For the sources already detected or investigated at 1.8MeV, we
have used the positions and spatial extensions provided by
previous works (Vela, Diehl et al. 1995b; Cygnus region, Martin
et al. 2009; Sco-Cen, Diehl et al. 2010; Orion-Eridanus, Voss
et al. 2010; and Carina, Voss et al. 2012; indicated in bold in
Table 1). To investigate the additional spots not yet referenced
as 26Al emitters, the extent and location are based on the image
analysis using simple models (point-source, Gaussian, or disk).
However, given their lowsignificance and the SPI spatial

Figure 5. Image of the 26Al line (1805–1813 keV). The image is built with a
resolution (ICF FWHM) of 6°. For this image reconstruction, the background
pattern is adjusted as explained in Section 2.5.3. The contours are extracted
from the 3° resolution image. In units of ×10−3 photons cm−2 s−1 sr−1, they
correspond to 0.54, 1.1, and 2.7. Identified regions, from left to right: Perseus
region (105° ⩽ l⩽170°) (Taurus clouds), Cygnus/Cepheus region (75° ⩽
l⩽100°), the inner Galaxy (−30°⩽ l ⩽ 30°, −10° ⩽ b ⩽10°), Carina
(l = 286°, b = 1°), and the Vela region (260° ⩽ l⩽ 270°). At midlatitude, the
Sco-Cen region (300° ⩽ l⩽360°, 8° ⩽ b ⩽30°). FITS file available at
http://sigma-2.cesr.fr/integral/science-products.

Figure 6. Relative chi-square variation (c )L
2(rel.) vs. assumed template to model

the distribution of the 26Al line. c )L
2(rel.) is the cL

2 from which the value of the
best-fitted template is subtracted. The best template is the 100 μm template for
the fitted-pattern method (cL

2= 1258778.1 for 1261797 dof) and the 25 μm
template for the fixed-pattern method (cL

2= 1266968.4 for 1262208 dof).
Terms: sync., dust, and free–freeare abbreviations for 53 GHz synchrotron,
dust, and free–free maps described in Table 1. MEM and MREM indicate the
COMPTEL maps, A[3.5 μm] and A[4.9 μm] corrected NIR extinction map.
The red curve is for the fitted-pattern method and green for the fixed-pattern
method. The maps are ordered following their contrast defined as the ratio of
the flux enclosed in the region <∣ ∣l 150 , <∣ ∣b 15 to the total flux.

Figure 7. Flux in the inner Galaxy as a function of the map used to model the
distribution of the 26Al line. The labels are the same as in Figure 6. The dashed
blackcurve is the total flux in the Galaxy (fitted-pattern), scaled by a factor of
0.2. The dotted lines (red for fitted-pattern and green for fixed-pattern) are the
fluxes obtainedif an isotropic emission (possibly extragalactic) estimated by
using the map emission at >∣ ∣b 40°is subtracted from each template. The
labels are the same as in Figure 6.

7

The Astrophysical Journal, 801:142 (15pp), 2015 March 10 Bouchet, Jourdain, & Roques

Bouchet+ 2015

INTEGRAL/SPI
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26Al

非常に強いシグナル(28σ) 
銀河面内の分布 [Wang+ 2009] 
OB association 

M(26Al)~2M⊙ 

銀河中心部からの放射は
回転によるドップラーシ
フトも検出 
→フィードバックに知見？

19

Rep. Prog. Phys. 76 (2013) 026301 R Diehl

Figure 16. The spectra showing the 26Al gamma-ray line (Elab 1808.63 keV) as measured by SPI from different regions along the plane of
the Galaxy for 26Al. Adapted from Wang et al (2009).

importance of this measurement of the Galactic supernova
rate derives from the underlying method. Using penetrating
gamma rays from radioactivities ejected by supernova related
sources throughout the current Galaxy, this approach does not
suffer from corrections for occulted sources, such as e.g. a
supernova rate determination based on O and B star counts
does. Other measurements inherently assume negligible
possible differences between our Galaxy and other galaxies, as
they measure core-collapse supernova related objects in Milky-
Way analogue galaxies which are seen face-on and hence free
from occultation-bias of distant parts of our own Galaxy. It
is interesting that the 26Al-based supernova rate determination
agrees with measurements undertaken with those alternative
approaches and falls into the lower-value part among all those
measurements (see detailed discussion in (Diehl et al 2006b)).

26Al is bright enough to also be seen from localized
regions along the Galactic plane hosting many massive stars
(figure 16). For a specific source region, distance uncertainties
can often be resolved from other observations and, moreover,
the stellar population is determined through star catalogues.
Therefore, a comparison of the predicted versus observed
amounts of 26Al can be made (see figures 5 and 18), and
provide a more specific test for massive-star models than
can be obtained from a Galaxy-wide analysis, as discussed
above. With deeper exposure, this became possible in the
late INTEGRAL mission for the Cygnus (Martin et al 2010),
Carina (Voss et al 2012) and Scorpius–Centaurus (Diehl et al

from 26Al, due to accounting for the foreground emission now attributed to
the nearby Scorpius–Centaurus sources, rather than distant Galactic 26Al.

2010) regions; for other candidate locations of massive-star
groups INTEGRAL’s sensitivity is insufficient due to their
fainter 26Al emission.

26Al in the Cygnus region. The COMPTEL 26Al gamma-
ray map showed emission from the Cygnus region at Galactic
longitudes around 30◦ as the clearest and most-prominent
feature beyond the bright ridge in the inner Galaxy. Along
this line of sight, there are six prominent OB associations at
distances ranging from 0.7 to 2.5 kpc (Plüschke et al 2002),
plus about a dozen open clusters, some associated to those
OB associations (figure 17). Their ages range from 2.5 to
7.5 Myears (Knödlseder et al 2002). It appears that the Cygnus
OB2 association dominates by far the stellar census of this
Cygnus complex. Associations Cyg OB1, 2, and 9 are possibly
related to OB2 and may originate from the same parental
molecular cloud (Knödlseder et al 2002). Cyg OB2 may even
be considered the most-prominent case in our Galaxy of the
extremely-rich superclusters, which appear prominent in other
galaxies but are hard to recognize within our own Galaxy;
about 120 stars in the high-mass range (20–120 M⊙) have
been identified to relate to Cyg OB2; the other associations
are typically ten times smaller. The age and distance of Cyg
OB2 is 2.5 Myears and 1.57 kpc, respectively.

