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The “supernova fountain” 
in Paris science museum

“Palais de la Découverte” 
December 2013 - February 2014

Supernova physics can be made simple*

*at least what we understand of it

e.g. some of its hydrodynamical properties



Outline

Introduction to supernovae: following our common sense

The framework of delayed neutrino driven explosions

Some observational clues and puzzles

The basics of hydrodynamical instabilities

Neutrino driven convection

The Standing Accretion shock instability

Impact on the explosion & new ideas
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Outline of lecture 1

Introduction to supernovae: following our common sense

why study supernovae ?

the basics of the Chandrasekhar limit

the maximum mass of neutron stars



Supernova remnants

Volume distribution
(Li+11)

CassiopeiaA (~1680)Tycho (1572)

Kepler (1604)

SN 1006
Crab (1054)

SN1987A

thermonuclear 
supernovae

Ia

gravitational 
supernovae

II, Ibc



the physical puzzle 
takes place 

during 1 second 
within a 100km radius

a key process in stellar evolution



The high velocities of neutron stars
suggest an asymmetric supernova explosion

pulsar in the guitar nebula: >1000km/s Hobbs et al. 05
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The framework of neutrino-driven delayed explosions



Why should we care?

A long standing physical puzzle, still unsolved
massive stars are expected to collapse, but why do they explode ? 
do we miss a physical process?
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A long standing physical puzzle, still unsolved
massive stars are expected to collapse, but why do they explode ? 
do we miss a physical process?

A laboratory for extreme physical conditions
nuclear physics from 106 to 1015 g/cm3

special & general relativity and black hole formation
shock dynamics
neutrino interactions
magnetic fields

A decisive astrophysical process
a milestone in stellar evolution and population synthesis: mass range, missing RSG, binarity
a signature of stellar structure: compactness, angular momentum, B, turbulence
the birth of a neutron star or a black hole: mass/kick/spin/B ?
the dissemination of stellar nucleosynthesis: which elements? fallback?
a site for explosive nucleosynthesis: which sites for the r-process?
a tracer of star formation: which bias? mass loss ?
a source of neutrinos: direct insight, mass hierarchy, oscillations
a source of gravitational waves: direct insight, progenitor of NS mergers
a clue to the transient sky: connection to GRB, hypernovae, SLSN...

also,a site for dust production
the injection of kinetic energy in the ISM
the birth of a remnant=cosmic ray accelerator



The energy puzzle

Observed kinetic energy: 1051erg
Reference energies: 

solar mass annihilation:

neutron star gravitational energy:

kicked neutron star kinetic energy:

spinning neutron star kinetic energy:

OàFe nuclear binding energy (SNIa):
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The encouraging results of 3D modelling

X

Grefenstette+14

blue: Titanium
green: Silicon
red: Iron

X



1-D models calibrated with SN1987A (~18Msol) and the Crab (~10Msol)

-single star evolution: binarity is ignored (Sana+12)
-rotation largely neglected
-SN1987A was peculiar (Morris & Podsiadlowski 07)
-the SASI/convective multi-D diversity is ignored

« Islands of explodability in a sea of black hole formation »

Sukhbold+16

distribution of masses 
of neutron stars and black holes

The apparent success of supernova theory



SN1987A

Utrobin 04

-duration of neutrino detection: 12s
à a fast process involving dense enough material to trap neutrinos

-identification of the massive progenitor
-detection of supernova neutrinos



Spectral classification

Turatto 2003

SN1996X

SN1994I

SN1997B

SN1999dn

SN1990I

SN1987A

Hα 6563: II
Hβ 4861: II
SiII 6355->6150: Ia
HeI 5876: Ic



Core-collapse vs Thermonuclear supernovae
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SN classification

Turatto 2003

White Dwarf

Helium star binary

single Wolf-Rayet



The diversity of light curves

Smith+07

Bernsten+16

timescales of the light curve:
fast rise (~days), 
~100 days plateau
slow decay (~months)

56Ni 56Co 56Fe6.1d 78.5d

-radioactive decay of 56Ni



Typical observations (e.g. Type IIP SN1999em@11.5Mpc, Dessart & Hillier 06)

Luminosity 2.5x1042erg/s = 6.6x108 Lsol during 120 days (~107 s)

Photospheric temperature ~0.9 Tsol

Velocities from Doppler shifts: 3x103 km/s
Kinetic energy

Advanced calculation of non LTE radiation transfer: see Dessart & Hillier 11, Dessart+13

Supernova arithmetic
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-radioactive decay of 56Ni (Nadyozhin 94)

The early light curve is powered by the shock and the H recombination. 
The mixing of 56Ni powers the light curve after some weeks
The late light curve is powered by the radioactive decay of 56Co (>150 days). 

