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- possible ancient supernovae (China -1400 ; China 185 ; China 386-387)

Historical remarks

Figure 42 – Les plus anciens témoignages écrits d’une supernova ? Gauche et milieu : deux fragments

d’os sacrés (ou fragments de carapace de tortue) datant du XIVe siècle av. JC, sous la dynastie Shang. Ils

rapportent l’observation d’événements qui pourraient être des supernovae. Seul le second fragment donne une

direction, on ne peut donc pas dire s’il s’agit de deux descriptions du même phénomène. Droite : inscription

chinoise trouvée sur le fragment du milieu « Le septième jour du mois, un jour « Ji-Si », une nouvelle étoile

remarquable apparaît en compagnie d’ [Antarès (α Sco)] » (figure tirée de Z. Wang, 1996).

– Une supernova au XIVe siècle avant Jésus Christ ? Sous la dynastie des Shang (la première dynastie

chinoise historique), une « remarquable étoile nouvelle » est mentionnée sur un ou plusieurs os sacrés

(figure 42). L’événement n’est pas décrit assez précisément pour exclure d’autre interprétation qu’une

supernova, comme par exemple une comète ;

– SN185 : cette supernova est relativement bien décrite, mais dans un système d’unités photométriques assez

difficile à convertir en flux dans le système SI : « La deuxième année de l’ère Chung-P’ing, sous le règne de

l’empereur Hsiao-Ling, le dixième mois, jour « kwei-hai », une étoile invitée apparut dans Nam-Mên. Elle

était aussi grande que la moitié d’un tapis ; elle brillait de cinq couleurs, et elle scintillait. Elle devint de

plus en plus nette et disparut pendant le sixième mois de l’année suivante ». La date exacte et la position

sont donc connues : 7 décembre 185 dans la constellation du Centaure. On apprend également que la

courbe de lumière est passée par un maximum avant de diminuer. Aujourd’hui se trouve une source radio

et X, RCW 86, dans la direction indiquée. Sa structure filamentaire et demi-circulaire rend tentant de

l’interpréter comme le reste de la supernova SN 185. Les observations les plus récentes de XMM-Newton

et Chandra permettent d’estimer l’âge à partir de la taille et de la vitesse du reste. Le résultat semble

confirmer l’association (figure C11). L’analyse suggère également que la supernova était de type Ia ;

– SN 386-387 : il n’y a qu’un seul témoignage (chinois) de cette « étoile invitée » dont la nature est difficile

à déterminer de manière certaine ;

– SN 393 : cette supernova est décrite par les astronomes chinois : « dans la dix-huitième année de la période

Taiyuan du règne de l’empereur Xiaowu, lors du second mois lunaire, une étoile invitée est apparue dans

Wei. Elle est restée jusqu’au neuvième mois lunaire, où elle s’est éteinte. ». Le reste de SN 393 a peut-être

été identifié comme le reste de supernova RX J1713.7-3946 dans la constellation du Scorpion (la direction

correspond aux indications données par les astronomes chinois, mais il y a d’autres candidats dans la même

région du ciel). Comme pour SN185, l’âge obtenu par XMM-Newton et Chandra semble correspondre. Il

s’agirait plutôt d’une supernova de type II et l’éventuel pulsar fait l’objet de recherches poussées ;

– SN 1006 : la supernova historique la plus brillante. Il s’agit semble-t-il, de la première supernova rapportée

par les civilisations européennes et arabes. Elle a été observée de manière détaillée par les astronomes

chinois, japonais, coréens et arabes. Elle a explosé dans la constellation du Loup et son reste est identifié

en radio et en X : PKS 1459-41. Il s’agit sans doute d’une supernova de type Ia. Le phénomène était

particulièrement spectaculaire d’après les témoignages écrits. Par exemple l’astronome égyptien Ali Ibn

Ridwan rapporte « Je vais maintenant décrire le spectacle auquel j’ai assisté au début de mes études.

Ce spectacle est apparu dans le signe zodiacal du Scorpion, en opposition avec le Soleil. Le Soleil ce jour

là était à quinze degrés dans la constellation du Taureau et le phénomène dans le quinzième degré du

Scorpion. C’était un corps circulaire de grande taille, deux et demi à trois fois plus grand que Vénus. Le

ciel brillait à cause de sa lumière. L’intensité de sa lumière était un peu plus grande que le quart de la
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SN 185 ? : RCW 86



- possible ancient supernovae (China -1400 ; China 185 ; China 386-387)

- SN1006 (chinese, japanese, corean, arabic and european texts) : m=-9 at the peak (visible in day light)
Lupus constellation : remnant is identified (radio) = PKS 1459-41
- SN1054 (China & Japan) : visible in day light for 23 days ; during night for 20 months.
Taurus constellation : remnant is identified = Crab nebula
- SN 1181 (China & Japan)

- SN 1572 : Tycho-Brahé (visible for 15 months in Cassiopea) - “nova stella”
- SN 1604 : Kepler (visible for 1 year in Ophuchius)

Historical remarks



SN 1054 : Crab (type II)



SN 1572 : Tycho (type Ia)
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Figure 43 – SN 1572 (supernova de Tycho) et SN 1604 (supernova de Kepler). Gauche : courbe de
lumière de SN 1572 d’après les observations de Tycho Brahé ; droite : courbe de lumière de SN 1604 d’après
les observations européennes (dont celles de Kepler) et coréennes. La magnitude a été estimée à partir des
descriptions qui sont données par les observateurs de l’époque, toujours de manière relative à d’autres astres.
Par exemple, pour les observations de SN 1604 en Europe : « 9 octobre 1604, aussi brillante que Mars ou Jupiter,
..., 15 octobre beaucoup plus brillante que Jupiter, égale à Vénus, ..., 3 janvier plus brillante qu’Antarès, plus
faible qu’Arcturus, ... » (figures tirées de Stephenson & Green, 2002).

lumière de la lune ... ». D’autres écrits précisent que l’intensité lumineuse était suffisante pour donner une
ombre aux objets la nuit. Ces témoignages permettent d’estimer que la supernova avait une magnitude
visible de -9 au pic de sa courbe de lumière (l’équivalent d’un quartier de Lune). Il est intéressant de
noter que l’Europe ne montre pas le même intérêt scientifique à cette époque. Les deux seules relations de
SN 1006 se trouvent dans les chroniques du monastère bénédictin de Saint-Gall en Suisse, et dans celles
du monastère de Benevento en Italie. Elles sont vagues : « une nouvelle étoile de taille inhabituelle est
apparue ; elle scintillait d’apparence et était éblouissante pour les yeux, ce qui provoqua de l’inquiétude.
De manière merveilleuse, elle se contractait parfois, d’autre fois grossissait, et même pouvait disparaître.
Elle a été observée cependant pendant 3 mois [...]. » (Annales Sangallenses Maiores) ;

– SN 1054 : cette supernova a explosé dans la constellation du Taureau et a donné naissance à la nébuleuse
du Crabe (image de couverture), qui porte le numéro 1 dans le catalogue de Charles Messier de 1758.
L’apparition d’une « étoile invitée » est rapportée par des textes chinois et japonais, qui donnent une
description précise des dates d’apparition et de disparition et de la position dans le ciel. Il n’y a par contre
aucun témoignage européen. La supernova est restée visible en plein jour pendant 23 jours, et visible à l’œil
nu de nuit pendant 20 mois. La découverte du pulsar du crabe en 1968 a été une très belle confirmation
du scénario qui relie la formation des étoiles à neutrons et les supernovae ;

– SN 1181 : cette supernova était visible pendant 6 mois et a été décrite par les astronomes chinois et
japonais. Le reste de la supernova est sans doute identifié en radio et en X (3C58).

L’époque moderne et les deux dernières supernovae « historiques » : SN 1572 et SN 1604. Deux
grands astronomes européens, Tycho Brahé et Kepler, ont eu la chance d’observer des supernovae de leur vivant.

