Nucleosynthesis processes:
S-process,
D-process,
r-process.
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Burbige,E.M., Burbidge,G.R., Fowler,W.A., & Hoyle,F. 1957, Rev.Mod.Phys.,29,547

"What has been the history of the matter, on which we can make observations, which
produced the elements and isotopes of that matter in the abundance distribution which
observation yields? The history is hidden in the abundance distribution of the elements."
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_What are r,p,s-processes?

e s - process: N,~ 10° cm®

Ty » T

e r- process: N,~ 10® cm™

Try € Tp

S-prociess path

Sneden, C., & Cowan,J.J. 2003, Science, 299, 70

® p - process: 10°-10° less
ZA) + n - (ZA+1)+ y abundant. e” capture and production,

p capture, and (y,n) or (p,n)
ZA+1)+n > (ZA+2)+ v reactions.
ZA+1) > (Z+1,A)+B +v
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What are r,p,s-processes?
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n stable nuclei
r-process path
limit of experimentally determined properties of nuclei
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Observations
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Observations

Ultra-metal-poor (UMP) giant star: CS 22892-052
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= Scaled solar rprocess
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_s-Process

= The nuclei follow the valley of B-stability
= Neutron capture occurs all way from *Fe (the seed nuclei) on up to ?*Bi (the last stable nucleus)

= The time dependence of the abundacies is:

AN,

25 = Nu(t)Na- (B){ov)a-t = Nal)Na(t) (00) 4 = As() Na(?)
1

= Analytic approach:
1) Ty » 13 : radioactive nuclei decay quickly = neglected abundancies
Ty « T3 : radioactive nuclei ~ stable nuclei
2) T const. during the s-process =* <ocv>=ocavr

" Neutron exposure:

mean neutron exposure

Nucleosynthesis processes Almudena Arcones Segovia (MPA)




s-Process: possible sites

Good fit of the oN curve:
70~0.3mb"’ = 90<A<204 Main component

70~0.06mb™ = A <90 Weak component
To~7.0mb™ = A=204-209 Strong component

* Weak component: He burning in the cores of
massive stars ( >15M,)
* Main component:
1. Massive AGB stars: He-burning shell + Hrich
envelope. But the mixing is complicated
2. Lowmass AGB ( <3Mg). Convection and
diffusion could cause the mixing of p with '°C

Where do the neutrons come from?

FFac. 1.—Sclur-gystem w¥-turve. Ihrl;!lullh.l: of Ui nestron-capiure cross-secibon at 8T = 30 keV
{In b times isotapic shindeoee (50 = 100} & plolled beriud alomoie Dk sostlear 4. The Sobdl e 5 @
caleubaied curve correapoading to an exporental detribution of integrates! peoimn Sus

BC(a,n)"0, "O(a,n)*Ne , ?'Ne(a,n)**Mg , %’Ne(a,n)*°Mg
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p-Process

Abundances

s S—nuclei
o r=nuclei
x p-nuclei
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Meyer,S.M. 194, Ann. Rev. A&A, 32,153

* Protoncapture. » lowT = no disintegration, but it is needed a large supply of p for long time
» high T = shorter capture timescale, but disintegration (y,n) reaction will dominate
* Disintegration reaction: first (y,n) reaction produces quite proton-rich nuclei, and then (y,p) and (y,a)
reactions. The nuclei "melt" towards iron. T drops and the melting is incompleted.
Mo (Z=42, N=50)

“Sm (Z=62, N=82)
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_p-Process: possible sites

 B2HF: proton capture: Supernova shock passing through the hydrogen-rich

envelope in massive stars

* Woosley & Howard (1978): gamma-process, disintegration. O/Ne shell in type |l
supernovae. It underproduces light p-nuclei and it is necessary to superimpose
several abundance distributions to get a realistic distribution of p-nuclei.

* Howard et al. (1991): outer layers of the carbon-oxigen white dwarf star
suffering a type la supernova explosion. s-Process builds up the abundances of
A=90 nuclei. Light p-nuclei are produced by proton capture while the normal
gamma-process made heavier p-nuclei. But later calculations have not been
successful in producing light p-nuclei.
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the r-process event itself . NSE:mass fraccion of nucleus *Z _ ¢ )
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_r-Process Clasical r-process: ¢ <1

* Charge-particle reactions freeze out: protons are bound into iron-group nuclei
* n/p~7 -8 and Y~ 0.1: neutron-rich material =» outer layers of proto-neutron star

* Hillebrandt, Takahashi & Kodama (1976): realistic supernova model used to follow the ejected
neutronized material

* Problems:
- the fit to the solar system abundance curve had the A=130 and A=195 peaks shifted
- overproduction of the r-process material

* Posible solutions:
- the material accretes back onto the protoneutron star
- only certain rare supernova (1in 1000) can eject the neutron-rich matter (rotation, magentic
fields). But, the presence of short-lived radioactive r-process nuclei in the early solar system
indicates that the site may not be that rare
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_r-Process Neutrino wind / hot bubble ( high S )

¢ large (high entropy): at high T NSE favors a-particles and free neutrons. T falls and NSE evolves
towards heavier nuclei. The high-entropy neutrino-energized wind provides a natural site.

