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Stellar Evolution and Supernovae (SNe)
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Supernovae = A key in the cosmic cycle
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Core-Collapse Supernovae (> 10M)

Core Collapse Proto Neutron Star
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Neutrino heating (+ explosion?)

= v-Luminosity |

— Matter Flow
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Neutrino heating in multi-D

Buras, Marek , Janka (MPA)



Neutrino Heating in Multi-D
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“Collapser” (v/IMHD+Rotation, > 25Mg?)
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Explosive Nucleosynthesis above Fe core

Once the shock is
launched, the high
temperature there
Induces explosive
nucleosynthesis above
the Fe core.

DynamiCS [p(rit)i T(r!t)] ~ 1018 cm
= Nuclear reactions [X(r, t)]
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Supernova nucleosynthesis

From Wikipedia, the free encyclopedia

Supemnova nucleosynthesis is the production of new chemical elements inside supermovae, a picture due to Fred Hoyle ! It occurs primarily due to explosive nucleosynthesis during explosive oxygen
burning and silicon burning.[ﬂ Those fusion reactions create the elements silicon, sulfur, chlorine, argon, sodium, petassium, calcium, scandium, titanium and iron peak elements: vanadium, chromium,
manganese, iron, cobalt, and nickel. These are called "primary elements”, in that they can be fused from pure hydrogen and helium in massive stars. As a result of their ejection from supernovae, their
abundances increase within the interstellar medium. Elements heavier than nickel are created primarily by a rapid capture of neutrons in a process called the r-process. However, these are much less
abundant than the primary chemical elements. Other processes thought to be responsible for some of the nucleosynthesis of underabundant heavy elements, notably a proton capture process known as the

rp-process and a photodisintegration process known as the gamma (or p) process. The latter synthesizes the lightest, most neutron-poor, isotopes of the heavy elements.

REfEI‘EI]EE!S [edit] SQ[][F@@W@@ @[ﬁ]@ﬂ
1. * "Synthesis of the laments from carbon to nickel" Astrophys. J. Suppl. 1, 121 N@@Hgymﬁﬂﬂ@gﬁg

2. "Woosley, S E.,W.D. Amett and D. D. Clayton (1973). "Explosive burning of «

AN INVESTIGATION OF THE HISTORY OF MATTER,
FROM THE BIG BANG TO THE PRESENT

3. *P. A Seeger, W.A Fowler, D. D. Clayton (1965). "Hucleosynthesis of heawy

Other reading [edit

« £ M. Burbidge, G. R. Burbidge, W. A. Fowler, F. Hoyle, Synthesis of the
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Coulomb barrier

Ve = 3.43 MeV

Gamov Peak Z + Z: Coulomb barrier
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Nuclear Theory & Experiments

Reaction Rates I

Reaction Rates
Equation of States
Opacities

Astrophysical Models
(Most) Astrophysics thermonuclear reactions can be treated
within the statistical Hauser-Feshbach model of nuclear reactions
(compound nucleus reactions by averaging over resonances).

Nuclear Ingredients from nuclear

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

=>Cross section calculations
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Ty = T/10°9K at the passage of the shock (i.e., peak T)

e > 10°K, up to O core.
* Higher T for inner.




. TOC(EK/R3)1/4

%N, He, Fe-peak

SI, S, Fe, Ar, Ca, Fe-peak
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T > 5 X 10° K: Equilibrium

 Weak interactions are decoupled.

e Nuclear reactions:

— NSE (> 5x10°K) : Nuclear Statistical Equilibrium
* APBLPCDLRERFSG..

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

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



Xi(T) for given p, Ye(=0.5) Xi(Ye) for given p, T(=3.5GK)
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*6Nij in SN explosive nucleosynethsis

* Why °®Ni most abundant? (for initial Ye~0.5)

— NSE = Forms most stable isotope.
* Fe-peaks (for T~ 5 x 10° K).
— Electron capture is slow. p/n ratio ~ 1.

* >5Ni has equal number of protons and neutrons in it.
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In practice

 Hydrodynamic simulation to get thermal history.

— Core-collapse SNe.

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

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

— SNe la.

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

II)

* “Small” reaction network for major isotopes.

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



Bipolar/2D Models

Most intensively studied multi-D models in
SN nucleosynthesis study.

Relatively simple, but may catch the main
global property of the SN explosion(s).

, [INagataki+ 1997
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Supernova Remnants




Riken Press Release, 2014/2/20 Cas A Supernova Remnant
Distribution of radioactive isotopes
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Riken Press Release, 2014/2/20 Cas A Supernova Remnant

Distribution of radioactive isotopes
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Kyoto U. Press Release, 2013/7/2 SN1006
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Ejectal
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Doppler effect
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Beyond Galactic Supernova Remnants
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“SNR” 1987A
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Metal emission/absorption lines in optical
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(55Ni—)55Co—55Fe

SN 1987A:
Prediction: X-ray after 1 yr
Observation: X-ray at 0.5 yr
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Radioactive #*Ti in SN 1987A
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Extragalactic Supernovae
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A8l (explosive)

| | | |
Sketches of supernova spectra
near maximum light (about 1 week)
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Radioactivity: Direct detection
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