– SN 1572 (supernova de Tycho) : cette supernova a explosé dans la constellation de Cassiopée et est restée
visible pendant 18 mois. Elle était très brillante. Les observateurs en Europe et en Asie (Chine et Corée) la
compare à Vénus et signale qu’elle était initialement visible en plein jour. Tycho-Brahé a écrit un ouvrage
sur cette « nouvelle étoile », De nova stella dont le nom (nova) est resté pour désigner les phénomènes
qui reviennent – d’un point de vue observationnel – à l’apparition d’une « nouvelle étoile ». Depuis le
XXe siècle, dans le cas des supernovae, nous savons qu’il s’agit pourtant paradoxalement du contraire, la
disparition d’une étoile dans une explosion. La précision des observations de Tycho Brahé a permis de
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SN 1604 : Kepler (Ia)
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Figure 43 – SN 1572 (supernova de Tycho) et SN 1604 (supernova de Kepler). Gauche : courbe de
lumière de SN 1572 d’après les observations de Tycho Brahé ; droite : courbe de lumière de SN 1604 d’après
les observations européennes (dont celles de Kepler) et coréennes. La magnitude a été estimée à partir des
descriptions qui sont données par les observateurs de l’époque, toujours de manière relative à d’autres astres.
Par exemple, pour les observations de SN 1604 en Europe : « 9 octobre 1604, aussi brillante que Mars ou Jupiter,
..., 15 octobre beaucoup plus brillante que Jupiter, égale à Vénus, ..., 3 janvier plus brillante qu’Antarès, plus
faible qu’Arcturus, ... » (figures tirées de Stephenson & Green, 2002).

lumière de la lune ... ». D’autres écrits précisent que l’intensité lumineuse était suffisante pour donner une
ombre aux objets la nuit. Ces témoignages permettent d’estimer que la supernova avait une magnitude
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japonais. Le reste de la supernova est sans doute identifié en radio et en X (3C58).
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compare à Vénus et signale qu’elle était initialement visible en plein jour. Tycho-Brahé a écrit un ouvrage
sur cette « nouvelle étoile », De nova stella dont le nom (nova) est resté pour désigner les phénomènes
qui reviennent – d’un point de vue observationnel – à l’apparition d’une « nouvelle étoile ». Depuis le
XXe siècle, dans le cas des supernovae, nous savons qu’il s’agit pourtant paradoxalement du contraire, la
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- possible ancient supernovae (China -1400 ; China 185 ; China 386-387)

- SN1006 (chinese, japanese, corean, arabic and european texts) : m=-9 at the peak (visible in day light)
Lupus constellation : remnant is identified (radio) = PKS 1459-41
- SN1054 (China & Japan) : visible in day light for 23 days ; during night for 20 months.
Taurus constellation : remnant is identified = Crab nebula
- SN 1181 (China & Japan)

- SN 1572 : Tycho-Brahé (visible for 15 months in Cassiopea) - “nova stella”
- SN 1604 : Kepler (visible for 1 year in Ophuchius)

- Baade & Zwicky 1934 : “supernovae”

- SN 1987A in the Large Magellanic Cloud

Historical remarks
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Anti-neutrinos : 
11 (Kamiokande II) + 8 (IMB) + 5 (Baksan) 
duration : 13 s, neutrino-light delay : about 3 hours



Light echo from SN1987A in LMC (video taken from EROS collaboration)



- possible ancient supernovae (China -1400 ; China 185 ; China 386-387)

- SN1006 (chinese, japanese, corean, arabic and european texts) : m=-9 at the peak (visible in day light)
Lupus constellation : remnant is identified (radio) = PKS 1459-41
- SN1054 (China & Japan) : visible in day light for 23 days ; during night for 20 months.
Taurus constellation : remnant is identified = Crab nebula
- SN 1181 (China & Japan)

- SN 1572 : Tycho-Brahé (visible for 15 months in Cassiopea) - “nova stella”
- SN 1604 : Kepler (visible for 1 year in Ophuchius)

- Baade & Zwicky 1934 : “supernovae”

- SN 1987A in the Large Magellanic Cloud

Spectral classification : 

- Hydrogen lines : SNII
- no hydrogen lines : SNI
         * Silicium lines : SNIa
         * no Silicium lines :
            SNIb (Helium lines) 
            SNIc (no Helium lines)

Historical remarks
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“P-Cygni” line profile
➊ not observed
➋ emission (red)
➌ emission (blue)
➍ emission (blue)+absorption(blue)

➊

➋

➋

➌

➌

➍



Type II SNe: additional classification based on the light curve (type II-P vs type II-L)



Supernova rate (SNU)
(from Allen’s astrophysical quantities, A.N. Cox Editors)

Supernova rate (SNU)
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Supernova rate (SNU)
(from Allen’s astrophysical quantities, A.N. Cox Editors)

Host galaxy Ia Ib / Ic II

Elliptical E 0.11

Lenticular SO 0.15

Spirals SOa, Sa, Sab, Sb 0.20 ± 0.07 0.11 ± 0.06 0.40 ± 0.19

Spirals Sbc, Scd, Sc, Sdm, Im 0.24 ± 0.09 0.16 ± 0.08 0.88 ± 0.37

Supernova rates

1 SNU = 1 supernova per century per 1010 L⊙ 

Estimate for the Mily Way : Sb galaxy with L ~ 2 × 1010 L⊙

0.3 SNe Ia per century

0.2 SNe Ib/c per century
1.7 SNe II per century

Total ~ 2.2 SNe per century ; IF constant for 10 Gyr : 220 000 000 supernovae ...
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Supernova rate (SNU)
(from Allen’s astrophysical quantities, A.N. Cox Editors)
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Supernova rate (SNU)
(from Allen’s astrophysical quantities, A.N. Cox Editors)

Host galaxy Ia Ib / Ic II

Elliptical E 0.11

Lenticular SO 0.15

Spirals SOa, Sa, Sab, Sb 0.20 ± 0.07 0.11 ± 0.06 0.40 ± 0.19

Spirals Sbc, Scd, Sc, Sdm, Im 0.24 ± 0.09 0.16 ± 0.08 0.88 ± 0.37

Two different mechanisms

1 SNU = 1 supernova per century per 1010 L⊙ 

Type Ia supernovae = thermonuclear destruction of a white dwarf
- explanation for the host statistics : long delay between star formation and explosion

(progenitor is not a massive star)
- explanation for the spectrum : no H in white dwarfs, observed products of CO nuclear burning 

Type Ib/Ic and II supernovae = gravitational collapse of a massive star
- explanation for the host statistics : short delay between star formation and explosion

(progenitor is a massive star)
- explanation for the spectrum : depending on the progenitor mass, H or He enveloppe can be expelled
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Supernova rate (SNU)
(from Allen’s astrophysical quantities, A.N. Cox Editors)

Host galaxy Ia Ib / Ic II

Elliptical E 0.11

Lenticular SO 0.15

Spirals SOa, Sa, Sab, Sb 0.20 ± 0.07 0.11 ± 0.06 0.40 ± 0.19

Spirals Sbc, Scd, Sc, Sdm, Im 0.24 ± 0.09 0.16 ± 0.08 0.88 ± 0.37

Two different mechanisms

1 SNU = 1 supernova per century per 1010 L⊙ 

Type Ia supernovae = thermonuclear destruction of a white dwarf
- explanation for the host statistics : long delay between star formation and explosion

(progenitor is not a massive star)
- explanation for the spectrum : no H in white dwarfs, observed products of CO nuclear burning 

Type Ib/Ic and II supernovae = gravitational collapse of a massive star
- explanation for the host statistics : short delay between star formation and explosion

(progenitor is a massive star)
- explanation for the spectrum : depending on the progenitor mass, H or He enveloppe can be expelled

not discussed 
in this lecture
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Heger et al. 2003



Initial massInitial mass Final state

~ 0.1-9 M⊙

Nuclear burning stops 

before the production 

of an iron core.  

~ 0.1-0.8 M⊙ WD He~ 0.1-9 M⊙

Nuclear burning stops 

before the production 

of an iron core.  

~ 0.8-8 M⊙ WD C,O

~ 0.1-9 M⊙

Nuclear burning stops 

before the production 

of an iron core.  ~ 8-9 M⊙ WD O,Ne,Mg

≳ 9 M⊙
Production of 

an iron core

~ 8-25 M⊙ NS + SN
≳ 9 M⊙

Production of 

an iron core
~ 8-40 M⊙

 ? NS→BH + SN ?
≳ 9 M⊙

Production of 

an iron core
≳ 40 M⊙

 ? BH ?

