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Spectra of white dwarf
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C+0 and He white dwarfs
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Mass distribution of WDs (with H)
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Goals of this lecture

® Standard properties of stars
® Stellar structure and properties
® Stellar evolution

® Origin of the elements in the Universe

® Nucleosynthesis in stars and supernovae




Gravitational waves from
23 Msun black hole + 2.6 Msun object!
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Is 2.6 Msun object black hole or neutron star?

Ozel 2016
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Discovery of the heaviest NS!?

- Large uncertainty in EOS
for NS matter
- But difficult to support 2.6 Msun.

Discovery of lightest black hole!
- Implications to
supernova mechanism
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Thermonuclear explosion




Explosion of white dwarf
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Pre-explosion Post-explosion
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*NSE = nuclear statistical equilibrium (%% 51 1%7)

Elements

56Fe, 54Fe, 58Ni




Thermonuclear supernovae

Normal stars are stable with nuclear burning

Why do white dwarfs explode by nuclear burning?
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Thermonuclear Supernova
Explosion

model f1

(c) Friedrich Ropke, MPA, 2004
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How to trigger explosion (progenitor scenarios)

Accretion from
non degenerate star

Merger of two white dwarfs




Summary: Thermonuclear supernovae

® Explosion of white dwarf close to Mch

® Nuclear burning => runaway under degenerate condition

® Explosive nucleosynthesis

® About 0.8 Msun of Fe-group elements (56Ni & >56Fe, 54Fe, 58Ni)
> Core-collapse SNe
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1. Massive stars M > 10 Msun

~ 10 Myr
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Images are not to scale
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Timescales for nuclear burning stages

Table 12.1. Properties of nuclear burning stages in a 15 M, star (from Woosley et al. 2002).

burning stage 7T (10°K) p (g/em’®) fuel main products  timescale

hydrogen 0.035 5.8 H 1.1 x 107 yr
helium 0.18 1.4x10° He 2.0 x 10° yr
carbon 0.83 24%x10° C 2.0 x 10° yr
neon 1.6 7.2%x10° Ne 0.7 yr
oxygen 1.9 6.7x10° O, Mg ' 2.6yr
silicon 3.3 43 %107 Si 18d




Collapse eutron star
or

(< 1 sec) lack hole




Core-collapse supernovae

What happens to massive stars at the end of lives?




Assignment 3/ L 7R— M ERRE 3

Consider gas consisting of
- non-relativistic (NR) particles (e.g., NR ideal gas, NR degenerate gas) and
- extremely-relativistic (ER) particles (e.g., ER degenerate gas, photons)

FERXT ERAY(NR)/BE XS FRHY(ER) R F IS B D HRAZEEZS

(3a) Show the following relations
between pressure (P) and energy density ()

£ (P) ETRILF—ZEE () DEIC,
LUTOREEMIEDIIDC EZERE

* P =(2/3) € for NR particles
* P =(1/3) € for ER particles

(3b) Show adiabatic index (y) are following
Adiabatic index (y) LI FD LS IcKEd I & ZzRrtE

* y =5/3 for NR particles
* v =4/3 for ER particles
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Summary: Core-collapse supernovae

® Stability of star
® Dynamically unstable if adiabatic index y < 4/3

® Degenerate Fe core => unstable

® \What trigger the core-collapse?