Within the Cygnus region, star formation has probably
occurred for more than 10 Myears and has created a rich
population of stars, as evident in the now-observed relatively-
young OB associations. The interstellar medium in the
Cygnus complex is very heterogeneous and filamentary,

18

Diehl+ 2013
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60Fe
26Alより強度が低い(5σ)ため 
空間分布は不定 
flux: F(60Fe)/F(26Al)~20%  
[Wang+ 2020] 
2009年に半減期80%長く 
[Rugel+ 2009]  
(組成率の評価に影響？)

20

Rep. Prog. Phys. 76 (2013) 026301 R Diehl

Figure 14. The spectra measured by SPI from the entire plane of the Galaxy for 26Al (left), and 60Fe (right). Left: reproduced with
permission, © ESO, and Diehl et al (2006a). Right: reproduced with permission © ESO, and from Wang et al (2007 ).

Figure 15. The measured values for 60Fe/26Al gamma-ray intensity
ratios reported from RHESSI (Smith 2004) and INTEGRAL (Wang
et al 2007 ) are consistent with values reported from earlier and
most-recent massive-star nucleosynthesis models (Timmes et al
1995, Woosley and Heger 2007 , Limongi and Chieffi 2006). An
intermediate assessment of model yields (Prantzos 2004b) had
assessed a much brighter model-predicted 60Fe emission than seen
by instruments. Both instruments report rather marginal detections
(therefore, 2σ upper limits are also shown in this graph).

unlikely. 60Fe yields are particularly high (as compared to
26Al yields) in massive-star models. So, in spite of significant
uncertainties of the measurement (see below), the 60Fe/26Al
ratio seems lower than expected. Possible causes could be the
suppression of 60Fe by more efficient neutron capture reactions,
leading to neutron-richer Fe isotopes. Alternatively, β-decay
of 59Fe could occur at a higher rate than inferred from current
nuclear theory. Both reaction types are being investigated in
laboratory experiments at this time. Note that the β-decay
lifetime of the 60Fe isotope had been re-determined in 2008
(Rugel et al 2009) and found to be substantially longer, with
(exponential) lifetime increased from 2.15 to 3.8 Myears (T1/2

from 1.5 to 2.6 Myears). Another cause of lower 60Fe yields
could be deviations from the standard initial-mass distribution
for the supernovae from the high-mass end of massive stars
!60 M⊙. Those stars are rare and short-lived, therefore
observational determinations of the power-law slope of the
IMF are more uncertain. Thirdly, convective regions in high-
mass stars are bounded by physical processes of buoyancy and
dynamics of stellar gas at changing compositions. Convection

thus is very complex, as shown by high-resolution three-
dimensional hydrodynamics simulations. Approximations
which are required in full stellar-evolution models, such as
mixing lengths, overshoot and semi convection parameters,
could be somewhat different than currently adopted in these
models. It appears that the bound of ≃15% for the 60Fe/26Al
gamma-ray intensity ratio provides a significant observational
bound, to be met by massive-star models, independent of
absolute yield uncertainties (figure 15).

The total mass of 26Al in the Galaxy had been inferred from
earlier COMPTEL measurements to be 2–3 M⊙ (Prantzos and
Diehl 1996). In such a mass determination, one must adopt a
spatial source distribution to resolve the distance uncertainty
when converting a measured gamma-ray flux into a quantity of
isotopes present in the Galaxy. Generally, large-scale models
of the Galactic structure or sources have been used, such as
exponential-profile disc, azimuthally-symmetric nested rings,
or spiral-arm models inferred from other observations. Yet the
irregularity of the large-scale emission, as seen by COMPTEL
from Galactic 26Al, already suggested that the massive-star
population in the Galaxy may be more clumpy than such
large-scale models describe. Identified localized 26Al emission
from the Cygnus region (Martin et al 2009) supports this
view, also the detection of 26Al emission from the very-
nearby Scorpius–Centaurus association (Diehl et al 2010) (see
below). Accounting for such localized enhancements, with
more advanced INTEGRAL measurements the Galactic mass
of 26Al has been reported at somewhat lower values around
2M⊙, ranging from 1.5 to 3.6 M⊙ within uncertainties.

Using this Galaxy-wide amount of 26Al together with 26Al
yields for massive stars across the entire mass range and an
initial-mass distribution, one can derive the total population
of stars that correspond to measured 26Al gamma rays (Diehl
et al 2006b). As massive stars above ≃8–10 M⊙ all are
believed to end their evolution as core-collapse supernovae,
this corresponds to a determination of the Galactic rate of
core-collapse supernovae. We obtain a value of 1.54 (±0.89)
supernovae per century, or a supernova every 65 years6. The

6 This is somewhat lower than the value published in (Diehl et al 2006b)
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どこで作るのか？：星の準静的進化
26Al 
25Mn+p→26Al+γ 
水素燃焼段階 
炭素ネオン燃焼段階 
星風と超新星で放出 

60Fe 
n-capture 
進化後期の殻燃焼 
超新星で放出
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Figure 13. The interior structure of massive stars is complex towards their later evolution: intermittent shell burning occurs, simultaneously
in addition to core nuclear burning. This Kippenhahn diagram shows the evolution of a massive-star interior towards the supernova in a
logarithmic time scale, for a star of initial mass 22 M⊙). The production sites of 26Al and 60Fe are indicated, as well as the mass loss from
stellar wind in the Wolf-Rayet phase. Adapted with permission from Heger et al (2003). Copyright 2003 Elsevier.

a time scale of ≃106 years (figure 13). Therefore, decay of
these isotopes in interstellar space as produced by the most-
rapidly evolving, most-massive stars will occur simultaneously
with further ejection by lower-mass stars with correspondingly
slower evolution towards their supernova. If we consider the
likely formation of a group of massive stars from a dense
molecular-cloud core, their concerted release of radioactive
isotopes occurs over a period of ≃3–20 Myears after star
formation (Voss et al 2009) (see figure 5). The measurement of
26Al and 60Fe radioactivity gamma rays, therefore, is a tool to
verify our stellar-mass averaged predicted yields from models
of massive-star evolution and nucleosynthesis. In particular,
since the same massive stars are plausible producers of both
those isotopes, yet from different regions and epochs inside
the stars, the measurement of the ratio of 26Al to 60Fe emission
provides a valuable tool, as systematic uncertainties in the
stellar populations themselves (richness, distance) cancel in
such ratio.

