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Abstract. Classical nova explosions arise from thermonuclear ignition in the envelopes of
accreting white dwarfs in close binary star systems. Detailed observations of novae have
stimulated numerous studies in theoretical astrophysics and experimental nuclear physics.
These phenomena are unusual in nuclear astrophysics because most of the thermonuclear
reaction rates thought to be involved are constrained by experimental measurements. This
situation allows for rather precise statements to be made about which measurements are
still necessary to improve the nuclear physics input to astrophysical models. We briefly
discuss desired measurements in these environments with an emphasis on recent experi-
mental progress made to better determine key rates.

1 Introduction

A classical nova explosion arises from a thermonuclear runaway in a shell of hydrogen-rich material
accreted onto the surface of a white dwarf star in a close binary star system (for reviews, see e.g.,
Refs. [1-3]). As accretion proceeds, the envelope is gradually compressed and becomes degenerate.
The temperature of the envelope increases, creating conditions favorable to the ignition of the accreted
fuel through nuclear reactions. These reactions, once initiated, drive further reactions, leading to the
thermonuclear runaway and the corresponding explosion. Several hundred Galactic novae have been
discovered to date, with roughly five events discovered per year. Light curves for these events peak at
~ 10* — 10° times the solar luminosity and persist for intervals of ~ days to several months. A typical
nova explosion will eject ~ 10™* — 107> solar masses of material into the interstellar medium.

Spectroscopy of the ejecta has revealed that most novae show overabundances relative to solar of
carbon, nitrogen and oxygen with ~ 1/3 also showing an overabundance of neon. Traces of heavier
elements up to the calcium region are also seen. This observed enhancement in material heavier
than helium is thought to occur both through nucleosynthesis during the nova explosion and through
mixing of the accreted matter with material from the white dwarf itself. Explaining spectroscopic
observations of nova ejecta therefore requires not only knowledge of this mixing mechanism (see
e.g., Ref. [4] for recent advances) but also knowledge of the nuclear reaction rates involved in the
explosion.
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2 Stellar models and nucleosynthesis

State-of-the-art nucleosynthesis calculations for novae currently rely exclusively on 1-D hydrody-
namic models (e.g., Refs. [5-11]). The underlying assumption in these models is, obviously, spherical
symmetry, where the explosion is modeled as occurring uniformly and simultaneously over spherical
shells. In contrast, these thermonuclear runaways are expected to originate from point-like ignitions.
As such, multidimensional hydrodynamic simulations (see e.g., Refs. [4, 12—17]) should be used for
improved nucleosynthesis predictions when sufficient computational power is available to model all
relevant details of the explosion. To date, multidimensional models have only followed the evolution
of a nova over only a very small fraction of the overall time associated with the event (e.g., ~ 1000 s
near the peak temperature, to be compared with the duration of the accretion stage ~ 103 yr).

The observed (elemental) composition of ejecta from novae is in broad agreement with predic-
tions from current (1-D) models. Measurements of the relative abundances of different isotopes in
nova ejecta could further improve model constraints. Such information could be provided through
the detection of y-rays from the decay of radioisotopes produced during the explosion, or through
measurements of presolar grains — microscopic grains embedded within primitive meteorites. Un-
fortunately, in the former case, only upper limits on nuclear y-ray emission from novae have been
obtained to date (all of which are fully compatible with theoretical predictions); and in the latter case,
only a handful of measured grains exhibit signs of nova nucleosynthesis [18] — and even these may
also be consistent with origin in type II supernovae [19, 20].

Because nucleosynthesis in classical nova explosions is normally restricted to nuclei near the val-
ley of stability and to masses less than A ~ 40, many of the thermonuclear reaction rates involved
have been constrained using experimental information [21]. This has (not "unreasonably"!) improved
the precision of nucleosynthesis predictions from models. Studies have identified uncertainties in the
rates of the F(p, @)'70, P Al(p, v)*°Si, °P(p,y)*'S and 33S(p,y)**Cl reactions as dominant con-
tributors to remaining uncertainties in nova nucleosynthesis, and many recent measurements have
focused on better determining these rates (see e.g., Ref. [3] for a review). We briefly discuss recent
progress below. Additional nova simulations are encouraged to confirm the relative robustness of nova
nucleosynthesis to current nuclear physics uncertanities.

