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Big Bang nucleosynthesis Stellar nucleosynthesis
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Stars are the cosmos cauldrons



Chemical evolution of the Galaxy
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Stars are the cosmos cauldrons: need to understand
e stellar structure and stellar evolution (birth, life and death)
e various classes of stars (M, Z, binarity, accretion, ...)
e interaction with cosmic rays
e nuclear physics properties of interacting nuclei



The various nucleosynthesis processes
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Nuclear Physics is a necessary condition for Nuclear Astrophysics

Strong correlations between stellar
abundances and nuclear properties

Nuclear Astrophysics
(Stellar Evolution, Nucleosynthesis)

Nuclear Physics
Strong, Weak, Electromagnelic
cold and hot nuclei

PN

Weak Processes
f-, p*, EC, PC, ...

[ Nuclear Matter
E

quation of State, nuclear force

{ Nuclear Structure ] { Nuclear Reactions ]
t R
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[ Many different nuclear needs for the different nucleosynthesis applications J
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Experimental and theoretical efforts are continuously needed

Direct measurements of cross sections are limited
e Major burning phases (pp, CNO, He)
e Specific nucleosynthesis (e.g novae, supernovae, ...)
e S-process nucleosynthesis
e Cosmochronometry (e.g Re/Os)

More generally, only indirect/partial information can be obtained
e <OoV>" in a stellar plasma
e full energy range not accessible / regime of no event
* many nuclei (radioactive, exotic)
* many properties (n-, p-, o, y-capture, fission)

In MOST cases, a direct experimental determination of the reaction
rate 1s impossible, difficult or not sufficient (easy cases are DONE) !

— Theoretical models are required in a way or another...



Challenge in theoretical nuclear physics
(essential for r-process applications)

PHENOMENOLOGICAL DESCRIPTION

UNIVERSAL GLOBAL MICROSCOPIC DESCRIPTION

UNIVERSAL.: capable of predicting all properties of relevance
GLOBAL.: capable of predicting the properties of all nuclei
MICROSCOPIC: for more reliable extrapolations from valley of

stability to drip lines

A necessary condition for a true predictive power
a challenge that will require a continued experimental & theoretical effort



Illustration of the impact on the ,,Yb(n,y) rates at 7=10°K
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BUT

Astrophysics needs for nuclear data
are defined by
the sensitivity of the astrophysics
predictions to the nuclear inputs



Nuclear Physics is a necessary condition for Nuclear Astrophysics
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[ Nuclear physics is a necessary but not sufficient condition for Nuclear Astrophysics ]

Mechanics Thermodynamic
Convection, diffusion, rotation, Equation of State, Heat transfer,
implosion, explosion, mass exchange Degeneracy
Atomic Physics Particle physics
lonisation effects, opacities, neulrino coolinglheating
transition probability v-lransport, v-nucleus interaction
Nuclear Astrophysics

(Stellar Evolution, Nucleosynthesis)

Electromagnetism Gravitation
Radiation transfer, magnelic effects, Mass transfer, mass loss, binarities,
conductivily gravilational waves

Nuclear Physics
Strong, Weak, Electromagnelic
cold and hot nuclei
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Different types of astrophysics models

+ + — State of the art: 3D (~ self-consistent) models
p-process in SNla explosions, r-process in NSM

+ —  Realistic 1D (~ self-consistent) models
s-process in Massive Stars

— Parametrized (semi-realistic) 1D models
s-process in AGB Stars

—— Parametrized (unrealistic) 1D models
r-process in v-driven wind

— —— Phenomenological parametrized site independent models
Canonical s- and r-processes

Remain critical about the astrophysics models
(even the 3D simulations are far from being free from astrophysical uncertainties!)

Obvious need for accurate and reliable nuclear data, ... but
the uncertainties in the astrophysics models most of the time prevail



The r-process nucleosynthesis responsible for half the
elements heavier than iron in the Universe

one of the still unsolved puzzles in nuclear astrophysics
.. the r-process site remains unknown ...
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Our understanding of the r-process nucleosynthesis, i.e.
the origin of about half of the nuclei heavier than Fe in the
Universe is considered as
one of the top 11 questions in Physics and Astronomy

(“Connecting Quarks with the Cosmos: Eleven Science Questions for the New Century”: 2003,
National research council of the national academies, USA)

Still many open questions
* Site of the r-process ?
Nuclear needs (site-dependent) ?
Nuclear inputs (many properties on thousands of exotic
n-rich nuclei) ?
Galactic chemical evolution ?
Agreement with observation (spectroscopic, GCR, ...) ?




The s-process nucleosynthesis is responsible for the other
half the elements heavier than iron in the Universe

* How are the neutrons produced in AGB stars ?

* What is the contributions stemming from intermediate
mass AGB stars ?

* How to explain specific observations ?

* (n,y) and T-dependent P-decay rates of branching points ?
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The p-process nucleosynthesis is responsible for n-
deficient elements heavier than iron in the Universe

« How to explain the origin of °>**Mo, “°Ru, '3%La ?

* What is the contributions of SN Ia or p-rich v-wind, if any ?
* What are the seed nuclei feeding the p-process ?

* What is the photodissociation rates of nuclei involved ?

* What is the role of neutrinos for rare species ?
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The p-process nucleosynthesis is responsible for n-
deficient elements heavier than iron in the Universe

« How to explain the origin of °>**Mo, “°Ru, '3%La ?

* What is the contributions of SN Ia or p-rich v-wind, if any ?
* What are the seed nuclei feeding the p-process ?

* What is the photodissociation rates of nucleir involved ?

* What is the role of neutrinos for rare species ?

Impact of the nuclear uncertainties on

the p-nuclide overproduction factor
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Conclusions

Role of Nuclear Physics is to provide the best nuclear
(exp & th) physics inputs

Nuclear physics is a necessary but a not sufficient
condition for Nuclear Astrophysics

The exact role of nuclear physics in Astrophysics will
remain unclear as long as the astrophysics sites and the
exact nuclear mechanisms of relevance are not fully
under control

P-process (-/+) S-process (+/-) R-process (-)

Need to develop a ‘real’ nuclear
astrophysics community !