Gamma rays from the decays of 26Al and 60Fe isotopes
have been measured with SPI/INTEGRAL from the Galaxy at
large (Diehl et al 2006a, Wang et al 2007, 2009) (figure 14). In
the inner Galactic ridge, a flux at 1808.63 keV of (2.63±0.2)×
10−4 ph cm−2 s−1 rad−1 has been derived (Diehl et al 2010).
The 26Al line is a very bright, diffuse and extended signal from
the Galaxy at large, detected with SPI at a significance above
28σ (Wang et al 2009).

The 60Fe gamma-ray line emission occurs in a cascade
of two gamma-ray lines, at 1172.9 and 1332.5 keV, with
approximately-equal intensities. In none of these lines,

separately analysed in SPI single-detector and multiple-
detector events, could a convincing celestial gamma-ray line
signal be seen. Combining the line intensities in both of
these lines, the spectrum shown in figure 14 has been derived,
which shows 60Fe emission from the sky with a combined
significance of ≃5σ . Clearly, the total gamma-ray brightness
in 60Fe decay is much lower than the one seen from 26Al.
The measured gamma-ray brightness ratio is ≃15%, with an
uncertainty of ≃5% (figure 15).

In the steady state, this brightness ratio constrains massive-
star interiors globally, as those same sources produce each
of these isotopes in different inner regions and at different
times of stellar evolution—yields from models for these object
types should come out consistent for all their nucleosynthesis
products (Diehl et al 2011). Particularly interesting would be
the 60Fe/26Al ratio for source populations of specific ages, as
the ratio varies significantly due to wind-released 26Al before
any core-collapse supernova would eject 60Fe and more 26Al
(Voss et al 2009). 60Fe is exclusively released in supernovae,
although predominantly produced in the late shell-burning
phase before the collapse of the core. Only the Cygnus
region appears within INTEGRAL’s sensitivity range for this,
however (Martin et al 2010).

From nucleosynthesis models of massive stars and
supernovae, it appears that more 60Fe would be expected,
although currently-predicted yields are still in agreement with
the observations, within quoted uncertainties. Note that 60Fe
nucleosynthesis may also occur in a rare subtype of SNIa
explosions at high yields of M⊙, although a single bright
source being responsible for observed 60Fe gamma rays is
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どこで作るのか？：超新星爆発
26Alと60Feは近い場所で作られる 
Ne/C燃焼殻での爆発的元素合成 
26Al 
ニュートリノによる組成変化も影響 
(ニュートリノ破砕反応で自由陽子の数が変わる) 
水素層にあるのは、水素燃焼期（主系列）に作ら
れたものが対流で運ばれた 
60Fe 
ニュートリノの影響はない 
(反応に必要な中性子は核反応から作られる)
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どれくらい作るのか？
典型的にはO(10-5)M⊙/star 

同位体の寿命がMyr 
→ある領域から観測できる時間スケール 
銀河系内の量がわかれば、超新星発生率
が評価できる 
2.6±2.0 SN/century [Timmes+ 1997] 
1.54±0.89 SN/century [Deihl+ 2013]
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536 R. Voss et al.: The interstellar medium around OB associations

Fig. 2. Average time profiles of 26Al and 60Fe for a coeval population
of stars, for the three different sets of stellar models available. The lines
show the amount of the elements present in the ISM per star in the
8−120 M⊙ range. The 26Al yields are divided between the wind and
the supernova contributions, whereas the wind contribution of 60Fe is
negligible. The black lines indicate the results using the yieldsLC2006
supernova yields, whereas the grey lines indicates the results using the
yieldsWW95 yields.

with the very large theoretical uncertainties, observations of 26Al
and 60Fe thus have the potential to place interesting constraints
on the final evolutionary state of very heavy stars, although in an
indirect way, since only the integrated effect of different sources
can be observed.

In Fig. 3, the average time profiles of 26Al (including both the
wind and the supernova contributions) and 60Fe are shown for
different models, together with the statistical variance. Shown
are the 1σ and 2σ statistical deviations (the intervals contain-
ing 68% and 95% of the Monte Carlo simulations) for a popu-
lation of 100 stars in the 8−120 M⊙ range2, corresponding to a
typical nearby star forming region (for example the number of
massive stars formed within the last 15 Myr in the Orion OB1
association is estimated to be close to 100 Brown et al. 1994).
We note that the 8–120 M⊙ range includes more massive stars
than are observed in many nearby regions. However, when a
probabilistic description (such as our Monte Carlo simulations)
is assumed, the limit should be the most massive star theoret-
ically possible in the cluster. Observed clusters correspond to
random realizations of the IMF and the most massive stars in
these can therefore have much lower masses than the upper limit
of 120 M⊙ (see also Sect. 4 where the contributions of various
initial mass ranges to the observables are shown).

2 1 star in this range corresponds to 381, 140 and 188 stars in the
0.1−120 M⊙ range for the Salpeter (Salpeter 1955), Kroupa (Kroupa
2001) and the Scalo (Scalo 1986) mass functions, respectively, and
to 13%, 18% and 5% of the stellar mass.

Fig. 3. Time profiles of 26Al (top) and 60Fe (bottom) for a coeval pop-
ulation of stars. The solid lines indicate the average profiles for the
geneva05 stellar models with the yieldsLC2006 supernova yields.
The the dark and light grey regions show the 1σ and the 2σ devia-
tions for a population of 100 stars between 8 and 120 M⊙, based on
Monte Carlo simulations. The dashed and dotted lines show our main
alternative models. Dashed: geneva97 stellar tracks with yieldsWW95
supernova yields. Dotted: LC06 stellar tracks with yieldsLC2006 su-
pernova yields.

From Fig. 3 it is obvious that for relatively small popula-
tions, it is essential that these statistical effects are taken into
account, when interpreting observations. Also very interesting
is the ratio between the observable strengths of the 60Fe and
26Al γ-ray lines. This is shown in Fig. 4 for the same models
as in Fig. 3. For much of the time, this ratio places stronger con-
straints on the stellar models than the individual observations of
26Al and 60Fe. This is due to the fact that the emissions of these
two elements are correlated. The strong increase in the 60Fe/26Al
ratio seen around the lifetime of an 8 M⊙ star (∼35−50 Myr, de-
pending on the stellar model) is simply an effect of the longer
lifetime of 60Fe, when the elements are not being replenished
(non-steady state situation).