* Early phase of expansion: close to neutron star, NSE forms free
neutrons and protons, the disociation of nuclei is nearly
complete.

* Wind material moves away, a-particles are the main component
at T ~ 7-10°K. Recombination:

30 > °C
o +o +n - “Be followed by Be(a,n)'*C(n,y)'*C(a,n)"®0(a,y)®Ne

* Low density =* three-body reactions are slow => NSE breaks
down at T~7-5-10%K
* a-particles build up heavier elements until it is impeded by s 1
Coulomb barrier or photo-disintegration= o.-process n:'] A 0
* There are a small amount of heavy nuclei and sufficient number Y/ Yseed T /
. ~7T
of free neutrons at the freeze-out of a.-particles
* r-process starts on these heavy "seed" nuclei
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_r-Process Neutrino wind / hot bubble

Woosley,S.E., Wilson,J R., Mathews,G.J., Hoffman,R.D., & Meyer,B.S., 1994, ApJ,433,229

* Initial model: Wilson & Mayle, 20M, star, ~ 3s after
bounce

* Composition of the ejecta agrees with the solar
r-process abundances

Abundance

* Problems:
- they explored only a single supernova model : .
] 100 120 140 160 1RO
- not taken into account a reverse shock Mass Number

- no multidimesional treatment
- initial model has too high entropies
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_r-Process Neutrino wind / hot bubble

Witti,J., Janka, H-Th., & Takahashi,K., 1994, A&A, 286,841
Takahashi,K., Witti,J., & Janka, H-Th., 1994, A&A, 286,857

* Initial model of Wilson, 25 Mg star, ~0.6 s after bounce

* a-process: seed nuclei with A <90, but low entropy
and too few neutrons at the end of the freeze-out

* r-process: they scale the denstities of the initial model
down by a factor constant in space and in time.

* Reduction factor of 5.5 led to an abundance
distribution similar to that of the solar system

* Problems:
- artifitial factor for increasing the entropy
- one supernova model
- not good agreement for A<80
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_r-Process

Neutrino wind / hot bubble

Qian,Y.-Z. & Woosley,S E. 1996, ApJ, 471,331
Hoffman,R.D., Woosley,S.E., & Qian,Y.-Z., 1997, ApJ, 482,951

* Analytic and numeric methods to derive the conditions
relevant for heavy nuclei synthesis in the wind: s, Y, t,
and M

* The dynamic timescale is important: for given Y, the
neutron-to-seed ratio increases when:
- reaction rates of a-particles into heavy nuclei
decrease (increase of S)
- the time during which these reactions can operate
is reduced

» Effective way of accelerating the expansion and
increasing S, is to provide an additional source of
energy (violent vibration, rapid rotation, magnetic
fields,...)

Ei.'.ll_'.- .-1-.’II_'.I SO0
o high S scenario (S 2350 and 0.495 > Y. >
0.40) corresponds to longer expancion
times (tep> 0.15)

° low entropy scenario (S <200 and Y.
0.40) requires shorter expansion times
(tep £ 0.025) = jets
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r-Process Neutrino wind / hot bubble

Thompson, T.A,, Burrows,A., & Meyer,B.S., 2001, ApJ, 563,887
Thompson, T.A. [astro-ph/0309111]

* Reviews the fundamental and general
equation for time independent
energy-deposition-driven winds

* netron-to-seed ratio depends on: entropy,
neutron richness (Ye) and dynamical
timescale (tgyn)

» Some modification to the physics it might:

ConleweLioes

045 < Y2 < 0,485
i, -+ 10 km

oona
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_r-Process Neutrino wind / hot bubble

Problems to be solved:

* initial supernova model

* not detailed simulations for different initial parameters
* reverse shock

* neutrino transport

e convection: two, three dim model

* magnetic fields

* nuclear data (3 decay, (n,y) rates,....)
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_r-Process Other sites

* O/Ne/Mg cores of stars in the mass range 8-10M g
* Jets

* Neutron star mergers

Almudena Arcones Segovia (MPA)
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