The r-process as a source of
new elements, energy and transients
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Astrophysical site(s) of the r-process

® neutrino-driven wind (Meyer et al. 1992, Woosley et al. 1994):

proton rich (Fischer et al. 2010, Hudepohl et al. 2010)
entropy too low (Woosley et al. 1994 = Roberts et al. 2010)
— multidimensional effects, neutrino collective oscillations, ...?

* prompt explosion (Hillebrandt 1978, Hillebrandt et al. 1984): excluded
* shocked surface layers (Ning, Qian, Meyer 2007): possible?
* neutrino-induced in He shells (Banerjee, Haxton, Qian 2011): low metallicity

* jets:potential, very preliminary magneto hydrodynamic simulations
(e.g., Nishimura et al. 2006)



Nucleosynthesis in neutrino-driven winds

Production of heavy elements (A>130)

requires high neutron-to-seed ratio
(Yn/Yseed~ I OO).

ent "ent  Necessary conditions for the r-process:

e fast expansion: inhibits the alpha-
process and thus the formation of
seed nuclei

* neutron rich ejecta: Y.<0.5

Vet Ve * high entropy is equivalent to high
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Ry~ 10 = ph bary io. Ph
R Ay YN A dissociate seed nuclei into nucleons.
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(Meyer et al. 1992, Hoffman et al. 1997,
Otsuki et al. 2000, Thompson et al. 2001...)



Nucleosynthesis in neutrino-driven winds

Otsuki et al. 2000
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Necessary conditions identified by steady-state
models (e.g. Otsuki et al. 2000, Thompson et al. 2001) are not

realized in recent simulations (Arcones et al. 2007, Fischer
et al. 2010, Hudepohl et al. 2010, Roberts et al. 2010)

Production of heavy elements (A>130)
requires high neutron-to-seed ratio

(Yn/Yseed~ I OO).
Necessary conditions for the r-process:
e fast expansion: inhibits the alpha-

process and thus the formation of
seed nuclei

* neutron rich ejecta: Y.<0.5

* high entropy is equivalent to high
photon-to-baryon ratio. Photons
dissociate seed nuclei into nucleons.

(Meyer et al. 1992, Hoffman et al. 1997,
Otsuki et al. 2000, Thompson et al. 2001...)
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neutron star

mergers
(Lattimer & Schramm 1976)

Astrophysical site(s) of the r-process

® neutrino-driven wind (Meyer et al. 1992, Woosley et al. 1994):

proton rich (Fischer et al. 2010, Hudepohl et al. 2010)

entropy too low (Woosley et al. 1994 — Roberts et al. 2010)
— multidimensional effects, neutrino collective oscillations, ...?

* prompt explosion (Hillebrandt 1978, Hillebrandt et al. 1984): excluded
* shocked surface layers (Ning, Qian, Meyer 2007): possible?
* neutrino-induced in He shells (Banerjee, Haxton, Qian 2011): low metallicity

* jets:potential, very preliminary magneto hydrodynamic simulations
(e.g., Nishimura et al. 2006)

Right conditions for a successful r-process (Freiburghaus et al. 1999)

* No only r-process site: they do not occur early and frequently enough
to account for the heavy elements observed in old stars and their

scatter in the Galaxy (Qian 2000, Argast et al. 2004)?

* r-process heating affects merger dynamics (Metzger, Arcones, Quataert,
Martinez-Pinedo 2010)



t = 0.001 sec

Hydrodynamical simulations

Long-time hydrodynamical simulations following the ejecta

‘ from ~5ms after bounce to ~3s in 2D (Arcones & Janka 201 )
and ~10s in ID (Arcones et al. 2007).

Explosion by increasing the neutrino luminosities to obtain

typical explosion energies ~10°'erg.

Detailed study of nucleosynthesis-relevant conditions:
interaction of the neutrino-driven wind and the slow
supernova ejecta.

Variations of explosion energy, proto-neutron star cooling, and
progenitor.
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Neutrino-driven wind in 2D

entropy [kg/nuc.]
t=500ms

Supersonic neutrino-driven wind
collides with slow supernova ejecta:
reverse shock

slow ejecta
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Arcones & Janka (201 )
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| D simulations for nucleosynthesis studies

Arcones et al. 2007
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| D simulations for nucleosynthesis studies

Arcones et al. 2007
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| D simulations for nucleosynthesis studies
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LEPP: Lighter Element Primary Process

Ultra metal-poor stars with high and low
enrichment of heavy r-process nuclei suggest:
two components or sites (Qian & Wasserburg):

¢ stellar LEPP: neutrino-driven winds
* heavy r-process!?

