
Sec$on 9. 
Stellar stability and supernovae

9.1 Thermonuclear supernova 

9.2 Core-collapse supernova



Let’s understand these ques$ons  
with the words of physics

• Why are stars so luminous? 

• Why do stars show L ~ M4? 

• Why do stars evolve? 

• Why does the des9ny of stars depend on the mass? 

• Why do some stars explode? 

• Why don’t normal star explode? 

• Why does stellar core collapses? 

• Why is the energy of supernova so huge? 

• …
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C+O 1 2 3 4

zone T (K) Ρ (g cm-3) Elements

1 (7-9) x 109 108-9 NSE + e-capture 56Fe, 54Fe, 58Ni

2 (5-7) x 109 107-8 NSE 56Ni

3 (4-5) x 109 <107 Incomplete Si 
burning

28Si, 32S, 40Ca

4 < 4 x 109 <107 Incomplete O 
burning

16O, 24Mg

*NSE = nuclear sta$s$cal equilibrium (核統計平衡)



Thermonuclear supernovae

Normal stars are stable with nuclear burning 

Why do white dwarfs explode by nuclear burning? 
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and, consequently, does not rely on stationarity or large-scale homo-
geneity, asymptotic isotropy toward smaller length scales is required
for consistency. In the case of incompressible turbulence, asymp-
totic isotropy becomes manifest in the Kolmogorov k!5/3 scaling
for sufficiently largewavenumbers k. This scaling has been found in
simulations of Rayleigh-Taylor unstable stratifications (Cabot &
Cook 2006), as well as in buoyancy unstable flames in degen-
erate WD matter Zingale et al. (2005).

Figure 3 shows compensated energy spectrum functions,
k5/3E(k), derived from our simulation for several instants of time
ranging from 0.5 to 1.0 s after ignition. For turbulent velocity fields
obeying Kolmogorov scaling, the compensated spectrum functions
are expected to be constant. Wavenumbers are normalized by
!/(512!0), where !0 is the cell size in the uniform part of the
grid. Since the grid is inhomogeneous and does not satisfy pe-
riodic boundary conditions, the velocity fields obtained from the
simulation were zero-padded in the outer regions with Gaussian

windowing functions in order to compute Fourier transforms.
This is why the compensated spectrum functions are plotted for
normalized wavenumbers greater than 16 only. At all times con-
sidered here, it can be seen that the spectrum functions are well
approximated by the Kolmogorov power law for intermediate
wavenumbers, thus indicating the presence of an inertial subrange.
Therefore, the simulation is as well resolved as the modeling ap-
proach requires. Higher resolution is not expected to change the
characteristics of the turbulent flame propagation.

6. RESULTS AND COMPARISON WITH OBSERVATIONS

The present deflagration simulation of a thermonuclear super-
nova makes distinct predictions for observables that can be tested
against real SNe Ia. With certain observables like polarimetry
spectra and spectra of the nebular phase it may be possible to
check details of the results of pure deflagration models against
observations and potentially assess its validity. This certainly

Fig. 1.—Evolution of the thermonuclear supernova explosion simulation. The zero level set associated with the thermonuclear flame is shown as a blue isosurface and the
extent of the WD is indicated by the volume rendering of the density. The top left panel shows the initial setup, and the close-up illustrates the chosen flame ignition config-
uration. The subsequent two panels illustrate the propagation of the turbulent flame through theWDand the density structure of the remnant is shown in the bottom right panel.

3D DEFLAGRATION MODEL FOR SNe Ia 1135No. 2, 2007

Roepke 2007

0.0 sec 0.6 sec

3.0 sec 1.0 sec

70,000 km

2,000 km1,000 km

20,000 km



C: David Hardy

Accre$on from 
 non degenerate star

How to trigger explosion (progenitor scenarios)

Merger of two white dwarfs

C: NASA

single degenerate double degenerate

Which is correct or dominant? Not yet understood



Summary: Thermonuclear supernovae

• Explosion of white dwarf close to Mch 

• Nuclear burning => runaway under degenerate condi9on 

• Explosive nucleosynthesis 

• About 0.8 Msun of Fe-group elements (56Ni & 56Fe, 54Fe, 58Ni)   
> Core-collapse SNe 

• About 0.4 Msun of intermediate mass elements (28Si, 32S, 40Ca) 

• Progenitor scenario 

• Single degenerate or double degenerate 

• Not yet solved
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Figure 12.5. Evolution of central temperature and density of 15M! and 25M! stars at Z = 0.02 through all
nuclear burning stages up to iron-core collapse. The dashed line indicated where electrons become degenerate,
and the dash-dotted line shows where electrons become relativistic (εe ≈ mec2). The dotted line and arrow in-
dicates the trend Tc ∝ ρc1/3 that is expected from homologous contraction. Non-monotonic (non-homologous)
behaviour is seen whenever nuclear fuels are ignited and a convective core is formed. Figure adapted from
Woosley, Heger & Weaver (2002, Rev.Mod. Ph. 74, 1015).

12.3.1 Evolution with significant neutrino losses

In Sect. 6.5 we discussed several weak interaction processes that result in spontaneous neutrino emis-
sion at high temperatures and densities, such as photo-neutrinos, plasma-neutrinos and pair annihila-
tion neutrinos. When the central temperature exceeds ∼ 5 × 108 K, these neutrino losses are the most
important energy leak from the stellar centre, taking away energy much more rapidly than photon
diffusion or even convection can transport it to the surface. From this point onwards the neutrino
luminosity from the core far exceeds the luminosity radiated from surface, Lν & L.