All these stars are in still on the main sequence



Pre-supernova star
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Pre-supernova star
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Element Fe C,O,Ne,Si He H

Masse ~ 1.4 M⊙ ~ M⊙ ~ 2 M⊙ ~ 10 M⊙

Radius ~ 1 000 km ~ 40 000 km ~ 300 000 km ~0.4 R⊙ 
~ 1 000 R⊙ (RSG)

~ 60 R⊙ (BSG)

Pre-supernova M ~ 15 M⊙

More massive progenitors : Wol-Rayet stars (WR)
external enveloppe (H + possibly He, C, O ...) is expelled (dense stellar wind)



Iron core : no new possible nuclear reactions to release energy !

binding energy of a nucleus (Z,A) :

B = (Z mp + (A-Z) mn - m) c2

mp = 1.0073 u.m.a
mn = 1.0087 u.m.a

H He C O Ne Si Fe U

A 1 4 12 16 20 28 56 238

Z 1 2 6 8 10 14 26 92

Mass m
(u.m.a)

1 4.0026 12 15.9949 19.9924 27.9769 55.9349 238.0508

Binding energy B / A
(MeV / nucleon)

0 7.08 7.68 7.98 8.03 8.45 8.79 7.57



From the gravitational collapse to the bounce and the explosion : summary

1. Triggering the collapse
- pressure in the iron core is dominated by degenerate electrons 
- gravitational instability when M = Chandrasekhar mass MCh = 1.457 (Ye / 0.5)2 M⊙ 
(Ye = number of free electrons per nucleon ; here Ye < 0.5)



From the gravitational collapse to the bounce and the explosion : summary

1. Triggering the collapse
- pressure in the iron core is dominated by degenerate electrons 
- gravitational instability when M = Chandrasekhar mass MCh = 1.457 (Ye / 0.5)2 M⊙ 
(Ye = number of free electrons per nucleon ; here Ye < 0.5)

A few details...
- Core of a pre-supernova with M = 15 M⊙ : 
   T ~ 3 × 109 K (temperature for Si burning at the surface of the core
   ρ ~ 3 × 1012 kg/m3 
- Such conditions strongly favor iron-like elements : e.g. 56Ni/28Si ~ 107 !
- Free electrons per nucleon : Ye ~ 0.43-0.45
- Fermi impulsion and temperature of electrons :

-Electrons are degenerate (TF,e > T) and relativistic (pF,e > me c) : E.O.S

-Chandrasekhar mass :   

xF,e =
pF,e
mec

� 11

�
Ye

0.45

�1/3 � ρ

3× 1012 kg/m3

�1/3

TF,e = 7× 109 K
�xF,e

11

�

P = κ(Ye)ρ
4/3

MCh � 1.2M⊙

�
Ye

0.45

�2



From the gravitational collapse to the bounce and the explosion : summary

1. Triggering the collapse
2. Neutron enrichment

- Normal matter : balance between β and inverse β decay

-Collapsing core : neutron production is favored by the degeneracy of electrons
(β decay necessitates to produce a very energetic electron above the Fermi energy) 

-This leads to neutron enrichment by electron capture

-Exotic chemical composition with neutron rich nuclei 
-Emission of electronic neutrinos νe that escape the star

-A few details... evolution of the chemical composition 

p+ e− → n+ νe
n → p+ e− + ν̄e

56Fe+ e− →56 Mn+ νe

...
56Mn+ e− →56 Cr + νe



Evolution of the chemical composition in the core during the collapse

Masse volumique Energie de Fermi
des électrons libres

Caractéristiques
moyennes des noyaux

Nombre d’électrons
libres par nucléon

ρ (kg.m−3) EF (MeV) A Z Ye

1013 8.2 69 29 (Cu) 0.42
1013.5 11.9 71 30 (Zn) 0.418
1014 17.5 76 31 (Ga) 0.41
1014.5 25 86 34 (Se) 0.389
1015 36 105 37 (Rb) 0.358

Figure 45 – Effondrement gravitationnel : évolution de la composition chimique du cœur. Les
caractéristiques moyennes des noyaux présents dans le cœur en effondrement, ainsi que du nombre d’électrons
libres par nucléon, sont donnés pour quelques valeurs de la masse volumique et de l’énergie de Fermi des électrons
correspondante. Cette composition moyenne dépend des valeurs relatives du temps caractéristique de capture
électronique par les noyaux et du temps dynamique de l’effondrement. Les valeurs données dans cette table sont
représentatives des valeurs observées dans les simulations réalistes.

mouvement) et l’équation de Poisson pour le potentiel gravitationnel, c’est à dire (voir annexe G et table G.1) :

∂ρ

∂t
+

1

r2
∂

∂r

�
r2ρv

�
= 0 , (198)

∂v

∂t
+ v

∂v

∂r
= −1

ρ

∂P

∂r
− ∂Φ

∂r
, (199)

∂2Φ

∂r2
+

2

r

∂Φ

∂r
= 4πGρ , (200)

où v est la vitesse, avec �v = v�ur. A cause de l’équation d’état P ∝ ρ4/3 et de l’égalité entre échelle de temps
dynamique et échelle de temps sonique, la solution de ce système d’équations est une évolution homologue (le
calcul de cette solution, obtenu par Goldreich et Weber en 1980, est donné dans l’annexe G, § G.6.3) :
– La vitesse à chaque instant est simplement proportionnelle à r :

v (r, t) = −2

3

r

t0 − t
, (201)

où t0 est la durée de l’effondrement (pour t = t0, la densité centrale devient infinie). Elle est égale à l’échelle de
temps dynamique centrale initiale multipliée par un facteur numérique qui dépend de la valeur de la masse au
moment où l’effondrement démarre :

t0 � 5 → 6�
Gρc,0

(202)

où ρc,0 est la masse volumique centrale initiale et on le facteur numérique indiqué correspond M/MCh � 10−30%
(ce facteur tend vers l’infini quand M → MCh puisque M = MCh correspond à une position d’équilibre
marginalement stable). La durée totale de l’effondrement est donc de l’ordre de quelques dixièmes de secondes !
– Le profil de masse volumique est auto-similaire (voir annexe G). La masse volumique centrale varie comme

ρc =
ρc,0�

1− t
t0

�2 . (203)
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From the gravitational collapse to the bounce and the explosion : summary

1. Triggering the collapse
2. Neutron enrichment
3. Gravitational collapse

- Pressure in the core is dominated by the pressure of ultra-relativistic degenerate electrons
   (adiabatic index γ = 4/3)
- Due to the neutron enrichment, the number of free electrons per nucleon Ye decreases
- Then the Chandrasekhar mass decreases : MCh = 1.457 (Ye / 0.5)2 M⊙ which favors the collapse

- In such conditions, the collapse is homologous (self-similar profiles for velocity, density, ...)

- The collapse lasts for a dynamical time, i.e. free fall timescale ~ 100 ms !

- A few details...
- Dynamical time (free fall) :

- Sound speed :

- Sonic time : 

- The inner part of the collapsing core can always communicate internally with sound waves :
   homologous collapse (Goldreich & Weber 1980) : collapse duration t0 ~ 0.2 s

- The external part cannot adjust fast enough : free fall

tdyn � 1√
Gρ

� 0.07 s

�
ρ

3× 1012 kg/m3

�−1/2

cS � 0.05c

�
ρ

3× 1012 kg/m3

�1/6

tson � tdyn

v(r, t) � −2

3

r

t0 − t



Self-similar collapse of the core (analytical solution by Yahil 1983)

Mass of the core : M = 1.3 M⊙ 

Initial radius : R = 2 000 km
Effective adiabatic index : γ = 1.3
Duration of the collapse : 0.24 s 



Collapse of the iron core (18 M⊙ star)
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From the gravitational collapse to the bounce and the explosion : summary

1. Triggering the collapse
2. Neutron enrichment
3. Gravitational collapse
4. Evolution of the equation of state - gravitational collapse stops - formation of a neutron star

- Due to the collapse, the density in the core increases rapidly

- At very large densities, individual nuclei do not exist anymore : neutron-rich mixture of n,p,e
- The neutron enrichment goes on (neutronization) by direct inverse β decay

 

 
-When the density becomes of the order of the nuclear density (2.6×1017 kg/m3 ~ 0.16 n / fm3),
  the E.O.S. evolves due to the repulsive nature of the nuclear force (strong interaction) 
  at short distances : a new dominant pressure appears 

- the collapse stops (if the mass of the core is not too large, otherwise a BH will form...)
- the core becomes a neutron star

- A few details...
- Binding energy of the new born neutron star :

- Details are highly uncertain ...
- Initially the NS oscillate, but very rapidly it stabilizes
- The NS will cool, which can contribute to the next steps of the scenario

p+ e− → n+ νe

BNS � −6× 1044 J

�
f

0.1

��
Ye

0.36

�2 � ρ

ρnuc

�



From the gravitational collapse to the bounce and the explosion : summary

1. Triggering the collapse
2. Neutron enrichment
3. Gravitational collapse
4. Evolution of the equation of state - gravitational collapse stops - formation of a neutron star
5. Neutrino trapping

- At the end of the collapse, the density in the central region is so high that neutrinos are trapped !
(very unique conditions, usually not found in the Universe except just after the Big Bang (t < 10-12 s))

- Neutrino adopt a thermal distribution in equilibrium with the other species
- The core cools by emitting neutrino thermal radiation (photons cannot escape)
   = a neutrino « black body»
- The neutrinosphere as a radius of a few 10 km. The rest of the star is transparent.
- Neutrinos and anti-neutrinos of the 3 flavors are emitted !
  (cf. detection of electronic anti-neutrino SN1987A)
- Electron captures stop : Ye = 0.36 ; Final Chandrasekhar mass : MCh = 0.75 (Ye / 0.36)2 M⊙

- A few details...
- For ρc < 1015 kg/m3 : the core is transparent for the neutrinos produced by electron captures
- Dominant interaction : elastic scattering on nuclei
- Cross section :
- Mean free path :

- Collapse of an initial core R = 2 000 km and ρ = 3×1012 kg/m3  : ρc = 1015 kg/m3 when R = 300 km
- At this stage : lν,el = 23 km << R
  The diffusion time is tν,el ~ R2 / ( c lν,el ) ~ 15 ms comparable to the dynamical time
- When R ~ 10 km : tν,el >> tdyn : neutrinos are trapped !