The decay of 44Ti can be directly observed in γ-rays after >20 years

Radioactive decay of 56Ni, 56Co, 44Ti
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60Co contribution

56Ni      à 56Co      à 56Fe
τ1/2=6.1d    τ1/2=77.1d
τNi=8.8d τCo=111.3d = τ1/2 / log(2)

γ-rays:
ENi~1.75MeV/Ni ECo~3.6MeV/Co 

Ni decay power (<10 days): Co decay power (>100 days): 
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-radioactive decay of 44Ti à44Scà44Ca (Ahmad+06) 
τTi=85yr, ETi~1.157MeV/Ti

observed in SN1987A by Integral (Grebenev+12) 
(3.1+-0.8)x10-4 Msol of 44Ti
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Diagnostics multi-λ:

light curve
spectrum

nucleosynthesis
neutrinos

gravitational waves
cosmic rays

The transient universe

Expanding zoo:

supernovae 
SNIa, SNIax, SN.Ia

SNIb, SNIc, SNIIP, SNIIL, SNIIL

superluminous supernova 
hypernova
kilonova

short/long GRB
orphan afterglow
Ca-rich transients
Fast Radio Burst

luminous red nova
(X ray burst, recurrent nova)

kilonova

LGRB orphan 
afterglow



What can be observed of a supernova?

circumstellar
wind & 

ejections
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Which fields of physics?

Stellar structure and evolution: Newtonian gravity,
3D radiative hydrodynamics,
nuclear statistical equilibrium,
turbulence, dynamo,
binary interactions.

Collapse of the iron core: Newtonian gravity,
quantum mechanics, 
special relativity, 
3D hydrodynamics.

Formation of a proto-neutron star: general relativity, 
nuclear equation of state, 
electron capture, hyperons,
neutrino interactions

Stalled accretion shock: 3D radiative (magneto) hydrodynamics,
neutrino interactions.

Neutrino driven wind, nucleosynthesis: nuclear cross sections,
3D radiative hydrodynamics



The panorama of scenarios

Neutrino driven explosion but the explosion energy seems weakish
improved neutrino transport in 3D?
improved 3D progenitor structure?

Fast rotation but most of the massive stars are slow rotators. 
ok for a minority 

Strong magnetic field but most of the stellar cores are weakly magnetized. 
ok for a minority

Quark matter transition but experimental support is missing. ad hoc ?

Jittering jet how would the jet be efficiently formed?



1934



1934



1941

1965



Crash course

Special relativity: 
the velocity of electrons approaches the speed of light c
Lorentz factor Γ >>1

the rest mass of electrons mec2 is negligible compared to their kinetic energy (Γ-1)mec2

the momentum p= Γmv of relativistic electrons is approximately Γmc 

Quantum mechanics: 
Planck constant 

the Heisenberg relation
the quantification of angular momentum determining the Bohr radius
the quantification of the photon energy in the photoelectric effect 
the UV catastrophe in the black body spectrum

the Pauli principle: fermions cannot have the same momentum and position

Newtonian gravity:
classical gravitational force GM/r2

Why should the stellar core collapse? Chandrasekhar mass
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Fermi momentum of electrons

Fermi energy 
EF~pF

2/2me (non relativistic)
EF~pFc (relativistic)

electrons are degenerate if EF>kT:

non relativistic:

relativistic:

Stellar nucleosynthesis in a 15 Msol star
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The final stages of stellar evolution
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a 

12

Fe-He photodissociation: 
nuclear binding energy Enuc

Enuc(4He)~7MeV/nucleon
Enuc(56Fe)~8.8MeV/nucleon

àΔEnuc=1.8MeV/nucleon ~ 3.5mec2

hydrostatic equilibrium
kTc~GMc/Rc
Rc~(Mc/ρc)1/3

cooling of degenerate matter (white dwarfs)
at constant density
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As the mass M of the degenerate iron core increases, 
the density ρ increases, 
the electronic interspacing Δxe decreases.

