
Type Ia Supernova 

•  White dwarf accumulates 
mass from (Giant) companion 

•  Exceeds Chandrasekar limit 
•  Goes supernova 

Ia simul 



 Super Giant Stars 
•  Last stage of 

superheavy (>10 M¤) 
stars after completing 
Main Sequence 
existence 

•  Initially: Very hot, UV 
radiation 

•  Move mostly 
horizontally on H-R 
diagram (decreasing 
temperature, constant 
luminosity 
–  Heaviest (100M¤) 

never go beyond blue 
SG stage 

–  Others: red SGs 



Fusion for Supergiants 
 
•  Onion (25 M¤):  

–  H burning: 5 Mio yr  
–  4He burning: 500,000 yr 
–  12C burning: 500 yr 
–  Ne burning: 1 yr 
–  Si burning: 1 day 
–  Final state: inert Iron/Nickel core -> no more energy available 

from nuclear fusion (nor from fission!) 

Liquid drop model:  
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Fusion for Supergiants 

 
•  Nuclear reactions in  

massive stars:  
–  p+p , CNO cycle =>  

4p -> 4He = α, e+, ν + 26 MeV 
–  Triple-alpha: 3α -> 12C + 7.2 MeV 
–  α capture chain: 

12C -> 16O -> 20Ne -> 24Mg… 
–  Other reactions:  

12C+12C -> 20Ne + α�
C+O->28Si, O+O->31S+n,  
Si+Si->56Ni->56Co->56Fe 

–  Heavier elements through s-process 
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Superheavy Elements 

•  During regular fusion, 
only elements up to Fe, 
Ni, Cu can be produced 

•  During supernova 
explosions, very high 
neutron flux 

•  …or neutron star 
mergers? 

•  => rapid (r) neutron 
capture process 

•  Followed by beta-decay 
•  => All heavier elements 
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Nuclear abundance distributions as a function of atomic mass of the ejecta for two different combinations of neutron star mergers. The distributions are 
normalized to the solar r-process abundance distribution. Image credit: Stephane Goriely.



More about Betelgeuse 

•  Outer Layer extremely 
tenuous (pretty much 
vacuum) but optically 
dense 

•  Lots of gas (ejected?) 
even beyond that (all 
the way to “Neptune’s 
orbit”) 

•  Evidence of 
(asymmetric) mass loss 
- will it end with a bang 
or a whimper? 





Core Collapse Supernovae 
•  Types Ib, Ic: no H lines due to shell loss (type Ia already discussed) 

Type II: Plenty of H left (standard end stage of SG) 
•  Onion (25 M¤):  

–  H-He-C-O-Ne-Mg-Si shells 
–  Final state: inert Iron/Nickel core  

-> no more energy available from nuclear fusion 
-> contraction, degeneracy pressure -> core collapse 
(1 M¤ collapses from Earth size to 10’s of km in < 1 sec!) 

•  Core heats up, contracts (Chandrasekhar limit!) => 
–  photo-dissociation (nucleus -> nucleons) 
–  e- capture: e- + p -> n + νe, n decay => large energy loss (ν’s)! 
–  core collapse (seconds!), shockwave, neutrino death ray, sudden 

luminosity increase (3x109 L¤ for weeks), blown off outer layer 
–  Light fall-off controlled by nuclear decays 
–  Huge number of n’s -> r process 



Final Stage of Super Giants: 
Supernovae Remnants 

SN1994D (NGC4526) 

Crab Nebula 

SN 1006 



Supernova remnant 

•  Neutron star: 
–  nearly no p’s, e-’s, just neutrons 
–  Remember: Rwhite dwarf ∝ 1/me M-1/3 

–  mn = 1840 me => R 1840 times smaller (really, about 
500 times because only 1 e- per 2 neutrons) => of 
order 10 km! 

–  Density: few 1044/m3 = 1/fm3 > nuclear density => 
nucleus with mass number A = 1057 

–  Chandrasekar limit: 5 solar masses (2-3 in reality?) 
–  Lots depends on nuclear equation of state *), 

general relativity 

*) Repulsive core / Nuclear superfluid / quark-gluon plasma / strange matter / pasta ? 



Fermi Gas Stability revisited: 
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Electron Fermi Gas: 

Neutron Star: replace me with mn (1839 times larger), Ntot doubled 
(since Ntot = Nn = number of all nucleons, not = ½ Np+n for electron 
Fermi gas.) => R is 580 times smaller (10 km)  
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∝M 2/3Relativistic limit: 
 
= 730 times larger for same mass M 
⇒  pf /m =40% of ratio for electrons for same M 
⇒ maximum pf could be 2.5x larger before relativity 

sets in => 4 times the mass (5.6 instead of 1.4 Msun) 



Supernova remnants 
•  Some new ideas: 

–  Superfluid center 
–  Partial deconfinement 

(cold plasma) 
–  s quark matter (now ruled 

out?) 