γγ → e+e− → νν̄

σν,el � 9× 10−47 m2 A2 (1− Ye)
2
� �ν
15MeV

�2

�ν � 1

(ρ/Amu)σν,el
� 4.3× 103

�
A

69

�−1 � 1− Ye

1− 0.42

�−2 � �ν
15MeV

�−2
�

ρc
1013 kg/m3

�−1



From the gravitational collapse to the bounce and the explosion : summary

1. Triggering the collapse
2. Neutron enrichment
3. Gravitational collapse
4. Evolution of the equation of state - gravitational collapse stops - formation of a neutron star
5. Neutrino trapping
6. Bounce - Formation and propagation of a shock wave

- As the dynamical timescale for the gravitationnal collapse of the core is very short (< 1 s)
   The enveloppe cannot react immediately

- When the neutron star forms, the still infalling external region of the core bounces on it

- This triggers the formation of a shock wave propagating outwards
   R > Rshock : the medium is still infalling (v<0) 
   R < Rshock : the medium is moving outwards (v>0) and has been heated
  
   Huge discontinuity for the velocity : 100 000 km/s !

- The kinetic energy carried by the shock is ESN ~ -BNS ~ 6 × 1044 J  

- The shock wave deposits kinetic and thermal energy in the shocked medium
   (equipartition as it is a strong shock)



Implosion et bounce
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From the gravitational collapse to the bounce and the explosion : summary

1. Triggering the collapse
2. Neutron enrichment
3. Gravitational collapse
4. Evolution of the equation of state - gravitational collapse stops - formation of a neutron star
5. Neutrino trapping
6. Bounce - Formation and propagation of a shock wave
7. Photo-disintegration of iron - Shock stops

- The close vicinity of the new-born neutron star (where the shock initially propagates) is made
   of iron and other heavy elements
- Most of the energy of the shock is lost by photo-disintegration of iron

- Energetic cost : 
  124 MeV per Fe nucleus (2.2 MeV/nucleon) and 28.3 MeV per He nucleus, 
   i.e. 8.8 MeV / nucleon (binding energy of iron)

- This is equivalent to 1.7×1045 J/M⊙ : a few 0.1 M⊙ of iron is enough to stop the shock

 ~ 0.4 M⊙ is enough to stop the shock if photo-disintegration is complete
 ~ 0.7 M⊙ if photo-disintegration stops at He

- The shock becomes an accretion shock at a radius of ~ 150-300 km
- Without a new process to deposit more energy in the shocked region so that the shock can start
   again, in ~ 1s, the new-born neutron star will accrete enough mass (mass flux >> 1 M⊙/s)
   to reach the maximum mass and collapse into a black hole : the supernova has failed !

- A few details...
- energy per nucleon deposited by the initial shock (discontinuity of velocity 100 000 km/s)
  kinetic energy = thermal energy ~ 1/2 (100 000 km/s)2 ~ 26 MeV / nucleon
- temperature is large enough to produce a large number of photons above 10 MeV which allows
  iron photo-disintegration 
- what is the available mass of iron ? 1.2 (initial) - 0.8 (inner core: NS formation) ~ 0.4 M⊙   

γ +56
Fe → 13 4

He+ 4n
γ +4

He → 2p+ 2n



From the gravitational collapse to the bounce and the explosion : summary

1. Triggering the collapse
2. Neutron enrichment
3. Gravitational collapse
4. Evolution of the equation of state - gravitational collapse stops - formation of a neutron star
5. Neutrino trapping
6. Bounce - Formation and propagation of a shock wave
7. Photo-desintegration of iron - Shock stops
8. Shock starts again and crosses the whole star : explosion !

- In reality, massive stars do explode as supernovae. However, the mechanism at work to help the
  shock to start again remains unclear...

- Candidates which are currently investigated :
- Realistic microphysics (equation of state, electron captures, ...)
- Neutrino heating (Bethe & Wilson, 1985)
- Hydrodynamic instabilities / convection
- Magneto-rotational driving
- ?

- A few details...
- The neutrino luminosity of the core is :

- If ~ 1 % of this pwer is deposited in the shocked matter, the shock can start to propagate again

- Hydrodynamics : a lot of discussion around SASI - Bonus : explosion is asymetric (pulsar kick)

Lν � 4πR2

�
7

2
σ

�
T 4 � 7× 1046 W

�
R

50 km

�2 � T

5MeV

�4



Role of E.O.S
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Role of neutrino heating
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Role of neutrino heating
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Realistic model ? “Garching” version (11 M⊙ star : 0.1 - 0.18 - 0.26 and 0.32 s)



Realistic model ? “Garching” version (15 M⊙ star : 0.53 - 0.61 - 0.65 and 0.7 s)



From the gravitational collapse to the bounce and the explosion : summary

1. Triggering the collapse
2. Neutron enrichment
3. Gravitational collapse
4. Evolution of the equation of state - gravitational collapse stops - formation of a neutron star
5. Neutrino trapping
6. Bounce - Formation and propagation of a shock wave
7. Photo-desintegration of iron - Shock stops
8. Shock starts again and crosses the whole star : explosion !

- In reality, massive stars do explode as supernovae. However, the mechanism at work to help the
  shock to start again remains unclear...

- Candidates which are currently investigated :
- Realistic microphysics (equation of state, electron captures, ...)
- Neutrino heating
- Hydrodynamic instabilities / convection
- Magneto-rotational driving
- ?

- The first emission of light occurs when the shock reaches the surface of the star : shock break-out
- At this stage, the whole enveloppe has been put in motion and is ejected

- The supernova lightcurve is due to the light radiated by the cooling ejecta

- During the propagation of the shock wave in the inner part of the star : explosive nucleosynthesis
- Radioactive elements are produced (56Ni)
- The radioactive decay of 56Ni and 56Co is the dominant source that powers the SN light curve

- Initially, the ejecta expands freely. Then, it starts to be decelerated by the external medium :
  formation of a supernova remnant.
 



Energetics of the explosion

1. Radiated energy
- Lightcurve + bolometric correction + time-integration : estimate of Eph

- Typically :  Eph ~ 1042 J
  (this is equivalent to L⊙ during 80 Myr)

- At the maximum of the lightcurve L ~ 109 L⊙ : the supernova is as bright as its host galaxy



Energetics of the explosion

1. Radiated energy : Eph ~ 1042 J
2. Kinetic energy

- Spectroscopy : velocity vexp of the ejecta (Doppler effect)

- Initially : free expansion - this allows to estimate the radius

- The surface density of the ejecta can be estimated at the transition t=tneb from the photospheric
   to the nebular phase :

-This allows to measure the mass of the ejecta and to deduce the kinetic energy : 

R � vexpt

∆R � � � =
1

nσ
=

1

ρκ
ρ∆R � 1

κ

Mej � 4πR2∆Rρ
��
tneb

�
4πv2expt

2
neb

κ
� 5M⊙

�
vexp

5000 km/s

�2 � tneb
1 yr

�2

Ekin � 1

2
Mejv

2
exp � 1044 J

�
vexp

5000 km/s

�4 � tneb
1 yr

�



Energetics of the explosion

1. Radiated energy : Eph ~ 1042 J
2. Kinetic energy : Ekin ~ 1044 J
3. Gravitational energy released by the collapse

- A neutron star is a compact object : 
   its gravitational energy is a significant fraction of its mass energy

- Energy released by the collapse of the iron core into a neutron star :

∆E � αGM2
Fe

�
1

RNS
− 1

RFe

�
� αGM2

Fe

RNS

∆E � 3α× 1046 J

�
MFe

1.1M⊙

�2 � RNS

10 km

�−1



Energetics of the explosion

1. Radiated energy : Eph ~ 1042 J
2. Kinetic energy : Ekin ~ 1044 J
3. Gravitational energy released by the collapse : ΔE ~ 3 ×1046 J
4. Energy emitted as neutrinos

- Most of the gravitational energy released by the collapse is radiated as neutrinos !

