Nuclear burning stages

(20 Mg, stars)

Fuel Main  Secondary T Time Main
Product ™% (10°K)  (yr)  Reaction
H He 14N 0.02 107 4 H $4He

He A/O, C 180, 22Ne 0.2 106 3 He? > 12C

/ S-process 12C(a,y)'eO

C Ne, Na 0.8 103 12C + 12C
/ Mg
Ne O, Mg Al, P 1.5 3 “Ne(y,a)"0

20Ne(a,y)*Mg




Neon Burning

Neon burning proceeds by a combination of photo-disintegrations
and « captures:

INe+ v — PO+ %He, Q= —4.73MeV

This reaction dominates over the inverse reaction known from
helium burning for T > 1.5 x 10° K.

Subsequently, the *He is captured on another “°Ne nucleus:
ONe 4+ *He — ?*Mg + ~.

The net result is
220Ne +~v — %0 +*Mg+~v, Q= +4.583MeV



Nuclear burning stages

(20 Mg, stars)

Fuel Main Secondary T Time Main
Product Product (1 09 K) (yr) Reaction
H He 14N 0.02 107 A $4He
H 80, #?Ne 0.2 106 3 He* > 12C
© A/O, C S-process 2C(a,y)'®0
C Ne, Na 0.8 103 12C + 12C

Mg

Ne O, Mg Al, P 1.5 3 2Ne(y,0)'*0

20Ne(o,y)?*Mg

O Sl, S Cl, Ar, 2.0 0.8 160 + 160
K, Ca




Carbon and Oxygen Burning

Carbon Burning

Carbon burning

2+ 2C o P*Mg+y ., 13931

- — BMg+n , —2.605

~ — BNa +p , 2238

— 2Ne +a , 4616

@ — %0 +2a, -0.114
Average = 13 MeV

Oxygen burning - Oxygen Burning

%0+ 1%0 » 328 +~4 | 16.541

] T ~ 3P 4p 7677

)= @ 5318 4, 1453

\ S BSi +a . 9.593

~ /
® /69 g S MMg+2a, —0.393
O Average = 16 MeV




Nuclear burning stages

(20 Mg, stars)

Fuel Main Secondary T Time Main

Product '™ (10°K) (yr)  Reaction
H He 14N 0.02 107 413 e
He A/O, C 180, 22N e 0.2 106 3 He? > 12C
s-process 12C(a,y)'®O

C Ne, Na 0.8 103 12C + 12C

Mg

Ne O, Mg AI, P 1 .5 3 zzlr\\ll:((ay,;o)tz)::n(;

O Sl, S Cl, Ar, 2.0 0.8 160 + 160

/ K, Ca

Si,S Fe Ti, V, Cr, 3.5 0.02 28Si(y,)...

Mn, Co, Ni




Silicon/Sulfur Burning

Actually, often we have more sulfur in the star than there is silicon,
but it i1s custom to call this phase “silicon burning”.

Typical burning temperature is 3...3.5 % 10° K.

Similar to neon burning, silicon burning proceeds as a series of
photo-disintegration reactions, mostly, (v, &), and helium capture
reactions, () to build up iron group elements.

(v, ) = (@,7)

At the high T and p of these conditions, also weak reactions
occur, converting protons into neutrons and leading to a neutron
excess. This allows to actually make stable iron isotopes.



Beyond Silicon Burning
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NEUTRON ENRICHMENT

NSE distribution for
T = 3.5 x 10° K,
p=10"g/cm?
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After silicon burning T and p is
so high that the nuclel are In
nuclear statistical equilibrium,
I.e., the reactions are fast
compared to the evolution
time-scale of the star, and the
abundance distribution of the
nuclei is given by a Saha
equation.



Summary of Energies

4

Tthreshold Energy per ‘o
Nuclear Fuel  Process 105K Products Nucleon (Mer’_*_?
H p—p ~4 He 6.55
H CNO 15 He 6.25
He 3 100 C, O 0.61
C C+C 600 O, Ne, Na, Mg 0.54
O O0+0 1000 Mg, S, P, Si ~0.3

S1 Nuc. eq. 3000 Co, Fe, Ni <(0.18 .




Nitrogen Burning
“N(o,Y)"*F(B*v,)"®O(a,y)*’Ne

*'“N is made as slowest reactant in CNO cycle
It is made from initial metals, not as a primary product

 Depending on metallicity, the abundance can be come
significant; it will be more important for more metal-rich stars.

N burning occurs at the onset — before — central helium burning
and can have its own convective burning phase, take a few % of
helium burning time.
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Mufti-Dimensional Convection

Stratificati
| Mean Shear Flow atincation

. _ ’UJ_(T) g IntemalWavesé p(r)
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(Meaken & Arnett 2007)



Multi-Dimensional Convection

! I Time = 3.108+05 sac ! I Time = 5.10e+05 sec ! I Time = 7.10e+05 sec I Time = 9.10e+05 sac

(Meaken & Arnett 2007)



The Last Three Minutes of a Star
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Mueller+ 2016 in prep.



A First Look

Core Collapse

Supernovae
(Massive Stars, Pop |)
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Core Collapse Supernovae
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Core Collapse Supernovae — 3D

Cold inflow and hot outflow

in 3D simulations =» similar to dipolar
flow pattern observed in 2D rotationally
symmetric simulations

15000 km

(Scheck, Janka, et al. 2006) (Janka et al. 2005)






Singing Supernovae?

Stan

Can sound waves from convection heat bubble and Woosley
power a supernova explosion?
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Neutron Star Kicks
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Dipolar oscillation may explain observed neutron star kicks of
several 100 km/s.



