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La mort explosive
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Supernovae
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Galactic Center

Aucune supernova visible dans la Voie Lactée dépigisles
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LO®nergi e des supernovae
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Source de cette energie ?
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STARS: Luminosity vs Effective Temperature
(Magnitude vs Colour)
Hertzsprung 0 Russel Diagram (HRD) H

Main Sequence: Hydrogen burning
Main Form of Proton-Proton (pp) Chain in Sun and

T Low Mass Stars
Surface Temperature (x 1000 K) (ML5Ms  T<20MK)
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After the The Triple Alpha Process
Main Sequence (Helium Fusion) (gamma photan)
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Hydrogen envelope

Rayon:
700 000 0daMm
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par la combustion
nucléaire chauffe
| e coeur
et lui permet de
résister a sa
propre gravitation

Le fer56 est le noyau le plus stable de la nature
et ses r®actions ne d®gage

Le coeur de f er sdoeffo




Advanced burning stages in massive stars

o o
T 200 million K T 900 million K
IMPORTANT REACTIONS IN HELIUM BURNING IMPORTANT REACTIONS IN CARBON BURNING
Energy generation: Basic:
*He(2a,y)" 2Clat,y) *O(at,7)*°Ne 20N
12C 12C x
Neutron source: > 23
14 18 18 22 (o y)stg ' P Na
+ _ s
Neap) *F(B7)**Ofay)**Ne ' s po **Na(p,2)**Ne *Na(p,y)**Mg
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T 1500 million K T 2000 million K
| NEON BURNING OXYGEN BURNING
Basic reactions: Basic reactions:
‘ 16 31
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160 (l 60,{1)285i
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31 P(p‘a)2 BSi(a‘}’)MS

*58i(y,2)**Mg(a,p)* " Al(e,p)*°Si

28(n,y)*?S(n,2)*°Si(a,y)**S



Si Mel {Ti nB ?°K)1 0

At high temperatupt®todesintegratiori¢gga) @ p)0,n)]become very rapid
Ejected particlagfg,a) are captured by nuclei to form nuclei with larger binding ¢
Si28 gy Mg24 e Si28+4auy S324+g S32+ay Ar36tg Ar36 tay Cad0ge

Reaction: 1 +2 —3+4(+S)

Reaction energy: S = (m; + my - m3 - my) ¢?

=Qs + Q- Q- Qe
[ Nucleus Binding Energy:

Q:(ZmP—NmN—m)CQ]

Cross section: < gv >34 X < 0V >qp ¢ /KT

High T — Equilibrium: Rate;; = Rates,
N1 No < ov >12 = N3 Ny < ov >34

N
3 Ny  eS/kT
N;i Ny

Matter composition shifts to Fe-peak nuclei (largest binding energies)
Energy produced: E/m 1.0erlgd/ gr 0. 2 MeV/



COSMIC ABUNDANCES _
log(Si)=6 E

BINDING ENERGY PER NUCLEON
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Cosmic abundances of
nuclides are roughly
correlated with

nuclear stability

(alphanuclei, Fe peak nuclei or
nuclei with even nucleon number
are more abundant

than their neighbors)

Nuclear processes
have shaped the

cosmic abundances :
of the chemical elements



NUCLEAR STATISTICAL EQUILIBRIUM (NSE)

When a#itrong nuclear reactiomse equilibrated, timuindancef a nucleus depends o
binding energythe ambietémperatur@anddensityand theeutron excesR=(NZ)/(N+Z

Weak interaction@®nostly electron captures)
never reach equilibrium (because neutrinos escape),
and slowly incredséneutronisation)

CO(A L Zl)
24

Y(A, Z) = (pN )" A2

2 hZ 3/2(A4;— 1)
x ( = ) e QULZIRTYZ YN = j— 1, N —2 (8)

myg kT
Y,
ot — Z (Zk — Zj))“j 13 > (9)
Jj.k
> YA4,=1, (10)

where w(A;, Z;) is the partition function and Q(A4;, Z)) is
the bmdlng energy of the species i. The first N — 2 equa-
tions give the NSE distribution of all of the nuclear species,
but for the neutrons and protons, equation (9) describes the

neutronization due to the weak 1nteract10ns and equation
(10) represents the conservation of mass.
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R [km]‘ Initial Phase of Collapse

(t ~ 0) Le coeur de Fer 1 nt e
R~ 3000 :
, plus vite que le coeur externe

Sa densité augmente:
electron + proton neutron + neutrino

Neutronisatiodu coeur interne

Les neutrinos peuvent encore
s0O®chapper faci

R [km] Neutrino Trapping

P t~0.1s, ¢.~10'2 g/cms3
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Densité plus grande que
1 million de tonnes par
Les neutrinos sont piégéans
le coeur interne,
qui est toujours en effondrement

~ 100 |--
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A iy .
R [km] Bounce and Shock Formation Densité centralel00millions de tonnes par &n

(t~0.11s, Qc< 2Q0) Les noyaux se touchent ;

R
| Fe j 2 matiere nucléaire incompressible
radius of / / _ _
fos;rnoactron Le coeur interne rebondit ;
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~10
Le coeur externe de Fer continue a tomb
a 70 00km/s

R [km]

I:{Fe
'\ M(r)Rg ~ 100 km
RV

Shock Propagation andv, Burst
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Si le coeur stellaire est assez petit
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Si le coeur stellaire est assez petit (i.e. une étoile de masse iifiald 30=))
| 8 onde de choc par vibwlogonrapideai r e e
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Ldenvel oppe est exp éatbile ®reuteonsesterau aerdrs i d

Mai s cela concerne tr s peu df¢
Comment font les autres ? TROUS NOIREDN !



Shock Stagnation and v Heating,

/ / Explosion (t ~ 0.2s)

Les neutrinos piégés dans le coeur
commencent 7 s¢
au bout de quelques dixiemes de seco
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(99 % de | 0®nergi e
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La nucléosynthese explosive dans les supernovae
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Les supernovae sont

les chefsalchimistes e noyau stable Fs6est produit sous la forme
(les principaux sites instable (radioactive) de-B@:
de nucléosynthese) Ni-56 Co-56 Fe-56
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20 M star:
Pre-explosive composition
of inner layers

20 M star:
Post-explosive composition
of inner layers



