
超新星元素合成の基礎：
観測データの理解を視野に入れて

前田 啓一

京都大学 宇宙物理学教室



Astrophysical Models

Theoretical Astrophysics Nuclear Theory & Experiments

Stellar Evolution

Explosion Dynamics
Reaction Rates

Equation of States

Opacities

Nucleosynthesis

Radiation Transfer

Observational Astronomy

Imaging

Spectroscopy



List of contents

• Introduction: 

– Stellar evolution and Supernovae.

– Explosion Mechanism. 

• Explosive Nucleosynthesis: 

– Thermonuclear reaction basics. 

– Shock propagation and explosive nucleosynthesis. 

• Examples of Observations: 

– Supernova Remnants.

– SN 1987A.

– Extragalactic Supernovae. 



List of contents

• Introduction: 

– Stellar evolution and Supernovae.

– Explosion Mechanism. 

• Explosive Nucleosynthesis: 

– Thermonuclear reaction basics. 

– Shock propagation and explosive nucleosynthesis. 

• Examples of Observations: 

– Supernova Remnants.

– SN 1987A.

– Extragalactic Supernovae. 



Stellar Evolution and Supernovae (SNe)

H-burning WS, 2009.2.19-20

CC-SN

GRB

SN Ia



Supernovae = A key in the cosmic cycle

Heavy Elements 

(Metals)

Star Formation

(triggered by metals)



Core-Collapse Supernovae (> 10M


)
Core Collapse Proto Neutron Star

Bounce Stall ⇒ ν heating
Supernova 

Explosion



Neutrino heating (+ explosion?)
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If, ~ 1% of Eν⇒Kinetic Energy

“Delayed Neutrino Explosion”

Consensus: Does not work in 1D. 

Wilson 1982

Liebendorfer+ 

2002



Neutrino heating in multi-D

Buras, Marek , Janka (MPA)



Neutrino Heating in Multi-D

Kotake+Iwakami



Other Scenarios

Moesta+ 2014

Takiwaki+Kotake

2011

長瀧さんHPより
（Nagataki 2011）

MacFadyen+

Woosley

1999

MHD+Rotation

(Magnetar Formation)

“Collapser” (ν/MHD+Rotation, > 25M


?) 

(Black Hole Formation)
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Explosive Nucleosynthesis above Fe core

H, He

C, O, Si

Fe

~ 1013 cm

~ 1011 cm

~ 108 cm

~ 1010 cm

Once the shock is 

launched, the high 

temperature there 

induces explosive 

nucleosynthesis above 

the Fe core.

Dynamics [ρ(r,t), T(r,t)]

⇒ Nuclear reactions [Xi(r, t)] 



Stellar and SN Nucleosynthesis

Pioneering works by many “big names” 

since 1950’s. (e.g., B2FH paper).



Thermonuclear Reactions

Z + Z: Coulomb barrier

High T 

⇒ Particles w/ high energy

Tunneling

Gamov Peak

# 核力による反応が共鳴を待たない場合

（クーロン障壁を超えた後の反応率がエネ
ルギーにほとんど依存しない場合）。

ρ, T ⇒ Reaction Rate

(in principal)



Astrophysical Models

Nuclear Theory & Experiments

Reaction Rates

Equation of States

Opacities

Reaction Rates

(Most) Astrophysics thermonuclear reactions can be treated  

within the statistical Hauser-Feshbach model of nuclear reactions 

(compound nucleus reactions by averaging over resonances): 

Nuclear Ingredients from nuclear 

experiments & theory 
(mass, shell energy, energy levels, resonances, …)

⇒Cross section calculations



Reaction Network



Reaction Network

Ci :Relative numbers of particles in the reaction.

Ri: Reaction rate 

decay                            two-body            three-body

photodisintegration                                         (e.g., 3α)

e/e+ capture

ν-induced



Thermal conditions behind the shock

Rrough estimate:

• EK ~ (4π/3) R3 aT4

↓

• T∝(EK/R3)1/4

• > 109K, up to O core.
• Higher T for inner. 

1051 erg

30x1051 erg

KM,Tominaga, 2009

T9 = T/109K  at the passage of the shock (i.e., peak T)

Fe/Si Si/O    O/He



CC-SN Nucleosynthesis
Before 

SN

After 

SN

Fe core
Si core O core

Shock 

Wave

• Explosive burning.

• T∝(EK/R3)1/4

• T9 = T/109K > 5: Si-burn.

• T9 = 4-5: incomplete Si-burn. 

• T9 = 3-4: O-burn.

• T9 = 2-3: C,Ne-burn.

56Ni, He, Fe-peak

Si, S, Fe, Ar, Ca, Fe-peak

O, Si, S, Ar, Ca

O, Mg, Si, Ne

NS/BH

(“mass cut”)

Ejecte

d
Mr



T > 5×109 K: Equilibrium

• Weak interactions are decoupled. 

• Nuclear reactions:

– NSE（> 5x109K）: Nuclear Statistical Equilibrium

• A⇔B⇔C⇔D⇔E⇔F⇔G…

• At any moment, ALL isotopic composition described by T, 
ρ, Ye (p/n ratio) at given time t. 

• History enters in weak interaction (Ye change) and timing 
of the freezeout (when reactions decoupled). 