Recent results (Rugel, in preparation) indicate that the life-
time of 60Fe is significantly (∼3.8 Myr) longer than the com-
monly used lifetime of ∼2 Myr. It is unclear if a different life-
time would have any significant impact on the nucleosynthesis
of 60Fe, and a study of this is beyond the scope of this paper.
In Fig. 5 we show the effect on the time profile of 60Fe for
our default model, assuming that the amount of 60Fe released
in the supernova explosions is unchanged. Due to the longer de-
cay timescale, the build-up of the isotope is larger, and in the
period after the main peak (5−15 Myr after the star formation),
the amount of 60Fe present in the ISM is approximately twice
as large as for the shorter 60Fe lifetime. Note that the effect on
the observed flux is different. While there is more 60Fe present
in the ISM, the γ-ray emission per unit mass is decreased due to
the longer decay timescale. This is illustrated by the grey dashed
line in Fig. 5: the integrated amount of γ-ray emission is un-
changed (since the amount of 60Fe released from the stars is un-
changed), but the distribution is slightly shifted to later times.
The only significant effect is the lower peak at ∼5 Myr. It should
be noted that in a constant star-formation scenario (steady-state),

Voss+ 2009
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理論モデルの不定性
10-5-10-4M⊙ 

一つの天体からの元素放出
量は不定性が大きい 
元素合成 
triple-alpha (3α→12C) 
12C+α→16O+γ 

対流の強さ 
生成されて壊れる前に外に運
ばれるかどうか
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Figure 1. Yields vs. stellar mass: comparison between the present study (standard values of the helium-burning reaction rates, AG89 abundances) and previous
publications. (a) 26Al. (b) 60Fe. (c) 44Ti.
(A color version of this figure is available in the online journal.)

with changes in the helium-burning rates. This shortcoming is
especially important because one anticipates that the variation
of the yields with rates might be rapid. The lifetimes of the
long-lived isotopes strongly depend on the temperature of their
environment. For example, Limongi & Chieffi (2006) note that
the lifetime of 26Al drops to 0.19 yr at log (T/K) = 8.4 and
that of 60Fe to 0.5 yr at log (T/K) = 9. Their yields will then
depend on whether or not they are formed in a convective region
of the star and are carried relatively quickly to cooler regions.
Since the details of the convective structure of a star depend on
the helium-burning rates, we expect that the production of 60Fe,
26Al, and 44Ti might show a similar sensitivity. A detailed study
with closely spaced rate changes is necessary.

In this paper, we describe a systematic study of the changes
in SNe synthesis of 26Al, 44Ti, and 60Fe that result from changes
in the helium-burning reaction rates and changes in the initial
stellar abundances. The emphasis is not on the absolute yields,
but on the variations in the yields induced by changes in the
helium-burning reaction rates and the initial abundances. In
total, about 200 stars were evolved; the specific values of the
helium-burning rates used are shown in Figure 1 of Tur et al.
(2007). We find that over the ±2σ range of rates, the yield
changes are large, often a factor of 5 or more, and that the yields
of 60Fe and 26Al often vary rapidly with reaction rate and do not
show simple monotonic behavior.

In Section 2, we present details of the calculations. In
Section 3, we compare our results for the standard values of
the helium-burning reaction rates to prior calculations (AG89
abundances) and then present the outcome of our rate and
abundance changes for the three radioactivities under study.
In Section 4, we discuss other important uncertainties that can
impact the yield predictions and compare our results with results
of observations. Our conclusions are given in Section 5.

2. STELLAR MODELS AND REACTION RATES

We used the KEPLER code (Weaver et al. 1978; Woosley
& Weaver 1995; Rauscher et al. 2002; Woosley et al. 2002) to
simulate stellar evolution from standard hydrogen burning up to
core collapse; a piston placed at the base of the oxygen shell was
then used to simulate the explosion. The outward velocity of the
piston was set to impart a kinetic energy of 1.2 × 1051 erg to the
ejecta as they escape to infinity. After estimating the fallback
from the hydrodynamic SN simulations, the final yields were
determined by employing the parameterization of the mixing
that was used by Woosley & Heger (2007). See Tur et al. (2007)
for a more detailed description of the models.

We used the rates of Rauscher & Thielemann (2000) for
the 26Mg(p, n), 26Al(n, p), 26Al(n,α), 40Ca(α, γ ), 44Ti(α, γ ),
44Ti(α, p), 59Fe(n, γ ), and 60Fe(n, γ ) reactions, the rates of

Tur+ 2010
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地上での測定
深海堆積物の同位体測定 
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60Fe/26Alの下限は
0.18+0.15-0.08 
ガンマ線観測と無矛盾
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profile using the measured average concentration of stable
27Al (1.86!0.07×1019atomsg−1). Taking the exponential
decay into account, we added the 26Al=27Al time profile to
the exponential function obtained from the modern surface
samples (Fig. 3). The maximum lower SN-associated
26Al=60Fe limit of 0.33 results in a SN-associated 26Al signal
hiddenwithin the uncertainty of the terrestrial influx. A higher
26Al SN influx, based on the minimum lower limit of 0.10,
indicates a SN signal that is not entirely supported by the
200 kyr andmoving averages of the measured 26Al=27Al data.
In the following, we examine the wide range of reported

60Fe=26Al ratios deduced from stellar nucleosynthesis
models for compatibility with our experimental data.
Different input physics (e.g., reaction rates, stellar rotation)
in the nucleosynthesis models leads to 60Fe=26Al produc-
tion ratios for SNe that vary between 0.02 and 2 over the
stellar initial mass range of 9 − 25 M⊙ [11–13,41–44].
As an example, we use the lowest reported 60Fe=26Al

ratio of 0.02 [13] to convert the Gaussian-shaped 60Fe time
profile [Fig. 1(b)] to a SN-associated 26Al=27Al time profile,
which is added to the exponential function obtained from
modern surface samples. The resulting signal from the
model is not observed in the measured data [Fig. 1(c)], but
shows that 26Al would have been detected if the SN
ejecta reaching Earth would have carried this low 60Fe=26Al
ratio.
Thus, our experimental SN-associated 60Fe=26Al limits

are in agreement with most of the CCSN-associated ratios
derived from stellar nucleosynthesis calculations (Fig. 4).
ECSNe (not included in Fig. 4) are proposed to have a high
60Fe yield but negligible 26Al production during explosive
nucleosynthesis. After exploding, the expanding remnant
of the ECSN picks up the matter blown out by the stellar
winds of its prior SAGB phase [45] that contains large

amounts of 26Al and 60Fe ([10], Fig. 4). In such a scenario,
the total 26Al=60Fe isotope ratio becomes

!
60Fe
26Al

"

final
¼

60FeSAGB þ 60FeECSN
26AlSAGB

×
26

60
: ð2Þ

For example, the lowest modelled 60Fe=26Al SAGB isotopic
ratio from Doherty et al. [10] is 0.39 (a 7 M⊙ star, Fig. 4),
derived from the SAGB yields of 2.817 × 10−6 M⊙ of 60Fe
and 3.064 × 10−6 M⊙ of 26Al. If this star explodes as
ECSN, an additional 60Fe SN contribution, with a yield
ranging from 3.61 × 10−5 M⊙ to 1.3 × 10−4 M⊙ [14], may
increase the original 60Fe=26Al SAGB ratio to 5.5–18.8. Our
results agree with previous studies that suggested ECSNe
as primary candidates for the origin of the 60Fe signal
2–3 Myr ago [46,47]. However, our sediment data is also
consistent with nucleosynthesis models for more mas-
sive stars.