3 Experimental nuclear physics

If a reaction rate is dominated by isolated and narrow resonances, as is the case for many reactions
involved in novae, we may use the Breit-Wigner cross-section formula to write the reaction rate per
particle pair (ov) at a temperature T as [22]

2 \?
(ov) = (M) Yy e BT (wy), (1

where u is the reduced mass of the reactants and the Eg; are resonance energies. The resonance
strength wy can be expressed as

_ 2Jp + 1 .,
QL+ DQRL+1) Ty

wy 2
where Jg, Ji, and J, are the spins of the resonance and the reactants, and I',,, I, and I';, are the total
width and partial widths of the entrance and exit channels of the resonance. The sum in Eq. (1) allows
for the contributions of all resonant states through which the reaction may proceed at the chosen
temperature.
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The ®F(p, @)'>0 and > Al(p, y)*®Si reaction rates are of interest as they affect the yields of the
potentially observable radioisotopes '®F and 2° Al produced in nova explosions. Fig. 1 shows '8F(p, a)
rates calculated in Ref. [23]. When used with 1-D hydrodynamic nova models, these rates result in
18F yields that differ by a factor of ~2 [23], indicating the need for a measurement of the strength of
the 48 keV resonance. On the other hand, recent work to determine and test the impact of resonance
parameters used to calculate the > Al(p, y)?0Si rate [24, 25] indicates that the predicted nova yield of
26 Al is essentially independent of the uncertainty in this rate.

Uncertainties in the °P(p, y)*'S and 33S(p, y)**Cl reaction rates affect the nova yields of species
between Si and Ca. Figs. 2 and 4 show rates for these two reactions as calculated in Refs. [26, 28].
When used with 1-D hydrodynamic nova models, these rates result in yields that differ by as much
as a factor of ~ 8 (see Figs. 3 and 5). The uncertainties in these rates arise from the unknown
strengths of low-energy proton-threshold resonances (i.e., below E,(*'S) = 6.7 MeV for °P(p, y),
and below E,(**Cl) = 5.4 MeV for 33S(p, 7)); as well, even J™ values for relevant states have been
debated [26, 29].

4 Outlook

When feasible, modelers should work to evolve multidimensional hydrodynamic nova model calcu-
lations from the accretion stage through the explosion and ejection stages. In the meantime, new
comprehensive studies of the impact of current nuclear physics uncertainties on nucleosynthesis pre-
dictions are needed, ideally using 1-D hydrodynamic models. Experimentalists should build upon
recent accomplishments to fully characterize the rates of e.g., the '3F(p, @)' O and *°P(p, y)*'S re-
actions for nova explosions. Additional constraints on nucleosynthesis predictions from novae (as
well as implications of available constraints from elemental observations [30, 31]) should be explored
further. This may include the search for additional signatures that may help to distinguish between
presolar grains of nova and supernova origin.
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Figure 1. Thermonuclear "F(p, @)">O rates over
typical nova peak temperatures. Rates calculated in
Ref. [23] with (i) zero contribution and (ii) an esti-
mated upper limit to the contribution from the 48 keV
resonance are presented, relative to the nominal rate
in that work.
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Figure 2. Thermonuclear *°P(p, y)*!S rates over typ-
ical nova peak temperatures. Low and high rates cal-
culated in Ref. [26] are presented, relative to a statis-
tical model rate (see Ref. [27]).
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Figure 3. Impact of the *°P(p, y)3'S rates in Fig. 2 on
nova nucleosynthesis [26]. Mass fractions calculated
using the upper (solid circles) and lower (open circles)
rates from Fig. 2, relative to mass fractions calculated
using a statistical model rate [27] are presented.
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Figure 4. Thermonuclear **S(p, y)**Cl rates over typ-
ical nova peak temperatures. Rates A and B calcu-
lated in Ref. [28], are presented, relative to Rate D in
that work.
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Figure 5. Impact of the 3*S(p, y)**Cl rates in Fig. 4 on
nova nucleosynthesis [28]. Mass fractions calculated
using the upper (solid circles) and lower (open circles)
rates from Fig. 4, relative to mass fractions calculated
using Rate D from Ref. [28] are presented.
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