- The case of SN 1987A (D = 50 kpc) : 
- A flash (duration 13 s)  of electronic anti-neutrinos has been detected ~ 3 h before the SN

- Kamiokande-II : a tank of water (2 ×106 kg)

- Cross section :

- Detection of Ndet = 12 anti-neutrinos with a mean energy of 15 MeV

- Number of electronic anti-neutrinos emitted by SN 1987A :

- Total energy emitted as neutrinos :   

ν̄e + p → n+ e+

One of the two H of a molecule H2O v > cwater = c / nwater ~ 0.75 c : detection of Cerenkov light

σν̄p = 1.5× 10−45 m2 = 1.5× 10−17 barn

Ndet �
Nν̄e

4πD2
× (2NH2O)× σν̄p

NH2O =
2× 106 kg

18 u.m.a
� 6.5× 1031

Nν̄e � 2× 1057

Eν � 6Nν̄E × ��ν� � 3× 1046 J



Energetics of the explosion

1. Radiated energy : Eph ~ 1042 J
2. Kinetic energy : Ekin ~ 1044 J
3. Gravitational energy released by the collapse : ΔE ~ 3 ×1046 J
4. Energy emitted as neutrinos : Eν ~ 3 ×1046 J

The proposed scenario for core-collapse supernovae is very well supported by 
observations :

- SN1054 (in Taurus) reported by Chinese and Japanese astronomers in 1054 
- Centuries later : the Crab nebula is discovered
- 1968 : discovery of the Crab pulsar
- The age of the Crab pulsar is ~ 950 yr
- The link massive stars - supernovae - neutron stars is demonstrated !

- SN1987A : the detection of electronic anti-neutrinos proves that a very dense region is formed
   (dense enough to be opaque for neutrinos) : gravitational collapse
- The duration and mean energy of neutrinos coincide well with the theoretical estimate of the
   size and temperature of this central region 
- The estimate of the energy emitted as neutrinos is comparable to the energy release by
  the gravitational collapse of an iron core into a neutron star

But the details of the mechanism are still unclear ...



A. Core collapse supernovae
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4. Emission
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Neutrino emission

Let us dream... 

A core-collapse supernova at 5 kpc ?

100 times more neutrinos than
for SN 1987A : 
neutrino lightcurve & spectrum !
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Photon emission

Delay (photon-neutrino) = crossing time of the enveloppe by the shock

When the shock reaches the enveloppe : first flash of light = shock breakout
(observation is very rare)

The observed lightcurve is emitted by the ejecta

Initial condition U = Ekin ~ 3 × 1044 J

Initial density is low but temperature is high : pressure is dominated by Prad = fireball !

Evolution : three reservoirs
- kinetic energy ~ cst as long as the swept-up mass of external medium is low
- internal energy : high initially, then decreases (adiabatic cooling + radiation)
- radioactivity : additional source of energy which is dominant

56Ni → 56Co → 56Fe (stable)

Main parameter : initial mass of nickel

t∗ � R∗
vshock

�






1.6 day
�

R∗
1000R⊙

��
vshock

5000 km/s

�−1
(RSG)

2 h
�

R∗
50R⊙

��
vshock

5000 km/s

�−1
(BSG)



Radioactive decay of nickel 56Ni and cobalt 56Co



A simple model of the supernova lightcurve



A simple model of the supernova lightcurve



A simple model of the supernova lightcurve



Gravitational waves ?
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A young SN remnant : the Crab nebula



A old SN remnant : Vela



Supernovae and cosmic rays



Supernovae and cosmic rays
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Many open questions

Link between a given type of core collapse supernova and a given progenitor

Conditions to produce a NS or a BH (fractions of progenitors ?)

Initial properties of the new born compact object ?
(does it explain the velocity distribution of pulsars ?)

What would we learn with a neutrino detection of a nearby SN ?
(physical conditions in ultra-dense matter)

What would we learn with a GW detection of a nearby SN ?
(dynamics)

Contribution of explosive nucleosynthesis to the chemical evolution of the Universe

Contribution of the energy released by supernovae to the evolution of galaxies
(ISM heating, star formation trigger, galactic winds, ...)
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Neutrinos and supernovae

Neutrinos and anti-neutrinos of the 3 flavours are directly emitted by the central region of a collapsing 
star (even without mixing during the propagation).

Processes :
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Neutrinos and supernovae

Neutrinos and anti-neutrinos of the 3 flavours are directly emitted by the central region of a collapsing 
star (even without mixing during the propagation).

νμ, ντ are produced by several processes : nucleon-nucleon bremsstrahlung, electron-positron annihilation 
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Neutrinos and supernovae

In the case of SN 1987A, Kamiokande detected only electron anti-neutrinos because of a better 
sensitivity (compare to electron neutrinos) in the considered energy range (15-20 MeV). In fact, Hirata et 
al., Phys. Rev. D, 38, 448 (1998) (paper presenting the discovery) discusses the possibility that one of the 12 
events is a electron neutrino...

H
ira

ta
 e

t 
a

l. 
(1

98
8)



Explosive phenomena: SNe and GRBs
Frédéric Daigne
Institut d’Astrophysique de Paris, Université Pierre et Marie Curie
Institut Universitaire de France

B. Gamma-ray bursts
1. Observations - Classification
2. Theory: summary of the observational constraints
3. Central engine
4. Prompt emission
5. Afterglow
6.Conclusion

International School on AstroParticle Physics 2012 - Multi-messenger approach in High Energy Astrophysics 



Explosive phenomena: SNe and GRBs
Frédéric Daigne
Institut d’Astrophysique de Paris, Université Pierre et Marie Curie
Institut Universitaire de France

B. Gamma-ray bursts
1. Observations - Classification
2. Theory: summary of the observational constraints
3. Central engine
4. Prompt emission
5. Afterglow
6.Conclusion

International School on AstroParticle Physics 2012 - Multi-messenger approach in High Energy Astrophysics 



Gamma-ray bursts

Treaty Banning Nuclear Weapon Tests in the Atmosphere, in Outer Space and under Water

Signed by the Original Parties, the Union of Soviet Socialist Republics, the United Kingdom of Great Britain and

Northern Ireland and the United States of America at Moscow : 5 August 1963

The Governments of the United States of America, the United Kingdom of Great Britain and Northern Ireland, and
the Union of Soviet Socialist Republics, hereinafter referred to as the « Original Parties, »

Proclaiming as their principal aim the speediest possible achievement of an agreement on general and complete disarmament under
strict international control in accordance with the objectives of the United Nations which would put an end to the armaments race

and eliminate the incentive to the production and testing of all kinds of weapons, including nuclear weapons,
Seeking to achieve the discontinuance of all test explosions of nuclear weapons for all time, determined to continue negotiations to

this end, and desiring to put an end to the contamination of man’s environment by radioactive substances,

Have agreed as follows :

Article I

1. Each of the Parties to this Treaty undertakes to prohibit, to prevent, and not to carry out any nuclear weapon test explosion,
or any other nuclear explosion, at any place under its jurisdiction or control :

(a) in the atmosphere ; beyond its limits, including outer space ; or under water, including territorial waters or high seas ; or

(b) in any other environment if such explosion causes radioactive debris to be present outside the territorial limits of the State
under whose jurisdiction or control such explosion is conducted. It is understood in this connection that the provisions of
this subparagraph are without prejudice to the conclusion of a Treaty resulting in the permanent banning of all nuclear test
explosions, including all such explosions underground, the conclusion of which, as the Parties have stated in the Preamble
to this Treaty, they seek to achieve.

2. Each of the Parties to this Treaty undertakes furthermore to refrain from causing, encouraging, or in any way participating
in, the carrying out of any nuclear weapon test explosion, or any other nuclear explosion, anywhere which would take place in
any of the environments described, or have the effect referred to, in paragraph 1 of this Article.

Figure 51 – Préambule et article 1 du traité de Moscou de 1963 d’interdiction partielle des essais
nucléaires. Ce traité a été signé le 5 août 1963 à Moscou par les Etats-Unis, l’Union Soviétique et la Grande-
Bretagne. La France n’est pas signataire puisqu’elle pratique encore des essais au Sahara à cette époque.

Les courbes de lumière sont donc très complexes (figure 57). Le spectre des sursauts montre une moins grande
diversité : il est « non-thermique », bien reproduit par une loi de puissance brisée avec un maximum de l’émission
dans le domaine du keV au MeV (figure 58). Un spectre « non thermique » rend bien sûr beaucoup plus difficile
la détermination du processus physique responsable de l’émission des photons gamma détectés.