FIG. 3. 200 kyr-averages of 26Al=27Al isotope ratios, a moving
average summed over five adjacent data points and the expo-
nential function derived from modern samples versus sediment
age. The two SN-associated 26Al signals on top of atmospheric
input (blue) correspond to the specific lower 60Fe=26Al limits
derived from experimental data.

FIG. 4. 60Fe=26Al nucleosynthesis isotope ratios [10–13,41–44]
versus initial stellar mass. We display ratios of (S)AGB stars and
SNe that contribute 26Al and 60Fe to the ISM as well as the
galactic average γ-flux ratio. The shaded blue areas indicate the
possible SN-associated 60Fe=26Al ratios derived from our
measured 26Al data. Abbreviations denote rotating (rot) and
nonrotating (non-rot) stellar models [43]. Z9.6 and W18 refer
to pre-SN evolution models in the mass ranges of 9 − 12 M⊙ and
12.5 − 25.2 M⊙, respectively [44].
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For age determination, preexisting magnetostratigraphic
data [29] were combined with radioisotopic dating values
using the decay of atmospherically produced (cosmogenic)
10Be [22]. The resulting sediment accumulation rates were
∼3 mmkyr−1. Samples (∼3 g each) from the two largest
sets cover the time range of the enhanced 60Fe signal: ELT
45-21 between 1.8 and 2.6 Myr ago and ELT 49-53
between 1.7 and 3.2 Myr. Additionally, recent (near-sur-
face) samples were studied. The silt and clay dominated
[29] sediment samples were leached with a mild acid to
extract the authigenic Al fraction and chemically treated
using a procedure described elsewhere [28,30,31]. On
average, 3 mg of Al2O3 was produced from each sample.
Assuming an 60Fe=26Al isotope ratio of 0.5 (e.g., [32])

and the identical transport of 26Al and 60Fe, we can esti-
mate the SN-associated 26Al deposition in terrestrial
archives from the 60Fe signal. Using the decay-corrected
concentration of ð5–10Þ × 104 atoms g−1 of 60Fe (see
Table 1 in Ref. [22], corresponding to an average deposition
rate of ∼25 atoms cm−2 yr−1), we would expect ð1–2Þ ×
105 26Al atoms g−1 sediment (or ∼50 atoms cm−2 yr−1) at
the time of deposition. After 2.6 Myr of radioactive decay
(corresponding approximately to the SN peak’s center)
ð0.9–1.7Þ × 104 atoms g−1 are left.
The only method sensitive enough to measure such low

concentrations is AMS. The 26Al content of the leachate
was determined via 26Al=27Al isotope ratio measurements
at the AMS facility VERA (Vienna Environmental
Research Accelerator) at the University of Vienna,
Austria. The amount of stable authigenic 27Al was mea-
sured with inductively coupled plasma mass spectrometry
(ICP-MS) at the Helmholtz-Zentrum Dresden-Rossendorf,
Germany. On average, each sample leachate contained
ð1.86 # 0.07Þ × 1019 atoms g−1 of 27Al (see Supplemental
Material [33]). This value combined with the estimated
SN-associated 26Al value of ð0.9–1.7Þ × 104 atoms g−1

results in an isotope 26Al=27Al ratio of ð0.5–1Þ × 10−15,
a ratio very close to the detection limit of ∼6 × 10−16. With
an overall detection efficiency of 2 × 10−4 [34] for 26Al at
VERA, the estimated SN-associated 26Al influx would
result in the detection of 5–10 26Al atoms per 3 g sample.
Concurrent natural 26Al production on Earth makes the

detection of any SN-associated 26Al influx above the
terrestrial background challenging. The main production
mechanisms of 26Al in the Earth’s atmosphere are spallation
reactions via cosmic-ray particles on argon [35]. A mean
atmospheric flux of∼1280 26Al atoms cm−2 yr−1 is observed
in the Earth’s atmosphere, of which about 5% originate from
influx of extraterrestrial matter such as meteorites and
interplanetary dust [36]. These constantly produced cosmo-
genic radionuclides reach the deep-sea sediment surfaces on
timescales of 100 years [37] and make up our baseline
background above which a SN-associated 26Al signal has
to be detected. Postdepositional in situ production also

contributes to the terrestrial 26Al background, albeit at lower
yields [38].
The individual samples were measured with AMS for

several hours each until fully consumed, resulting in a
precision of between 3 and 15%. While the modern surface
samples yielded up to 1240 counts of 26Al atoms in a single
3 g sample, the 3 Myr old samples yielded only∼70 counts.
The measured 26Al=27Al ratios, containing the terrigenic
and any potential SN-associated 26Al, were found to
exponentially decrease with increasing age [Fig. 1(a)].
In the following, we investigatewhether the data show any

SN-associated 26Al influx on top of the baseline influx of
26Al. We assume a constant production rate for 26Al that is
dominated by cosmogenic atmospheric production neglect-
ing in situ production, and no significant SN-associated
influx at present time, as demonstrated by the 60Fe data [22]
[Fig. 1(b)]. Five surface samples yielded a modern ratio of
26Al=27Al ¼ ð2.56 # 0.08Þ × 10−13, which was used to cal-
culate an exponential function with its error [Fig. 1(a)]. This
modern 26Al=27Al surface ratio is in excellent agreementwith
the decay-corrected average of all samples between 1.7 and