Each nucleus of 56Fe contains 26 protons and 30 neutrons 
The electron fraction is Ye=26/56~0.46

The momentum pe of electrons is deduced from the Heisenberg relation 

Electrons are relativisitic for stellar densities ρ exceeding 6x107 g/cm3.

A spherical stellar core of mass M and radius R contains N=YeM/mp electrons
the mean density is ρ=M/(4πR3/3)
The total energy ET is approximated as the sum of the potential energy of the nuclei Ep~-GM2/R
and the kinetic energy Ek of the electrons

Ek~Npe
2/2me for non-relativistic electrons:

Ek~Npec for relativistic electrons:

The density is not uniform: inner regions are denser
The non relativistic energy ET is dominated by Ep<0 at large radius, it increases with radius.
In the relativistic inner region, ET decreases with radius only if M<MCh

The exact calculation yields

Why should the stellar iron core collapse?
Chandrasekhar 1930,

Landau 1932
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Gravity in the iron core is balanced by the pressure Pdeg of degenerate relativistic electrons:

The pressure in the stellar core dominated by degenerate relativistic 
electrons is thus described as a gas with an adiabatic index γ=4/3

The equilibrium of the pressure force against Newtonian gravity 

can be rewritten dimensionally 

using

If M<MCh, the dominant degeneracy pressure expands the star until the density decreases to 
the non relativistic regime where an equilibrium is found.

If M>MCh, the dominant gravitational force increases the density, thus further increasing the 
relativistic character of the electrons, without ever reaching an equilibrium.
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-The radius of a degenerate core is a decreasing function of its mass. 
For non relativistic electrons,

where 

as the mass approach the Chandrasekhar limit, the radius shrinks due to relativistic effects

-The Chandrasekhar mass MCh~1.4Msol is a stellar mass defined from universal constants associated to 
-quantum mechanics, 
-Newtonian gravity,
-special relativity.

-The reaction of electron capture decreases the pressure support, and also decrease the Chandrasekhar mass: a 
runaway collapse starts as the mass of the core approaches MCh

Why should the stellar core collapse?
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As the mass M of the degenerate iron core increases, 
the density ρ increases, 
the neutron interspacing Δxn decreases.

The momentum pn of degenrate neutrons is deduced from the Heisenberg relation 

Neutrons are non-relativisitic for nuclear densities <2x1017 g/cm3.

A spherical stellar core of mass M and radius R contains N=M/mn neutrons
the mean density is ρ=M/(4πR3/3)
The total energy ET is approximated as the sum of the potential energy of the nuclei Ep~-GM2/R
and the kinetic energy Ek of the neutrons

Ek~Npn
2/2mn for non-relativistic electrons:

The radius of minimal energy would be a factor mn/me ~2000 smaller than the Chandrasekhar radius

For such a small radius, general relativistic effects have to be taken into account.
Beside, the strong repulsive force between neutrons results in a significantly larger radius ~10km

Hydrostatic equilibrium of degenerate neutrons (neglecting GR and the strong force)
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General relativity: the Schwarzschild radius can be viewed in Newtonian gravity as the radius where the escape velocity 
(2GM/R)1/2 would reach the speed of light c. It defines the horizon of a black hole of mass M.

The Schwarzschild radius of the sun is Rs~3km, it scales linearly with the mass

Incompressibility of nuclear matter: Neutrons packed against each other are nearly incompressible
The incompressibility at saturation density is estimated as K=230+-40MeV (Khan+12)

The radius R of a sphere of incompressible neutrons with density ρns scales like the power 1/3 o the mass

It becomes smaller than its Schwarzschild radius if its mass exceeds a threshold defined by

The actual limit is in the range 2-3Msol depending on the equation of state of dense matter, which is not determined yet.

The maximum mass of an observed neutron star is ~2Msol (Demorest+12, Antoniadis+13)

A first glimpse into the limiting mass of neutron stars
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