n matter 

hyperons 

s quark 
matter 
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Top and bottom left: Molecular dynamics simulations of nuclear pasta in a 
(100 fm)3 cube containing 38,400 nucleons. The colors indicate the density 
of nuclear matter from blue (low) to brown (high). The neutron density (in 
fm-3) is indicated. An average nuclear matter density is 0.16fm-3. Bottom 
right: A model correlation between the neutron radius of 208Pb and the 
radius of a 1.4 solar-mass neutron star.
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Abundance pattern of heavy elements in old, metal-poor stars compared to the relative solar r-process distribution (solid lines). The absolute scales have been 
chosen arbitrarily for better presentation. Image credit: Anna Frebel.
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Reaching for the Horizon

for the in-falling material in this collapse scenario 

depend on the equation of state, particularly on the 

incompressibility of neutron star matter. The bounce-

initiated and neutrino-revived shockwave traverses the 

outer layers of the star, generating conditions that lead 

to multiple nucleosynthetic pathways behind the shock 

(see Sidebar 4.2).

Thermonuclear explosions are driven by accretion 

of light element fuel in binary star systems onto a 

compact star, either a white dwarf or neutron star whose 

abundance pattern is defined by its nucleosynthesis 

history. Such events are observed as novae and X-ray 

bursts, respectively. Within a few seconds the light fuel 

material ignites and is converted by rapid alpha and 

proton capture reactions to a heavy element isotope 

distribution. The timescale of the burst, the endpoint, 

and the final abundance distribution depend upon the 

nuclear reaction and decay rates along the reaction 

path. Measurements of the key reaction cross sections 

are crucial for interpreting the burst characteristics, 

but successful measurements require the high beam 

intensities anticipated for FRIB.

The Type Ia supernova is interpreted as a 

thermonuclear-energy-driven explosion. In this case, 

carbon/oxygen burning ignition takes place near the 

center of a white dwarf star. Ignition and propagation 

of the burning front in this explosion depend on the 

abundance composition of post-helium burning stars. 

The rates for the fusion reactions between carbon and 

oxygen nuclei that are important for igniting and driving 

the burning front are uncertain for the temperature 

range anticipated for such an event. The flame front 

propagation speed depends on additional reactions, 

namely alpha capture reactions that require further 

experimental studies.

Merging neutron stars can be considered an extreme 

case of accretion. Two neutron stars in a double star 

system spiral into each other under the influence of 

their gravitational potential. The merging of the two 

stars generates extreme density conditions, prodigious 

neutrino emission as in core collapse supernovae, and, 

likely, very high neutron flux conditions suitable for a 

rapid neutron capture process, or r-process, with the 

reaction products being dynamically ejected by tidal 

and pressure forces during the merger. Detecting these 

events and the event rate with new instruments such 

as the Advanced Laser Interferometer Gravitational- 

Wave Observatory (LIGO) will provide us with important 

information on the possibility of identifying these events 

as r-process sites (see Sidebar 4.3).

All these explosive events occur rapidly on a timescale 

of a few seconds. This prevents radioactive nuclei 

formed in the explosion from decaying within this short 

period. They become part of the sequence of nuclear 

reactions that develop far beyond the limits of nuclear 

stability. A study of these reactions, and of the decay 

and structure characteristics of the nuclei along the 

reaction path, provides fundamental insight into the 

nature of these processes, the rapid timescale of the 

explosion, the associated energy release, and, of course, 

nucleosynthesis. FRIB will provide the beam intensities 

for a direct study of key reactions and key nuclei 

necessary for understanding the specific nature of 

the nuclear pathway during an explosive event and, 

through comparison with the emerging abundance 

distribution, the nature of the astronomical site and 

the conditions during the explosion.

THE MATTER OF NEUTRON STARS
The physics of neutron stars is of particular interest to 

the nuclear physics community. Indeed, the structure and 

composition of neutron stars in hydrostatic equilibrium 

are uniquely determined by the equation of state (EOS) 

of neutron-rich matter, namely, the relation between the 

pressure and energy density. Measurements of neutron-

star masses and radii place significant constraints on 

the EOS (Figure 4.3). Conversely, future measurement of 

both masses and the neutron-rich skin of exotic nuclei at 

FRIB will provide critical insights into the composition of 

the neutron star crust.

Figure 4.3: Astrophysical measurements of masses and radii of neutron 
stars can provide key insights into the equation of ultra-dense neutron star 
matter. Image credit: P.B. Demorest et al. Nature 467, 1081 (2010).



Pulsars 
•  Sources of periodic radio emission (T = 0.001 - 1 s) 

–  Example: Crab pulsar T = 33 ms, ω = 190/s (1/trillion precision!) 
–  Frequency slowing down slowly over time 
–  Rotation? Requires GM/R2 > R ω2 => 

assuming 1 solar mass => neutron star! 
–  Why so fast? Angular momentum conservation: 5.104 times 

smaller radius -> 25.108 times larger ω => from months to ms 
–  Source of radio waves: rotating magnetic dipole of order 108-1010 T 
–  Why so huge? 2 arguments: 

•  field@surface ∝ magnetic moment/R3 ∝ angular momentum 
(conserved) 

•   -dΦ/dt = EMF, Lenz’ law, plenty of free charges (plasma) ->  
Φ remains constant during collapse -> B increases like 1/R2 
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