FIG. 1. (a) 26Al=27Al ratios of individual samples from four
deep-sea sediment cores versus time, not corrected for radioactive
decay. The exponential decay function derived from the measured
initial (surface) ratio is displayed as a colored line with its
uncertainty range. (b) Decay-corrected 60Fe=Fe ratios as 200 kyr
averages versus age, fitted with a Gaussian distribution and
showing only the fit uncertainties. (c) 26Al=27Al ratios as 200 kyr
averages versus age, not corrected for radioactive decay
(logarithmic scale). The Gaussian-shaped 60Fe signal has been
translated to SN-associated 26Al using an isotopic ratio
of 60Fe=26Al ¼ 0.02.
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profile using the measured average concentration of stable
27Al (1.86!0.07×1019atomsg−1). Taking the exponential
decay into account, we added the 26Al=27Al time profile to
the exponential function obtained from the modern surface
samples (Fig. 3). The maximum lower SN-associated
26Al=60Fe limit of 0.33 results in a SN-associated 26Al signal
hiddenwithin the uncertainty of the terrestrial influx. A higher
26Al SN influx, based on the minimum lower limit of 0.10,
indicates a SN signal that is not entirely supported by the
200 kyr andmoving averages of the measured 26Al=27Al data.
In the following, we examine the wide range of reported

60Fe=26Al ratios deduced from stellar nucleosynthesis
models for compatibility with our experimental data.
Different input physics (e.g., reaction rates, stellar rotation)
in the nucleosynthesis models leads to 60Fe=26Al produc-
tion ratios for SNe that vary between 0.02 and 2 over the
stellar initial mass range of 9 − 25 M⊙ [11–13,41–44].
As an example, we use the lowest reported 60Fe=26Al

ratio of 0.02 [13] to convert the Gaussian-shaped 60Fe time
profile [Fig. 1(b)] to a SN-associated 26Al=27Al time profile,
which is added to the exponential function obtained from
modern surface samples. The resulting signal from the
model is not observed in the measured data [Fig. 1(c)], but
shows that 26Al would have been detected if the SN
ejecta reaching Earth would have carried this low 60Fe=26Al
ratio.
Thus, our experimental SN-associated 60Fe=26Al limits

are in agreement with most of the CCSN-associated ratios
derived from stellar nucleosynthesis calculations (Fig. 4).
ECSNe (not included in Fig. 4) are proposed to have a high
60Fe yield but negligible 26Al production during explosive
nucleosynthesis. After exploding, the expanding remnant
of the ECSN picks up the matter blown out by the stellar
winds of its prior SAGB phase [45] that contains large

amounts of 26Al and 60Fe ([10], Fig. 4). In such a scenario,
the total 26Al=60Fe isotope ratio becomes
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For example, the lowest modelled 60Fe=26Al SAGB isotopic
ratio from Doherty et al. [10] is 0.39 (a 7 M⊙ star, Fig. 4),
derived from the SAGB yields of 2.817 × 10−6 M⊙ of 60Fe
and 3.064 × 10−6 M⊙ of 26Al. If this star explodes as
ECSN, an additional 60Fe SN contribution, with a yield
ranging from 3.61 × 10−5 M⊙ to 1.3 × 10−4 M⊙ [14], may
increase the original 60Fe=26Al SAGB ratio to 5.5–18.8. Our
results agree with previous studies that suggested ECSNe
as primary candidates for the origin of the 60Fe signal
2–3 Myr ago [46,47]. However, our sediment data is also
consistent with nucleosynthesis models for more mas-
sive stars.

FIG. 3. 200 kyr-averages of 26Al=27Al isotope ratios, a moving
average summed over five adjacent data points and the expo-
nential function derived from modern samples versus sediment
age. The two SN-associated 26Al signals on top of atmospheric
input (blue) correspond to the specific lower 60Fe=26Al limits
derived from experimental data.

FIG. 4. 60Fe=26Al nucleosynthesis isotope ratios [10–13,41–44]
versus initial stellar mass. We display ratios of (S)AGB stars and
SNe that contribute 26Al and 60Fe to the ISM as well as the
galactic average γ-flux ratio. The shaded blue areas indicate the
possible SN-associated 60Fe=26Al ratios derived from our
measured 26Al data. Abbreviations denote rotating (rot) and
nonrotating (non-rot) stellar models [43]. Z9.6 and W18 refer
to pre-SN evolution models in the mass ranges of 9 − 12 M⊙ and
12.5 − 25.2 M⊙, respectively [44].
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超新星の多様性
超新星の様々な種族 
明るい人々 
Super-luminous SN 

hypernova/broad-line Ic 

暗い/早い人々 
faint SN 

rapidly-evolving SN 

普通の超新星も広い分布 
爆発エネルギー、Ni量 

起源は？ 
質量、星風、回転、金属量、連星、星
周物質、etc.

26

Luminous Supernovae
Avishay Gal-Yam

Supernovae, the luminous explosions of stars, have been observed since antiquity. However,
various examples of superluminous supernovae (SLSNe; luminosities >7 × 1043 ergs per second)
have only recently been documented. From the accumulated evidence, SLSNe can be classified
as radioactively powered (SLSN-R), hydrogen-rich (SLSN-II), and hydrogen-poor (SLSN-I, the most
luminous class). The SLSN-II and SLSN-I classes are more common, whereas the SLSN-R class is
better understood. The physical origins of the extreme luminosity emitted by SLSNe are a focus of
current research.

Supernova explosions play
important roles in many
aspects of astrophysics.

They are sources of heavy ele-
ments, ionizing radiation, and
energetic particles; they drive
gas outflows and shock waves
that shape star and galaxy for-
mation; and they leave behind
compact neutron star and black
hole remnants.Thestudyof super-
novae has thus been actively
pursued for many decades.

The past decade has seen the
discovery of numerous superlu-
minous supernovaevents (SLSNe;
Fig. 1). Their study is motivated
by their likely association with
the deaths of the most massive
stars, their potential contribu-
tion to the chemical evolution of
the universe and (at early times)
to its reionization, and the possi-
bility that they aremanifestations
of physical explosion mecha-
nisms that differ from those of
their more common and less lu-
minous cousins.

With extreme luminosities ex-
tending over tens of days (Fig. 1)
and, in some cases, copious ultraviolet (UV) flux,
SLSN events may become useful cosmic beacons
enabling studies of distant star-forming galaxies
and their gaseous environments. Unlike other
probes of the distant universe, such as short-lived
gamma-ray burst afterglows and luminous high-
redshift quasars, SLSNe display long durations
coupled with a lack of long-lasting environmental
effects; moreover, they eventually disappear and
allow their hosts to be studied without interference.

Supernovae traditionally have been classified
mainly according to their spectroscopic properties
[see (1) for a review]; their luminosity does not
play a role in the currently used scheme. In prin-

ciple, almost all SLSNe belong to one of two
spectroscopic classes: type IIn (hydrogen-rich
events with narrow emission lines, which are
usually interpreted as signs of interaction with
material lost by the star before the explosion) or
type Ic (events lacking hydrogen, helium, and
strong silicon and sulfur lines around maximum,
presumably associated with massive stellar ex-
plosions). However, the physical properties im-
plied by the huge luminosities of SLSNe suggest
that they arise, in many cases, from progenitor
stars that are very different from those of their
much more common and less luminous analogs.
In this review, I propose an extension of the clas-
sification scheme that can be applied to super-
luminous events.