NSE
Xi(T) for given ρ, Ye(=0.5) Xi(Ye) for given ρ, T(=3.5GK)

p=n p<n

Temperature given by 

explosion dynamics

Ye given by 

(1) Progenitor (before exp.)

(2) weak interaction (dur. exp.)



56Ni in SN explosive nucleosynethsis

• Why 56Ni most abundant? (for initial Ye~0.5)

– NSE ⇒ Forms most stable isotope. 

• Fe-peaks (for T ~ 5 x 109 K). 

– Electron capture is slow. p/n ratio ~ 1. 

• 56Ni has equal number of protons and neutrons in it. 



α-rich freezeout (higher T)

• For high entropy (or high T), triple-α decuples.

– NSE (Fe-peaks) + α  left after the “freezeout”.

• α eventually captured

by heavy (NSE) elements.
40Ca⇒44Ti⇒48Cr(→48Ti)
56Ni⇒60Zn⇒64Ge(→64Zn)

… 



In practice
• Hydrodynamic simulation to get thermal history. 

– Core-collapse SNe. 

• Decent first-principal explosion model only exist for 
“ONeMg” explosion (weak SN, ~ 8Msun).

• Mimic the collapse-explosion by a parameterization, then 
follow the shock in the Si/O/He/H layer. 

– SNe Ia. 

• State-of-the-art simulations give decent “explosion” and 
thermal history for nucleosynthesis.  

• “Small” reaction network for major isotopes. 

• Postprocess “Large” network calculation to get 
the composition for each hydro elements. 



Bipolar/2D Models

Nagataki+ 1997 KM+ 2002

Ono+ 

2013

Tominaga, KM+ 

2009

Most intensively studied multi-D models in 

SN nucleosynthesis study. 

Relatively simple, but may catch the main 

global property of the SN explosion(s). 
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Supernova Remnants



Distribution of radioactive isotopes
Cas A Supernova Remnant

44TiFe（←56Ni） Mg

Riken Press Release, 2014/2/20



Distribution of radioactive isotopes
Cas A Supernova Remnant

44TiFe（←56Ni） Mg

Riken Press Release, 2014/2/20

44Ti: α-rich freezeout

(←high T←Explosion)

decay in 89 years

Nagataki+ 1997

78.4 & 67.9 keV

1.157 MeV



Distribution of elements
SN1006

(「明月記」に記された
超新星)

Kyoto U. Press Release, 2013/7/2



Abundance 
diagnostics

Optical: Cold plasma

Cygnus loop

X-ray: hot plasma

Kepler SNR

X-ray: hot plasma

SN 1006

Park+ 2013
Uchida+ 2013



Abundance 
+ 3D kinematics

IR [Ar II] 

X Fe K 

IR [Ne II] 

X Si XIII 

opt

Delaney+ 20102D Spatial image + Doppler shift @ each point

Cas A SNR



Beyond Galactic Supernova Remnants

Wikipediaより抜粋

No SN discovery in our Galaxy after SN 1604.



“SNR” 1987A
Hubble 

Telescope



Early bright phase : Spatially unresolved

Total input

(56Ni→)56Co→56Fe

(57Ni→)57Co→57Fe

44Ti→44Sc→44Ca

Fransson+02

Radioactivities

⇒ Optical Light Curve

Fransson+13

Metal emission/absorption lines in optical



Radioactivities at high energy

Mixing

↓

Lower column density

Itoh+ 1987 Kumagai+ 1988

SN 1987A:

Prediction: X-ray after 1 yr

Observation:  X-ray at 0.5 yr

(56Ni→)56Co→56Fe



Radioactive 44Ti in SN 1987A

44Ti (INTEGARL)



Extragalactic Supernovae



Radioactivity as a power source (mostly 56Ni)

Total input

(56Ni→)56Co→56Fe

(57Ni→)57Co→57Fe

44Ti→44Sc→44Ca

Fransson+02

Radioactivities

⇒ Optical Light Curve

Optical luminosity⇔ M(56Ni)

1998bw

2003lw
2003dh

2006aj

1994I

0                      40                   80

Time (day)

~0.1M


~0.5M


Bolometric (UBVRI)



Metal Absorption/Emission Lines

[CaII] 7308

[NiII]

[OI]

[FeII]

爆発直後（高密）：表面組成⇒膨張⇒1年後（低密）：内側（explosive）



Updated from Nomoto+ 2003

Global properties

Light curve + spectral 

modeling

⇒Progenitor mass

Explosion energy

Luminosity

⇒M(56Ni)

Environment, host 

galaxy

⇒Age

Metallicity



Kinematics

重力崩壊
型超新星
の理論

酸素の出す光
青 赤

すかすかになって、
内側まで見通せる

~1年



後期分光：爆発機構

重力崩壊
型超新星
の理論

酸素の出す光
青 赤

すかすかになって、
内側まで見通せる

~1年

すばる望遠鏡

前田、川端他、2008, Science



INTEGRAL

（欧州宇宙機関）

SN Ia 2014J @M82

1986年以来もっとも近くで
発生したIa型超新星

Ia型超新星からの
核ガンマ線検出。
これまでは1987A（
重い星）のみ。

Radioactivity: Direct detection

@ 60 – 80 days: 

Churazov+ 2014

@ 20 days: Diehl+ 2014
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