Les modèles galactiques. Face à un phénomène astrophysique nouveau, la première question que l’on doit se
poser est celle de la distance, qui fixe également la puissance intrinsèque de la source. Le tableau ci-dessous donne
la puissance attendue pour les sources des sursauts gamma, pour différentes échelles de distance. Cette puissance
est calculée en supposant que la source émet de manière isotrope. Nous verrons plus loin dans ce chapitre que
l’émission est en fait vraisemblablement focalisée dans un angle solide Ω. Dans ce cas, les estimations ci-dessous
doivent être réduites d’un facteur Ω/4π.

Echelle de distance Puissance intrinsèque de la source
Système solaire (100 UA) 1020 W
Disque de la Voie Lactée (10 kpc) 1034 W
Galaxie lointaine (1 Gpc) 1044 W

Il semble impossible d’identifier la nature des sursauts gamma sans en connaître la distance, tant les propriétés
des sources sont différentes selon que celles-ci sont placées dans le système solaire, dans notre Galaxie ou dans
des galaxies lointaines. Cette question fondamentale de la distance n’a pourtant été résolue qu’en 1997, trente
ans après la découverte du premier sursaut gamma. La difficulté est liée à la méthode de détection qui ne per-
met pas facilement une localisation précise des sursauts. Ce n’est que l’amélioration progressive de la stratégie
instrumentale qui a apporté la solution.
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Historical remarks :

- VELA satellites

Gamma-ray bursts

Treaty Banning Nuclear Weapon Tests in the Atmosphere, in Outer Space and under Water

Signed by the Original Parties, the Union of Soviet Socialist Republics, the United Kingdom of Great Britain and

Northern Ireland and the United States of America at Moscow : 5 August 1963

The Governments of the United States of America, the United Kingdom of Great Britain and Northern Ireland, and
the Union of Soviet Socialist Republics, hereinafter referred to as the « Original Parties, »

Proclaiming as their principal aim the speediest possible achievement of an agreement on general and complete disarmament under
strict international control in accordance with the objectives of the United Nations which would put an end to the armaments race

and eliminate the incentive to the production and testing of all kinds of weapons, including nuclear weapons,
Seeking to achieve the discontinuance of all test explosions of nuclear weapons for all time, determined to continue negotiations to

this end, and desiring to put an end to the contamination of man’s environment by radioactive substances,

Have agreed as follows :

Article I

1. Each of the Parties to this Treaty undertakes to prohibit, to prevent, and not to carry out any nuclear weapon test explosion,
or any other nuclear explosion, at any place under its jurisdiction or control :

(a) in the atmosphere ; beyond its limits, including outer space ; or under water, including territorial waters or high seas ; or

(b) in any other environment if such explosion causes radioactive debris to be present outside the territorial limits of the State
under whose jurisdiction or control such explosion is conducted. It is understood in this connection that the provisions of
this subparagraph are without prejudice to the conclusion of a Treaty resulting in the permanent banning of all nuclear test
explosions, including all such explosions underground, the conclusion of which, as the Parties have stated in the Preamble
to this Treaty, they seek to achieve.

2. Each of the Parties to this Treaty undertakes furthermore to refrain from causing, encouraging, or in any way participating
in, the carrying out of any nuclear weapon test explosion, or any other nuclear explosion, anywhere which would take place in
any of the environments described, or have the effect referred to, in paragraph 1 of this Article.

Figure 51 – Préambule et article 1 du traité de Moscou de 1963 d’interdiction partielle des essais
nucléaires. Ce traité a été signé le 5 août 1963 à Moscou par les Etats-Unis, l’Union Soviétique et la Grande-
Bretagne. La France n’est pas signataire puisqu’elle pratique encore des essais au Sahara à cette époque.

Les courbes de lumière sont donc très complexes (figure 57). Le spectre des sursauts montre une moins grande
diversité : il est « non-thermique », bien reproduit par une loi de puissance brisée avec un maximum de l’émission
dans le domaine du keV au MeV (figure 58). Un spectre « non thermique » rend bien sûr beaucoup plus difficile
la détermination du processus physique responsable de l’émission des photons gamma détectés.

Les modèles galactiques. Face à un phénomène astrophysique nouveau, la première question que l’on doit se
poser est celle de la distance, qui fixe également la puissance intrinsèque de la source. Le tableau ci-dessous donne
la puissance attendue pour les sources des sursauts gamma, pour différentes échelles de distance. Cette puissance
est calculée en supposant que la source émet de manière isotrope. Nous verrons plus loin dans ce chapitre que
l’émission est en fait vraisemblablement focalisée dans un angle solide Ω. Dans ce cas, les estimations ci-dessous
doivent être réduites d’un facteur Ω/4π.

Echelle de distance Puissance intrinsèque de la source
Système solaire (100 UA) 1020 W
Disque de la Voie Lactée (10 kpc) 1034 W
Galaxie lointaine (1 Gpc) 1044 W

Il semble impossible d’identifier la nature des sursauts gamma sans en connaître la distance, tant les propriétés
des sources sont différentes selon que celles-ci sont placées dans le système solaire, dans notre Galaxie ou dans
des galaxies lointaines. Cette question fondamentale de la distance n’a pourtant été résolue qu’en 1997, trente
ans après la découverte du premier sursaut gamma. La difficulté est liée à la méthode de détection qui ne per-
met pas facilement une localisation précise des sursauts. Ce n’est que l’amélioration progressive de la stratégie
instrumentale qui a apporté la solution.
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Gamma-ray bursts : spectrum
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The coded mask of Swift
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Gamma-ray bursts : sky map (BATSE, 1994)



Nearby stars : isotropy + proper motion



Planetary nebulae : Galactic disk



Globular clusters : spherical Galactic halo - Sun is not at the center



Nearby galaxies : Large Structures



Radio-galaxies : isotropy



Gamma-ray bursts : sky map (complete BATSE catalog)
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Gamma-ray bursts



The first GRB afterglow (GRB 970228)



The first GRB afterglow (GRB 970228) : host galaxy



The first spectrum of a GRB visible afterglow : GRB 070508 and its host galaxy (z = 0.835)



Lightcurve of the first GRB afterglow (GRB 970228)



Afterglow spectrum of GRB 970508 (radio → X)



Models : before and after 1997...
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Gamma-ray bursts



Association of GRB 030329 (HETE2) with a type Ic supernova
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Complexity of the early X-ray afterglow (Swift)



Gamma-ray bursts : redshift distribution (Swift)



Prompt optical emission in GRBs : the naked-eye burst ! (Swift)



Host galaxies of short GRBs (HETE2, Swift)
GRB 050724 : VLT observation
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Only a few host galaxies of short GRBs are identified:
 - some are elliptical galaxies (e.g. GRB 050509B; GRB 050724; …)
   sometimes the afterglow has a large offset
 - some are star-forming galaxies (e.g. GRB 050709; GRB 051221A; …)



Historical remarks :

- VELA satellites : 3 times 2 satellites : 1963, 64 et 65
- 1973 : the first paper (Klebesadel et al.)
- 1970-1980 : studies of GRBs by scientific satellites
- 1973-1997 : the question of the distance scale, Galactic models
- 1994 : the Great Debate : Galactic vs Extragalactic models
- the discovery of afterglows in 1997 (Beppo-SAX, van Paradijs et al.) : GRBs are cosmological !
- Beppo-SAX, HETE-2, ... : afterglow studies - network for the ground-based follow-up
  Association of long GRBs with massive stars
- Swift: early afterlow
- Fermi : GeV emission in GRBs

Gamma-ray bursts



High-energy emission in GRBs (Fermi)
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1. Observations - Classification
2. Theory: summary of the observational constraints
3. Central engine
4. Prompt emission
5. Afterglow
6.Conclusion
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1. Cosmological distance : z = 0.0085 to 9.4 [z =9.4, Universe is 524 Myr old]

Prompt emission

2. Huge release of gamma-rays : Eγ,iso ~ 1041 → 1048 J
    For comparison : 

- Supernova : Eν ~ 3×1046 J ; Ekin ~ 1044 J ; Eγ ~ 1042 J 
- rest-mass energy of the sun : M⊙ c2 = 1.8 ×1047 J

3. Short timescale variability : tvar ~ 1 - 10 ms

4. Non-thermal spectrum
- MeV photons are detected in most GRBs
- GeV photons have been detected in a few GRBs by Fermi

Afterglow + host galaxy

5. Long GRBs are most probably associated with the gravitational collapse of some massive stars

6. Short GRBS seem to occur in any types of galaxies : no correlation with star formation

Summary of the main constraints:
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Theory (1) Necessity of a compact source