The dependence of the nuclear energy generation rate εnuc and the neutrino loss rate εν on temper-
ature are depicted in Fig. 12.6, for the centre of a typical massive star (i.e. following an evolution track
approximating those shown in Fig. 12.5). Both εν and εnuc increase strongly with temperature, but the
T -dependence of εnuc is larger than that of εν. During nuclear burning cycles energy production and
neutrino cooling are in balance, εnuc = εν, and this condition (the intersection of the two lines) defines
the temperature at which burning takes place.1

During each nuclear burning phase, Lnuc = Ėnuc ≈ Lν, which thus results in a much shorter
nuclear timescale than if neutrino losses were absent: τnuc = Enuc/Lν ' Enuc/L. Similarly, in
between burning cycles the rate of core contraction (on the thermal timescale) speeds up: Ėgr ≈ Lν
so that τth = Egr/Lν ' Egr/L. Therefore the evolution of the core speeds up enormously, at an
accelerating rate as the core continues to contract and heat up. The lifetime of each nuclear burning
stage can be estimated from Fig. 12.6 by approximating τnuc ∼ q/εnuc, where q is the energy gain per
unit mass from nuclear burning (∼ 4.0, 1.1, 5.0 and 1.9 × 1017 erg/g for C-, Ne-, O- and Si-burning,

1Note that because εnuc is a steeper function of T than εν, nuclear burning is stable also in the presence of neutrino losses:
a small perturbation δT > 0 would increase the local heat content (εnuc > εν), leading to expansion and cooling of the core
until thermal equilibrium is re-established.
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Timescales for nuclear burning stages

Figure 12.6. Energy generation rate and neutrino loss rate during the advanced evolution of a massive star.
The stellar center is assumed to follow a track approximating that shown in Fig. 12.5. The intersections of
the nuclear burning lines with the neutrino loss line define the burning temperature of the corresponding fuel.
Figure from Woosley, Heger & Weaver (2002).

respectively) and εnuc is the energy generated per gram and per second at the intersection with εν in
Fig. 12.6. Thus the lifetime ranges from several 103 years for C-burning to about a day for Si-burning!

12.3.2 Nuclear burning cycles: carbon burning and beyond

When the temperature in the contracting C-O core reaches 5 − 8 × 108 K (depending on the mass of
the core), carbon is the first nuclear fuel to be ignited. The reactions involved in carbon burning and
further nuclear burning cycles were treated in Sec. 6.4.3. In the following sections we briefly review
these and discuss the consequences for the structure and evolution of the star. A typical example of
the interior evolution is shown in Fig. 12.7 for a 15M# star, and the corresponding stellar properties
are given in Table 12.1.

Table 12.1. Properties of nuclear burning stages in a 15M# star (from Woosley et al. 2002).

burning stage T (109 K) ρ (g/cm3) fuel main products timescale

hydrogen 0.035 5.8 H He 1.1 × 107 yr
helium 0.18 1.4 × 103 He C, O 2.0 × 106 yr
carbon 0.83 2.4 × 105 C O, Ne 2.0 × 103 yr
neon 1.6 7.2 × 106 Ne O, Mg 0.7 yr
oxygen 1.9 6.7 × 106 O, Mg Si, S 2.6 yr
silicon 3.3 4.3 × 107 Si, S Fe, Ni 18 d
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Neutron star 
or 

Black hole

Collapse 
(< 1 sec)

Supernova!



Core-collapse supernovae

What happens to massive stars at the end of lives? 
Where does huge energy come from?
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1.2 超新星とは何か 7
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図 1.4 重力崩壊型超新星の爆発メカニズムの概要．重い星の中心部にある鉄
コアの重力崩壊から始まり，密度・温度が高まる中で発生したニュー
トリノが閉じ込められたまま，コアバウンスが起こり衝撃波が発生し
て，星の爆発に至る．爆発の際には超新星ニュートリノが放出され，周
辺では元素合成が起こり，中心には中性子星が残される．

の伝搬とともに温度上昇による核反応が急激に起こり爆発的元素合成が行なわ
れる．
このシナリオの各要素を物理過程からスタートして概説して，爆発メカニズ
ムについての大枠を理解できるようにしたい，というのが本書の狙いである．
超新星の中身を理解するうえで難しい点は，大きく異なるスケールの対象を扱
うところにある．従って，各スケールでの物理過程を理解したうえで，どれく
らいの大きさ・時間・質量・エネルギー等のスケールなのかを把握できるよう
になるとよい．例えば，星がつぶれ始めてから爆発するまでが約 1秒，超新星
ニュートリノの放出が数 10秒程度，と短い時間に多くのことが起こっている．
この時間スケールは何で決まっているのだろうか．鉄コアの質量は太陽質量程

(C) 原子核から読み解く超新星爆発の世界 

住吉光介さん著 (Kosuke Sumiyoshi)
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Summary: Core-collapse supernovae

• Stability of star 

• Dynamically unstable if adiaba9c index γ < 4/3 

• Degenerate Fe core => unstable 

• What trigger the core-collapse? 

• Energy source 

• Gravita9onal energy 

• Collapse of the core (~1 Msun) to ~10 km size 
=> 1053 erg