I consider SNe with reported peak magnitudes
less than −21 mag in any band as being superlu-

minous (Fig. 1) (see text S1 for considerations
related to determining this threshold) (2).

Recent Surveys and the Discovery of SLSNe
Modern studies based on large SN samples and
homogeneous, charge-coupled device–based lu-
minosity measurements show that SLSNe are
very rare in nearby luminous and metal-rich host
galaxies (3, 4). Their detection therefore requires
surveys that monitor numerous galaxies of all
sizes in a large cosmic volume. The first genera-
tion of surveys covering large volumes was de-
signed to find numerous distant type Ia SNe for
cosmological use. These observed relatively small
fields of view to a great depth, placing most of the

effective survey volume at high
redshift (5).

An alternative method for sur-
veying a large volume of sky is
to use wide-field instruments to
cover a large sky area with rel-
atively shallow imaging. With
most of the survey volume at
low redshift, one can conduct an
efficient untargeted survey for
nearby SNe. Such surveys pro-
vided the first well-observed ex-
amples of SLSNe, such as SN
1999as (6), which turned out to
be the first example of the ex-
tremely 56Ni-rich SLSN-R class
(7), and SN 1999bd (8) (Fig. 2),
which is probably the first well-
documented example of the SLSN-
II class (9).

Further important detections
resulted from the Texas Super-
nova Survey (TSS) (10) (text S2).
On 3 March 2005, TSS detected
SN 2005ap, a hostless transient
at 18.13 mag. Its redshift was z =
0.2832, which indicated an ab-
solute magnitude at peak around
−22.7 mag, marking it as the most
luminous SN detected until then
(11). SN 2005ap is the first ex-

ample of the class defined below as SLSN-I. On
18 November 2006, TSS detected a bright tran-
sient located at the nuclear region of the nearby
galaxy NGC 1260 [SN 2006gy (12)]. Its mea-
sured peak magnitude was ~ −22 mag (12, 13).
Spectroscopy of SN 2006gy clearly showed hy-
drogen emission lines with both narrow and
intermediate-width components, leading to a spec-
troscopic classification of SN IIn; this is the proto-
type and best-studied example of the SLSN-II
class.

During the past few years, several untargeted
surveys have been operating in parallel (14). The
large volume probed by these surveys and their
coverage of a multitude of low-luminosity dwarf
galaxies have led, as expected (15), to the detec-
tion of numerous unusual SNe not seen before
in targeted surveys of luminous hosts; indeed,
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Fig. 1. The luminosity evolution (light curve) of supernovae. Common SN explosions
reach peak luminosities of ~1043 ergs s−1 (absolute magnitude > −19.5). Super-
luminous SNe (SLSNe) reach luminosities that are greater by a factor of ~10. The
prototypical events of the three SLSN classes—SLSN-I [PTF09cnd (4)], SLSN-II [SN
2006gy (12, 13, 77)], and SLSN-R [SN 2007bi (7)]—are compared with a normal
type Ia SN (Nugent template), the type IIn SN 2005cl (56), the average type Ib/c
light curve from (65), the type IIb SN 2011dh (78), and the prototypical type II-P SN
1999em (79). All data are in the observed R band (80).
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まとめ
銀河進化における超新星フィードバック 
エネルギー、運動量注入 
化学進化 

ガンマ線で観測できる同位体 
56Ni、44Ti、26Al、60Fe 
特に、26Alと60Fe 

理論モデル 
どこでつくるのか？どれくらい作るのか？ 

これらの情報をふまえて、超新星シミュレーション
と銀河形成進化をどうつなげるか？
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presenting a lowcontrast. On theother hand, HI and 53 GHz
synchrotron maps can be excluded. In fact, we have seen
(Figure 5) that the emission is confined to the central part of the
Galaxy and close to the disk. This explains why the HI map
does not provide a good fit to the data since it extends far in
longitude and contains important emission at ∣ ∣ ⩾l 30 . We can
also point out that distributions built by imaging method
(MEM or MREM) from COMPTEL data appear as good
tracers of the 26Al emission, as expected.

As shown in Figure 7, the reconstructed flux attributed to the
inner Galaxy does not depend much on the template map and is
compatible with a value of 3.3 × 10−4 photons cm−2 s−1, in
agreement with the previously reported values. We observe that
the flux is systematically higher by ∼8% (low-contrast maps)
to 20% (high-contrast maps) when the fixed-pattern back-
ground determination method is used, but it has no scientific
implication. However, the total flux integrated over the whole
sky clearly depends on the contrast of the assumed model. The

more the map is contrasted (from left to right on Figure 7), the
weaker is the reconstructed total flux. This is due to the fact that
the recovered global intensity relies on the central parts of the
image (both higher flux and higher S/N) and that a contrasted
map encompasses less flux in its external parts than a flatter
map. Moreover, we are aware that low-contrast maps may
suffer from significant “cross-talk” between the lowspatial
frequency structure (a kind of pedestal that mimics a flat,
lowsurface brightness emission) and the (more or less
uniform) background contribution.
As an additional test, we have performed correlations

between the direct image with 6° resolution (e.g., ICF of 6°
FWHM) and each of the templates downgraded to the same
∼6° spatial resolution (except the DMR/COBE 53 GHz one,
which originally has 7° resolution). Indeed, the linear
correlation coefficient does not depend much on the template
map and keeps a value greater than 0.9 in latitudeand above
0.7 in longitude, except the HI map (coefficient of 0.4 in
longitude).
Finally, it appears that it is hard to firmly conclude about a

unique solution. This reflects the difficulty of determining
precisely such an extended weakly emitting structure and the
similarity presented by most of the considered maps. However,
we note that the χ2 curves follow the same evolution regardless
of the background determination method and hence that the
conclusions do not depend on it.