Compact source (R < c tvar ~ 300-3000 km)
+
Huge energy release
⇒
Catastrophic event leading to the formation 
of a stellar mass compact object
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Theory (1) Necessity of a compact source

Compact source (R < c tvar ~ 300-3000 km)
+
Huge energy release
⇒
Catastrophic event leading to the formation 
of a stellar mass compact object

-Long GRBs : association with massive stars ⇒ gravitational collapse
  Collapsar scenario (Woosley, 1993)
 
-Short GRBs : best candidate = NS+NS (or NS+BH) mergers (no direct evidence)



1. Cosmological distance : z = 0.0085 to 9.4 [z =9.4, Universe is 524 Myr old]

Prompt emission

2. Huge release of gamma-rays : Eγ,iso ~ 1041 → 1048 J
    For comparison : 

- Supernova : Eν ~ 3×1046 J ; Ekin ~ 1044 J ; Eγ ~ 1042 J 
- rest-mass energy of the sun : M⊙ c2 = 1.8 ×1047 J

3. Short timescale variability : tvar ~ 1 - 10 ms

4. Non-thermal spectrum
- MeV photons are detected in most GRBs
- GeV photons have been detected in a few GRBs by Fermi

Afterglow + host galaxy

5. Long GRBs are most probably associated with the gravitational collapse of some massive stars

6. Short GRBS seem to occur in any types of galaxies : no correlation with star formation

Theory (2) Necessity of a relativistic ejection

Compactness problem :

small size + large number of photons
= huge opacity for γγ annihilation

One should not observe photons 
above me c2 !

Solution = relativistic motion (Rees, 1966)



γγ→e+e- annihilation

Seuil pour l’annihilation γγ : un photon d’énergie E1 peut s’annihiler avec un photon d’énergie
E2 si �
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mec2
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mec2

�
≥ 2

1− cos θ
, (282)

où θ est l’angle entre les directions incidentes des deux photons.

La section efficace d’interaction dépend de l’énergie des photons et de l’angle θ.

Section efficace pour l’annihilation γγ :

σγγ (E1, E2, θ) = σT × f(y) (283)

avec
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Notons que le seuil de la réaction correspond à y = 0 et que pour E1E2 → +∞, le paramètre y tend vers 1.
Au total, nous avons donc toujours 0 ≤ y ≤ 1 dans une interaction. La fonction F (y) est représentée figure 65,
ainsi que la section efficace σγγ pour différentes valeurs de l’énergie de l’un des deux photons. Nous constatons
que la section efficace est très piquée à une énergie environ le double de celle du seuil, soit

�
E1

mec2

��
E2

mec2

�
� 4

1− cos θ
.

Des photons de haute énergie vont donc s’annihiler préférentiellement avec des photons d’énergie :

Annihilation γγ : des photons d’énergie EHE s’annihilent principalement avec des photons d’énergie
ELE donnée par

ELE � 4

1− cos θ

�
mec2

�2

EHE

� 1 keV

�
EHE(1− cos θ)

1GeV

�−1

. (285)

Ainsi des photons au TeV s’annihileront avec des photons dans le visible–ultraviolet, des photons au GeV avec
des photons X aux alentours du keV et des photons au MeV avec eux-mêmes. A partir de cette constatation, il
est possible d’approcher la section efficace par une fonction de Dirac :

Section efficace approchée pour l’annihilation γγ :

σγγ (EHE, ELE, θ) �
1

5
σTELE δ

�
ELE −

4
�
mec2

�2

EHE (1− cos θ)

�
. (286)

L’épaisseur optique de la source visi à vis de l’annihilation γγ est donnée par

τγγ (EHE) =

�
dΩ

�
dELE

dn (ELE)

dΩdELE

(1− cos θ)Rσγγ (ELE, EHE, θ) , (287)

où dn (ELE)/dΩdELE est la densité volumique de photons par unité d’énergie et d’angle solide. Le facteur
(1− cos θ) devant l’épaisseur géométrique R de la source peut se comprendre de la manière suivante : à incidence
θ, les photons d’énergie EHE voient les photons d’énergie ELE avec une vitesse relative c (1− cos θ). Pendant
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γγ→e+e- annihilation

- Preferred energy of the low-energy photon (ELE) that can annihilate with a high-energy photon EHE

- MeV photons should self-annihilate !

- Solution (Rees, 1966) = relativistic motion

Assume the source has a velocity v → c with Γ = (1 - v2/c2)-1 >>1

- Due to the relativistic beaming, the source size must be revised
- Due to the relativistic beaming, the typical interaction angle is much smaller than π

Energy Interaction angle θ12 (rad)Interaction angle θ12 (rad)Interaction angle θ12 (rad)Interaction angle θ12 (rad)Interaction angle θ12 (rad)

EHE π π/2 0.1 0.01 0.001

1 TeV 0.5 eV 1 eV 200 eV 20 keV 2 MeV

1 GeV 0.5 keV 1 keV 200 keV 20 MeV 2 GeV

1 MeV 0.5 MeV 1 MeV 200 MeV 20 GeV 2 TeV

ELE =
4

1− cos θ12

�
mec2

�2

EHE

� 1 keV

�
EHE (1− cos θ12)

1GeV

�−1



Relativistic beaming



Relativistic beaming

ELE � 8Γ2

�
mec2

�2

EHE

� 21MeV

�
Γ

100

�2 � EHE

1GeV

�−1

Typical interaction angle = 1/Γ : threshold for photon photon annihilation is multiplied by Γ2



Geometry of a relativistically moving source

R ≤ 2Γ2ctvar � 6× 107 km

�
Γ

100

�2 � tvar
10ms

�
Source size  is multiplied by Γ2



1. Cosmological distance : z = 0.0085 to 9.4 [z =9.4, Universe is 524 Myr old]

Prompt emission

2. Huge release of gamma-rays : Eγ,iso ~ 1041 → 1048 J
    For comparison : 

- Supernova : Eν ~ 3×1046 J ; Ekin ~ 1044 J ; Eγ ~ 1042 J 
- rest-mass energy of the sun : M⊙ c2 = 1.8 ×1047 J

3. Short timescale variability : tvar ~ 1 - 10 ms

4. Non-thermal spectrum
- MeV photons are detected in most GRBs
- GeV photons have been detected in a few GRBs by Fermi

Afterglow + host galaxy

5. Long GRBs are most probably associated with the gravitational collapse of some massive stars

6. Short GRBS seem to occur in any types of galaxies : no correlation with star formation

Theory (2) Necessity of a relativistic ejection

Compactness problem :

small size + large number of photons
= huge opacity for γγ annihilation

One should not observe photons 
above me c2 !

Solution = relativistic motion (Rees, 1966)

If photons are detected up to energy Emax : constraint = opacity(Emax) < 1 : this gives a minimum Lorentz factor

- pre-Fermi era : Emax ~ MeV : Γ ~ 100-300 (Lithwick & Sari 2001)
- Fermi era :        Emax ~ GeV : Γ ~ 1000 !!! (Abdo et al. 2009)

These estimates are based on single zone models.
More detailed models with a time/space/direction dependent radiation field leads to Γ ~ 300 for the brightest
Fermi bursts (Hascoet, Daigne et al. 2012)



Theory (2) Necessity of a relativistic ejection
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Model of bins a+b in GRB 080916C :
                     Γmin ~ 360   (Hascoët et al. 2012) 
instead of           ~ 900         (Abdo et al. 2009)



GRB Theory

1. Initial event = formation of a compact object
    Central engine = 

- accreting stellar mass black hole
- magnetar ?

Radius (m)



GRB Theory

1. Initial event = formation of a compact object
    Central engine = 

- accreting stellar mass black hole
- magnetar ?

2. Relativistic ejection

Steps 1 & 2 = no electromagnetic signal
(medium is opaque for its own radiation)

Gravitational waves ?
Neutrinos ?

Radius (m)
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GRB Theory

1. Initial event = formation of a compact object
    Central engine = 

- accreting stellar mass black hole
- magnetar ?

2. Relativistic ejection

3. Photospheric radius : first emission of photons

4. Internal dissipation in the relativistic outflow : prompt emission

- If the outflow has a low magnetization at large distance :
   extraction of kinetic energy by internal shocks
   radiation is produced by shock-accelerated electrons

- If the outflow is highly magnetized : reconnection 

Radius (m)
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5. Reverse shock : contribution to the emission is unclear
    (prompt optical / early afterglow emission ? X-rays ? ...)

