Nuclear Astrophysics Opportunities for Proton-rich Nuclei
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Major Open Questions in Nuclear Astrophysics:

Where were the elements made? How does ultradense matter behave?
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Astrophysical Phenomena Impacted by Proton-rich Nuclei
o

High T and/or p drives matter to the extremes. < Jililg
A ...':lt.':-l-'
é -I.' : ..

X-ray bursts (& therefore Neutron star crusts)
Novae
Type-ll supernovae p-rich v-driven winds

Type-ll supernovae O/Ne shells

Why proton-rich nuclei?
|. Accretion of H-rich fuel




X(Ti)=1.37e-4
M(Ti):97%

Dense matter & CCSN shock-driven nucleosynthesis

X(*4Ti) is a core collapse supernova .
: y A "-..t-.- @ AN S
explosion mechanism diagnostic, LS gt @

“
s $
where observations can be compared to calculations: g% 2. JARRSEE
’ I I Radial velocity [km/s]
CORE-COLLAPSE SUPERNDVA | T
3.84 7.04 10.25
The other class of supernova involves the implosion of a star at least eight times as massive as the sun. This classis
designated type Ib, Ic or ll, depending on its observed characteristics.
B. Grefenstette et al. Nature 2014 A. Wongwathanarat et al. Ap/ 2017

Iron does not undergo nuclear fus’
becomesunableto generate he=:
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drops, and overlyingmaterial sudde j -
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...but X(**Ti) is sensitive to nuclear reactions,
often on proton-rich nuclei
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W. Hllebrandt et al. SciAm 2006
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Subedi, Meisel, & Merz. In prep.
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Dense matter & CCSN shock-driven nucleosynthesis

Subedi, Meisel, & Merz. In prep.

CCSN shock propagation drives a
_ 109 ms

complicated network of nuclear reactions,
with X(*Ti) sensitive to p and a-burning L i

30 = 23 ms

E.g.“/V(p,y) bridges QSE clusters
during freeze-out, stealing
from the **Ti cluster

o

Abundance

I

Paxton et al. ApJS 2015
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The origins of p-nuclei, in the wake of the CCSN shock

At slightly larger radii, the y-process in the O/Ne shell is thought to form (most of) the p-nuclei,
where seed nuclei are destroyed in a massive chain
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The origins of p-nuclei, in the wake of the CCSN shock

The most useful constraints for y-induced
reactions come from measurements of the inverse,
obtaining nuclear properties for HF calculations.
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CCSN neutrino-driven wind nucleosynthesis

ForY, > 0.5, p and a capture to ~Fe & (n,p) reactions short-circuit B-decay to get to higher Z
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CCSN neutrino-driven wind nucleosynthesis

The break-out temperature from the NiCu cycle strongly influences the vp-process extent,
as do masses and reaction rates for higher-Z nuclei
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Nova nucleosynthesis: dumping H onto a white dwarf star

Recurrent explosions synthesize up to “°Ca (and beyond?) with a potentially rich set of observables

white dwarf
star

MS star

Pre-solar grains:

Atomic spectra:

i < Evans et al. Ap/ 2003
&
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Maybe* molecular rotations in spectra:

*this is not
from a
recurrent nova
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Kaminski et al. Nat.Ast.Lett. 2018
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Nova nucleosynthesis: dumping H onto a white dwarf star

Many rates are well-constrained and mostly known
remain for standard conditions ...

unknowns
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Dense matter & X-ray bursts: dumping H onto a neutron star

'
———— . T 1
neutron ’ | Meisel 4p) 2018 best Flt W\ode(
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X-ray burst light curves can
inform the dense matter EoS by
constraining NS Mass & Radii

. but this is sensitive to
nuclear reaction rates

Goodwin et al. arXiv 2019

Meisel et al. Ap/ 2019 1
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Dense matter & X-ray bursts: dumping H onto a neutron star

A well defined (modest) list of priority reaction rates are known ...for one set of conditions!
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Downstream effects of XRBs on the neutron star crust

Buried XRB ashes modify the crust

rp-process stalls near...
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Downstream effects of XRBs on the neutron star crust

Environment conditions during
the light curve impact ...

Column Depth

...aren’t necessarily the same as
for the abundance impact.
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So, different excitation energies can be
of interest in the compound nucleus ...
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...which explains why an
enhanced (p,a) reaction

is found” to impact the
LC, but not X(59).
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No need to “wait for FRIB”, there’s plenty of exciting work to do now

Available in-flight radioactive beams at ATLAS as of January 2019
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2

(+complementary work to do later)
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