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Explosive Stellar Events: Nuclear Energetics and Nucleosynthesis

 Challenges to our understanding both of the nature of stellar explosions
and the synthesis of heavy elements are inextricably tied to uncertainties in
the underlying nuclear physics.

 Discover Magazine (February 2002) identified the following as one of
the 11 greatest unanswered questions in physics: “How were the heavy
elements from iron to uranium made?”

 The specific events in which this is occurs and that can contribute to the
heavy element abundance levels observed in galaxies are ‘thermonuclear’
supernovae (Type Ia), ‘core collapse’ supernovae (Type II), classical novae,
and perhaps X-ray bursts.

 For Type Ia supernovae, classical novae, and X-ray bursts, the nuclear
energy released in nuclear processing also powers their outbursts.

 Type II supernovae are understood to contribute ~1/2 of the Galactic
abundances of intermediate mass (Si-Ti) and iron peak nuclei and the bulk
of the “r-process” nuclei.
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Some Interesting Questions to be Addressed
  Synthesis of iron-peak elements:

 To what extent and/or in what way might the elemental and isotopic
abundances from SNe Ia and SNe II be distinguishable?
 What might the observed range in SNe Ia brightness tell us about the
(Si-Ca)/Fe ratio in the ejecta of these supernova events?
 How might we under stand the observed trends in iron-peak elements
at the lowest metallicities?

  Synthesis of r-process heavy elements:
  How might we best understand the identified “LEPP” abundance
patterns in halo stars?
 What are the main contributions to be expected from the _p-process?
 How can we understand the extraordinary robustness of the r-process
pattern in the mass range A ≥ 130-140?
 Can Th/Eu serve as a reliable chronometer?

 Nucleosynthesis in novae:
 Can CNO ‘breakout’ contribute significantly to the abundance
patterns observed in the ejecta of novae on massive white dwarfs?
 Can detectible concentrations of 22Na be formed in nova runaways?



Supernovae Nucleosynthesis

  “Standard model”  (Hoyle & Fowler 1960):

  SNe Ia are thermonuclear explosions of
C+O white dwarf stars.

  Evolution to criticality:

  Accretion from a binary companion
(Whelan and Iben 1973) leads to growth of the
WD to the critical (Chandrasekhar) mass ( 1.4
solar masses).

  After ~1000 years of thermonuclear  “cooking”,
a violent explosion is triggered at or near the center.

  Complete incineration occurs within two seconds,
leaving no compact remnant.

  Light curve powered by radioactive decay of 56Ni.
Peak luminosity ∝ M(56Ni).

  Nucleosynthesis contributions: intermediate mass
(Si-Ca) nuclei and iron-peak nuclei (iron formed as
56Ni). For both SNe Ia and SNe II, the production of
of 56Fe  as 56Ni implies neutron-poor environment.

  “Standard model”  (Hoyle & Fowler 1960):

 SNe II are the product of the evolution of
massive stars 10 < M <  100 M.

  Evolution to criticality:

  A succession of nuclear burning stages
yield a layered compositional structure and a
core dominated by 56Fe.

  Collapse of the 56Fe core yields a neutron
star.

  The gravitational energy is released in
the form of neutrinos, which interact with
the overlying matter and drive explosion.

  Remnants: Neutron star and black hole
remnants are both possible SNe II remnants.

  Nucleosynthesis contributions: elements from
oxygen to iron and neutron capture products from
krypton through uranium and thorium. Operation
of r- and _p-process?  Production of 56Fe  as 56Ni.

Type Ia (Thermonuclear) SNe Type II (Core Collapse) SNe
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 Nuclear Physics Needs: masses &
reaction rates for buildup along the α-
chain (e.g. the study of 44Ti(α,p)47V at
ATLAS). Rates for flow through 64Ge
and 68Se (waiting point nuclei in the rp-
process) may prove critical.

(Truran 1965)



Heavy Element Abundances in Halo Stars

Here 5 r-process-rich stars robustly reproduce the Solar System r-process  pattern
in the high mass region but exhibit variations below ~ barium. Such stars reveal
properties of single r-process events and Galactic r-process enrichment history.



Heavy Element Abundances in Halo Stars

(Montes et al. 2007)

Montes et al. (2007) here have
identified two components of
enrichment of “r-process”
heavy elements in the early
stages of  Galactic evolution.



(Frohlich et al. 2009)



Farouqi et al. (2009)
r-process calculations in
the context of the ‘high
entropy wind’ model.



(Farouqi et al. 2009)



Novae & X-Ray Bursts: Standard Models

 Classical Novae and X-Ray Bursts involve
thermonuclear explosions in hydrogen-rich
envelopes on white dwarfs and neutron
stars.

 Accretion of matter from their  companions
leads to growth of the envelope until a
critical pressure is achieved at its base –
triggering a thermonuclear runaway.

 The early stages of the outbursts of both
novae and X-ray bursts witness rapid
energy release on a dynamic time scale,
moderated in a critical way by the
operation of the hot (β+-limited) CNO
cycles.

  For novae, nuclear studies can reveal
constraints on “breakout” (15O(α,γ)19Ne)
and allow improved predictions of  the
production γ-ray emitters 22Na and 26Al in
reactive flows. Important rates include
30P(p,γ), 32Cl(p,γ), and 35Ar(p,γ).

Nova V1974 Cygni 1992

X-ray Burst GS 1826-24



Classical Novae: Breakout

(Glasner and Truran 2009)
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