6. Contact discontinuity

7. Forward shock : strong ultra-relativistic shock : afterglow

Radius (m)



GRB Theory

1. Initial event = formation of a compact object
    Central engine = 

- accreting stellar mass black hole
- magnetar ?

2. Relativistic ejection

3. Photospheric radius : first emission of photons

4. Internal dissipation in the relativistic outflow : prompt emission

Next steps are related to the deceleration by the external medium

5. Reverse shock : contribution to the emission is unclear
    (prompt optical / early afterglow emission ? X-rays ? ...)

6. Contact discontinuity

7. Forward shock : strong ultra-relativistic shock : afterglow

8. Late evolution : Newtonian motion + lateral expansion
    A GRB remnant should look like a SN remnant after a few 104 yr

Radius (m)
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Collapsar



Relativistic ejection : neutrino-antineutrino annihilation ?



Relativistic ejection : magnetic outflow ? (Blandford-Payne / Blandford-Znajek ?)



Breaking out from a collapsing star



Gravitational waves ? Best candidate = short GRBs if associated to NS-NS mergers

Proof of the formation of  black hole, mesure of its mass and spin...



Gravitational waves ? Best candidate = short GRBs if associated to NS-NS mergers

Horizon NS-NS NS-BH

LIGO I / Virgo 15 Mpc 30 Mpc

Advanced LIGO / 
Advanced Virgo

200 Mpc 420 Mpc

Rate NS-NS NS-BH

LIGO I / Virgo
0.02 yr-1

(0.0002 to 0.2)
0.004 yr-1

(0.000 07 to 0.1)

Advanced LIGO / 
Advanced Virgo

40 yr-1

(0.4 to 400)
10 yr-1

(0.2 to 300)

The population of NS-NS or NS-BH binaries
is not well known... 

population synthesis (highly uncertain)

Only a few systems are observed :
e.g. PSR B 1913+16 (merger in ~ 100 Myr)



Fireball

The most simple model
for the acceleration
of the outflow
=
thermal acceleration

Two phases :
- radiation dominated
  era
- matter dominated
  era

(cf. Big Bang)

Final Lorentz factor
Γ = E / M c2
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Internal shocks

1. The variability of the lightcurve is a miror of the activity of the central engine with the same time scales

2. The dynamics is well understood

3. The microphysics in the shocked region is highly uncertain (mildly relativistic shocks)
- amplification of the magnetic field ?
- particle acceleration ?
- dominant radiative processes ?

   Fermi observations favor dominant synchrotron (MeV component) + weak IC in KN regime (GeV component)
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GRB 090510 (Abdo et al. 09)

GRB 080916C (Abdo et al. 09)

Delayed GeV onset + additional component :
- spectral evolution (IC vs syn)
- external IC compton (seed photons : photosphere ?) : needs fine tuning
- emergence of a hadronic component : inefficient (energy crisis)
- for the delay : gamma gamma opacity effect ?



Internal shocks : gamma gamma opacity effects

GBM 

LAT 

tdelay ! 5 s 

tvar ! 0.5 s 

1 MeV 

3 GeV 
tdelay ! 5 s 

tvar ! 0.5 s 

Model of bins a + b of GRB 080916C (Hascoet, Daigne et al. 2012)

First collisions are at smaller radii : opacity is larger

A delayed GeV onset can be reproduced, with a duration larger than the variability timescale in the GBM



Prompt emission

1. Internal shocks :
- Pro : good agreement with temporal and spectral properties (including GeV emission)
- Cons : low efficieny / microphysics highly uncertain

2. Photosphere :
- Pro : simple physics / high efficiency
- Cons : needs additional sub-photospheric dissipation to avoid a thermal spectrum / cannot produce GeV 

3. Magnetic reconnection
     ?????



Superluminal (apparent) motion
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Afterglow : deceleration by the external medium



Afterglow



Achromatic jet break ?



Achromatic jet break ?



Complexity of the early X-ray afterglow (Swift) : un-predicted !



Afterglow

1. Seems to be the best understood part of the scenario (very natural : deceleration of the outflow, like in SNRs) 

2. But Swift observations have revealed a complexity which was not predicted...

- Modifications of the ‘standard’ external shock model ? 

   late energy injection (plateau), late activity of the source (flares)

   strong constraints on the central engine (energetics, lifetime) & the prompt emission mechanism (efficiency)

- Change of paradigm ? 

   e.g. the afterglow (at least at early times) is dominated by a long-lived reverse shock
   it implies a tail of low Γ material + a radiatively inefficient forward shock (magnetized external medium ?)

One possible issue : the origin of the long lasting emission above 100 MeV detected in a few GRBs by Fermi-LAT



GRBs as cosmic accelerators

1. Outflow is made of leptons + hadrons
    (not a electron-positron jet)

2. Mildly or relativistic shocks are present
    (do they accelerate particles ?)
    or magnetic reconnection regions

3. Electrons are accelerated to high Lorentz factors
    (GeV emission detected by Fermi)

4. No evidence yet for proton acceleration
    (radiation too inefficient to contribute in LAT range)

     TeV ?

5. If the same energy is deposited in accelerated protons and
    electrons : HE neutrino emission is expected

    (ICECUBE : sensitivity has reached the most optimistic models...)

     Note : this is the case even if protons are not accelerated above
     1018 eV

6. Acceleration in relativistic shocks is highly uncertain but GRBs
    may have the capacity to acceleration hadrons above 1020 eV

Radius (m)



Acceleration in relativistic shocks ?
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GRBs as a source of HE neutrinos

1. Waxman & Bahcall estimate of the neutrino flux :

     based on the assumption that GRBs are the source of UHECRs
     (this gives the normalization)

2. Other estimates are even more model dependent

Radius (m)



- Simple criterion (Hillas) : RL < R

- More refined criterion : tacc < min (tloss, tesc)

   This implies an object by object study...

- Acceleration in a relativistic outflow
  (from Lemoine & Waxman 09)

- Acceleration time scale : tacc ~ A tL with A > 1 [non relativistic Fermi 1 : A ~ g / βsh
2 with g ≿ 1]

  (comoving frame)                                                 [Larmor time tL = E / Z e B c2]

- Time available for acceleration : tdyn ~  R / β Γ c 
  (comoving frame)

- Maximal energy : tacc < tdyn leads to Emax = A-1 Z e B R c / β 

- ‘Magnetic’ luminosity of the source : LB = (4 π R2) ( ϑj
2 / 2 ) × ( B2 / 2 μ0 ) × ( β Γ2 c )

- Minimum luminosity : 

   Lbol > (2 π  ϑj
2  ) × ( A2 β3 Γ2  Emax2 ) / ( 2 μ0  Z2 e2  c ) ~ 0.65 1038 W ( A2 β3 Γ2  / Z2 ) (Emax / 1020 eV)2 

         For reasonnable values of the parameters, one finds typically Lbol > 1038 W / Z2 :
         only most powerful AGNs (not Cen A : a factor 100 less bright) ; GRBs ; magnetars

GRBs as the source of UHECRs ?

1. Energy : may be
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GRBs as the source of UHECRs ?

1. Energy : may be

2. Composition : not so easy if heavy nuclei

3. Propagation ?

     GZK cutoff expected (GRBs are at large distance)

     The detected flux should be due to a few tens of events 
     per ~ 104 yr within ~ 100 Mpc
     (one source contribute for a long duration : dispersion in
     arrival times is large !)

     No counterpart should be seen
    (rather the last scattering on a magnetized region)

     Excess in Cen A : a lot of matter in this direction (including Cen supercluster)
     The last few GRBs from this region could produce an excess

4. Rate ?

    Local GRB rate is uncertain : difficult to constrain the fraction 
    of energy that should be injected in UHECRs 
    (beaming ? role of low-L GRBs ?)

    1046 J per GRB for 1 GRB per yr and per Gpc3 ? difficult... 
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Gamma-ray bursts as a tool to probe the distant Universe



Many open questions

What are exactly the progenitors of GRBs ?
Long GRBs : conditions for a massive star to produce a GRB ?
(mass, metallicity, rotation, binarity, ...)
Short GRBs : how to prove the merger scenario ?

What is the nature of the centrale engine ? (accreting BH vs magnetar)

How is the outflow accelerated to relativistic speed ?

What is the dominant internal dissipation mechanism responsible for the prompt ?
(photosphere vs internal shocks vs magnetic reconnection)

What are the radiating particles ? the dominant processes ? (including at HE)

How is the outflow decelerated by the external medium ?

Can we expect TeV emission ?

What would we learn from GW detection ? (physics of the central engine)
What would we learn from HE neutrino detection ? (particle acceleration)

What is the maximum energy for the acceleration of hadrons ?
Can GRBs be the source of UHECRs ?
...
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