% | ] Travaglio et al. 2004:
LD 129563 (Honda et al. 2006 - L @ solar = r-process + s-process + solar LEPP
1 22000 (Monda et al. ZUVo) : =
: " Eu T E
Montes et al. 2007:

‘ solar LEPP ~ stellar LEPP — unique
40 50 60 70 80

Atomic Number (Z)

Can the LEPP pattern be produced in neutrino-driven wind simulations?



Abundance x M, [M,,,,]

Lichter heavy elements in neutrino-driven winds

(Arcones & Montes, 201 1)

(see also Farougqi, Kratz et al. 2009)

Y. depends on details of neutrino interactions and transport

Impact of the electron fraction: Ye = ny/(np*ny)
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Overproduction at A=90, magic neutron
number N=50 (Hoffman et al. 1996) suggests:

only a fraction of neutron-rich ejecta

Isotopic abundances from old stars will give rise to new insights!



production factor

Lichter heavy elements in neutrino-driven winds

(Arcones & Montes, 201 1)
(see also Farougqi, Kratz et al. 2009)

Y. depends on details of neutrino interactions and transport

Impact of the electron fraction: Ye = ny/(np*ny)
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Overproduction at A=90, magic neutron
number N=50 (Hoffman et al. 1996) suggests:
only a fraction of neutron-rich ejecta

Isotopic abundances from old stars will give rise to new insights!
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Wind models and electron fraction

Neutrino energies change with more realistic neutrino physics input
More recent simulations obtain lower antineutrino energies and therefore proton-rich conditions
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Qian & Woosley 1996

Ye > 0.5: EV_EV < 4A




Wind models and electron fraction

Neutrino energies change with more realistic neut
More recent simulations obtain lower antineutrinc
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Nucleosynthesis and electron fraction

Initial composition is given by NSE, at high temperatures only n, p and alphas.
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Nucleosynthesis and electron fraction

Initial composition is given by NSE, at high temperatures only n, p and alphas.

Alpha particles recombine forming seed nuclei.

abundance




Nucleosynthesis and electron fraction

Initial composition is given by NSE, at high temperatures only n, p and alphas.

Alpha particles recombine forming seed nuclei.
At freeze-out neutron- and proton-to-seed ratio determine production of heavy elements.
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Ye Pruet et al. 2006,

Wanajo et al. 2006)



Nucleosynthesis and electron fraction

Initial composition is given by NSE, at high temperatures only n, p and alphas.

Alpha particles recombine forming seed nuclei.
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Rosswog

r-process in neutron star mergers

contribution to chemical history of our galaxy
(Freiburghaus et al. 1999, ...).

r-process heating affects merger dynamics
(Freiburghaus et al. 1999, Metzger et al. 2010).

transient with kilo-nova luminosity (Metzger et al. 2010): detection of r-process in
neutron-star mergers (complementary to gravitational wave detection).
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Chemical history of our galaxy

Argast et al. 2004: galactic chemical evolution models r-process from:
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Open questions: amount of mass ejected

event rate
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r-process heating: effect on fall-back accretion

Metzger, Arcones, Quataert, Martinez-Pinedo 2010
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r-process heating: effect on fall-back accretion

Metzger, Arcones, Quataert, Martinez-Pinedo 2010
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r-process heating: effect on fall-back accretion

Metzger, Arcones, Quataert, Martinez-Pinedo 2010
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dE/dt [MeV s ! nuc!]

r-process heating model

to account for the r-process energy generation in merger simulations

assumptions: (n,Y)-(Y,n) equilibrium
energy from beta decay

input: T, N, <Z)
output: E, Yo (Z)
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Arcones, Martinez-Pinedo, Thielemann, in prep.



r-process: direct observation
(Metzger et al. 2010)

PHYSICAL REVIEW VOLUME 103, NUMBER 5§ SEPTEMBER 1, 1956

Californium-254 and Supernovae®

G. R. BurBipGE AND F. HovLE,T Mount Wilson and Palomar Observatories, Carnegie Institution of Washington,
California Institute of Technology, Pasadena, California

AND

E. M. BurBmGE, R. F. Caristy, AND W. A. FowLER, Kellogg Radiation Laboratory,
California Institule of Technology, Pasadena, California

(Received May 17, 1956)

It is suggested that the spontaneous fission of Cf?% with a half-life of 55 days is responsible for the form
of the decay light-curves of supernovae of Type I which have an exponential form with a half-life of
55 nights. The way in which Cf#?%* may be synthesized in a supernova outburst, and reasons why the energy



r-process: direct observation
(Metzger et al. 2010)

Radioactive heating of NS merger ejecta
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Light curves

r-process: direct observation
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see also Roberts et al. 201 |, Goriely et al. 201 |



Conclusions

The r-process is a source of new elements, energy and transients
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