3.3. Regions of Potential Excesses

To check quantitatively the significance of the most significant
excesses and known 26Al emitting regions, we have performed a
more complete model-fitting analysis. Note, however, that our
analysis is not optimized for extended pointsources since a map
contribution is necessarily subtracted at the position of the
sources and, at worst, may make them disappear.
The sky model consists of one of the templates listed in

Table 1, to which is added a spatial model including the spots.
For the sources already detected or investigated at 1.8MeV, we
have used the positions and spatial extensions provided by
previous works (Vela, Diehl et al. 1995b; Cygnus region, Martin
et al. 2009; Sco-Cen, Diehl et al. 2010; Orion-Eridanus, Voss
et al. 2010; and Carina, Voss et al. 2012; indicated in bold in
Table 1). To investigate the additional spots not yet referenced
as 26Al emitters, the extent and location are based on the image
analysis using simple models (point-source, Gaussian, or disk).
However, given their lowsignificance and the SPI spatial

Figure 5. Image of the 26Al line (1805–1813 keV). The image is built with a
resolution (ICF FWHM) of 6°. For this image reconstruction, the background
pattern is adjusted as explained in Section 2.5.3. The contours are extracted
from the 3° resolution image. In units of ×10−3 photons cm−2 s−1 sr−1, they
correspond to 0.54, 1.1, and 2.7. Identified regions, from left to right: Perseus
region (105° ⩽ l⩽170°) (Taurus clouds), Cygnus/Cepheus region (75° ⩽
l⩽100°), the inner Galaxy (−30°⩽ l ⩽ 30°, −10° ⩽ b ⩽10°), Carina
(l = 286°, b = 1°), and the Vela region (260° ⩽ l⩽ 270°). At midlatitude, the
Sco-Cen region (300° ⩽ l⩽360°, 8° ⩽ b ⩽30°). FITS file available at
http://sigma-2.cesr.fr/integral/science-products.

Figure 6. Relative chi-square variation (c )L
2(rel.) vs. assumed template to model

the distribution of the 26Al line. c )L
2(rel.) is the cL

2 from which the value of the
best-fitted template is subtracted. The best template is the 100 μm template for
the fitted-pattern method (cL

2= 1258778.1 for 1261797 dof) and the 25 μm
template for the fixed-pattern method (cL

2= 1266968.4 for 1262208 dof).
Terms: sync., dust, and free–freeare abbreviations for 53 GHz synchrotron,
dust, and free–free maps described in Table 1. MEM and MREM indicate the
COMPTEL maps, A[3.5 μm] and A[4.9 μm] corrected NIR extinction map.
The red curve is for the fitted-pattern method and green for the fixed-pattern
method. The maps are ordered following their contrast defined as the ratio of
the flux enclosed in the region <∣ ∣l 150 , <∣ ∣b 15 to the total flux.

Figure 7. Flux in the inner Galaxy as a function of the map used to model the
distribution of the 26Al line. The labels are the same as in Figure 6. The dashed
blackcurve is the total flux in the Galaxy (fitted-pattern), scaled by a factor of
0.2. The dotted lines (red for fitted-pattern and green for fixed-pattern) are the
fluxes obtainedif an isotropic emission (possibly extragalactic) estimated by
using the map emission at >∣ ∣b 40°is subtracted from each template. The
labels are the same as in Figure 6.
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Figure 13. The interior structure of massive stars is complex towards their later evolution: intermittent shell burning occurs, simultaneously
in addition to core nuclear burning. This Kippenhahn diagram shows the evolution of a massive-star interior towards the supernova in a
logarithmic time scale, for a star of initial mass 22 M⊙). The production sites of 26Al and 60Fe are indicated, as well as the mass loss from
stellar wind in the Wolf-Rayet phase. Adapted with permission from Heger et al (2003). Copyright 2003 Elsevier.

a time scale of ≃106 years (figure 13). Therefore, decay of
these isotopes in interstellar space as produced by the most-
rapidly evolving, most-massive stars will occur simultaneously
with further ejection by lower-mass stars with correspondingly
slower evolution towards their supernova. If we consider the
likely formation of a group of massive stars from a dense
molecular-cloud core, their concerted release of radioactive
isotopes occurs over a period of ≃3–20 Myears after star
formation (Voss et al 2009) (see figure 5). The measurement of
26Al and 60Fe radioactivity gamma rays, therefore, is a tool to
verify our stellar-mass averaged predicted yields from models
of massive-star evolution and nucleosynthesis. In particular,
since the same massive stars are plausible producers of both
those isotopes, yet from different regions and epochs inside
the stars, the measurement of the ratio of 26Al to 60Fe emission
provides a valuable tool, as systematic uncertainties in the
stellar populations themselves (richness, distance) cancel in
such ratio.

Gamma rays from the decays of 26Al and 60Fe isotopes
have been measured with SPI/INTEGRAL from the Galaxy at
large (Diehl et al 2006a, Wang et al 2007, 2009) (figure 14). In
the inner Galactic ridge, a flux at 1808.63 keV of (2.63±0.2)×
10−4 ph cm−2 s−1 rad−1 has been derived (Diehl et al 2010).
The 26Al line is a very bright, diffuse and extended signal from
the Galaxy at large, detected with SPI at a significance above
28σ (Wang et al 2009).

The 60Fe gamma-ray line emission occurs in a cascade
of two gamma-ray lines, at 1172.9 and 1332.5 keV, with
approximately-equal intensities. In none of these lines,

separately analysed in SPI single-detector and multiple-
detector events, could a convincing celestial gamma-ray line
signal be seen. Combining the line intensities in both of
these lines, the spectrum shown in figure 14 has been derived,
which shows 60Fe emission from the sky with a combined
significance of ≃5σ . Clearly, the total gamma-ray brightness
in 60Fe decay is much lower than the one seen from 26Al.
The measured gamma-ray brightness ratio is ≃15%, with an
uncertainty of ≃5% (figure 15).

In the steady state, this brightness ratio constrains massive-
star interiors globally, as those same sources produce each
of these isotopes in different inner regions and at different
times of stellar evolution—yields from models for these object
types should come out consistent for all their nucleosynthesis
products (Diehl et al 2011). Particularly interesting would be
the 60Fe/26Al ratio for source populations of specific ages, as
the ratio varies significantly due to wind-released 26Al before
any core-collapse supernova would eject 60Fe and more 26Al
(Voss et al 2009). 60Fe is exclusively released in supernovae,
although predominantly produced in the late shell-burning
phase before the collapse of the core. Only the Cygnus
region appears within INTEGRAL’s sensitivity range for this,
however (Martin et al 2010).

From nucleosynthesis models of massive stars and
supernovae, it appears that more 60Fe would be expected,
although currently-predicted yields are still in agreement with
the observations, within quoted uncertainties. Note that 60Fe
nucleosynthesis may also occur in a rare subtype of SNIa
explosions at high yields of M⊙, although a single bright
source being responsible for observed 60Fe gamma rays is
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