Gabriel Martinez Pinedo

TECHNISCHE
UNIVERSITAT

[ )
parmstaDT (w5 K

Computational Challenges in Nuclear and Many-Body Physics
Nordita, Stockholm, September 15 - October 10, 2014

HIC

/0
FaR DVl Fre: @ SYRG =
Helmholtz i Center

m
fr

for




@ Introduction
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e Summary
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Abundance relative to Silicon = 10°

n

@ Solar system abudances contain signatures of nuclear structure and

nuclear stability.

@ They are the result of different nucleosynthesis processes operating in
different astrophysical environments and the chemical evolution of the

galaxy.
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In 1957 Burbidge, Burbidge, Fowler and Hoyle and independently
Cameron, suggested several nucleosynthesis processes to explain the
origin of the elements.

vp-process
“neutrino-proton process”
rp-process

“rapid proton process”
via unstable proton-rich nuclei
through proton capture

S-process
“slow process” via chain
of stable nuclei through
neutron capture

Proton dripline
(edge nuclear stability)

Number of protons

r-process
“rapid process” via
unstable neutron-rich nuclei

Fusion up to iron
Big Bang Nucleosynthesis

—>»  Number of neutrons
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Three processes contribute to the nucleosynthesis beyond iron:
s-process, r-process and p-process (y-process).

10°]

Abundances [Si

@ s-process: relatively low neutron densities, n, = 1010-12 cm—3,
Tp > 3

3

@ r-process: large neutron densities, n,, > 10° cm™3, 7, < 8.

@ p-process: photodissociation of s-process material.
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Cowan & Sneden, Nature 440, 1151 (2006)
Al T T T T T T

@ Stars rich in heavy r-process elements (Z > 50)
0 and poor in iron (r-l stars, [Eu/Fe] > 1.0).

@ Robust abundance patter for Z > 50,
consistent with solar r-process abundance.

@ These abundances seem the result of events
that do not produce iron. [Qian & Wasserburg,
Phys. Rept. 442, 237 (2007)]

Relative log &

0 4 s 6 70 80 % @ Possible Astrophysical Scenario: Neutron star
Atomic Number
mergers.
05 T T T
0F ST 7¢ translated pattern of CS 22892- ow Sneden et al. mrm
@ Stars poor in heavy r-process elements but 05
with large abundances of light r-process <
elements (Sr, Y, Zr) @5 :
B
. . 2
@ Production of light and heavy r-process 7
. 2.5
elements is decoupled. i %
-3 HD 122563 (Honda et al. 2006) Fu ?
@ Astrophysical scenario: neutrino-driven EPLo L L L )
winds from core-collapse supernova Atomic Number (Z)

Honda et al, Ap) 643, 1180 (2006)
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Core-collapse supernova

@ Neutrino-winds from protoneutron
stars.

@ Aspherical explosions, Jets,
Magnetorotational Supernova, ...
[Winteler et al, Ap) 750, L22 (2012);
Mosta et al, arXiv:1403.1230 ]

o

o

Neutron star mergers

Matter ejected (~ 0.01 M)
dynamically during merger.

Electromagnetic emission from
radioactive decay of r-process nuclei
[KiloNova, Metzger et al (2010),
Roberts et al (2011), Bauswein et al
(2013)]

What is the additional contribution
from the accretion disk?
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——Progenitor (~ 15 M,)
B
Lifetime: 1 ~2-10y)

Late Protoneutron Star
(R ~20 km)

o“(b - ~ &
Sy 2
& o
%/ \ / \
. i - 3k ]
e +p—n+v, BER A\ Collapse of \
and Core (~1.5 M) \ / /
Photodisintegration Q
of Fe Nuclei ~ L -
"White Dwarf" (R ~ 100 km)

e (Fe-Core)



Nucleosynthesis in supernova neutrino-driven winds
0O@000000

Main processes:

Vetnp+e
Ve+tp2n+e®

Neutrino interactions determine the
proton to neutron ratio.

hotneutron star

Time ——»

Neutrino cooling and
Neutrino-driven wind

Neutron-rich ejecta:

0°

(Br) = (Bn) > 4y = [ 25 1| [(B5) - 280

Rinkm

@ neutron-rich ejecta: r-process v

@ proton-rich ejecta: vp-process

We need accurate knowledge of v, and e
Ve spectra
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Several process contribute to the determination of neutrino spectra.

wn—run n—in Ve =ty 1
T e mms - RPORP ey PP
——yn—ep Zp—ren

e

7 et — i et

14 13 12 11 14 13 12 I{ 14 13 12 11
Baryon Density, log, (p [g cm™*)) Baryon Density, log, (p [g cm ™) Baryon Density, log, (p [g cm™)

@ v,: dominated by charged-current process: v, + n 2 p + e~
@ 7,: interplay between charged-current and neutral current processes.

e* +n — p+ v, dominates the production.
V.+e — V,+e and ¥, + n — ¥V, + n fundamental for spectra formation

and decoupling.
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(quasi)particles thgt move in a mean-field potential U, ,(po, T, Y,).

)4 *
E,,=ﬁ+mn+Un

K

Py .
E, = 2m;, +mp+UP

Q:m;—m;+Un—lx—
Y,

@ v, absorption opacity affected by final state electron blocking
E, + Am* + AU — p,
kT

Y(E,) « (Ey + Am* + AU)? exp( ) AU = U, - U,

@ ¥, absorption affected by energy threshold (AU).
X(Ey) « (E, — Am* = AUY*  E, > Am* + AU

@ larger symmetry energy (larger AU) implies: i) the larger the energy difference
between v, and v,; ii) smaller electron flavor luminosities.
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@ Combination nuclear physics experiments and astronomical
observations (Lattimer & Lim 2013)

@ Isobaric Analog States (Danielewicz & Lee 2013)
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Figures from Matthias Hempel (Basel)
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1D Boltzmann transport radiation simulations (artificially induced explosion)
for a 11.2 M, progenitor based on the DD2 EoS (Stefan Typel and Matthias
Hempel).
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Y, is moderately neutron-rich at early times and later becomes proton-rich.
GMP, Fischer, Huther, ). Phys. G 41, 044008 (2014).
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@ Elements between Zn and Mo, including °>Mo, are produced
@ Mainly neutron-deficient isotopes are produced

@ No elements heavier than Mo (Z = 42) are produced.
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The neutron-proton energy difference in the medium could be of the order of
several 10s MeV. Neutron decay is an important source of low energy neutrinos.

n2pte +,
ef+n2p+7,

This is part of the direct URCA process in neutron stars [Lattimer et al, (1991)]
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Fischer, Lohs, GMP, Qian, in preparation



Short gamma-ray burst
(<2 seconds’ duration)

Stars* in
a compact
binary system -

begin to spiral
inward....
-

.eventually
colliding. \ ‘

)

-‘\\

The resulting torus
has at its center

a powerful

black hole.

*Possibly neutron stars.

Nucleosynthesis in compact-object mergers
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Stephan Rosswog

@ Mergers are expected to eject around 0.01 M, of very
neutron rich-material (Y, ~ 0.01). A similar amount of less
neutron-rich material (¥, ~ 0.1-0.2) is expected from the
accretion disk.

They are also promising sources of gravitational waves.

@ Observational signatures of the r-process?
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Korobkin, Rosswog, Arcones, & Winteler, MNRAS 426, 1940 (2012)
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@ Known mass
O Known half-life
O r—process waiting point (ETFSI-Q)

N=184

The r-process requires the knowledge of
N=126 the properties of extremely
r—process path neutron-rich nuclei:

BEES N=w2

@ Nuclear masses.

@ Beta-decay half-lives.
@ Neutron capture rates.

@ Fission rates and yields.
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Proton number (Z)

L 1 1
0 20 40 60 80 100
Neutron number (N)

Figure from Peter Moller.
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Similar behaviour for all mass models.
Problems in reproducing masses in transitional regions.
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@ r-process stars once electron fermi energy
drops below ~ 10 MeV to allow for
beta-decays (p ~ 10'! g cm™3).

@ Important role of nuclear energy
production.

@ Increases temperature to values that allow
for an (n,y) 2 (y, n) equilibrium.

@ r-process operates at moderate high
entropies, s ~ 50-100 k/nuc.

Trajectories from simmulation A. Bauswein and
H.-T. Janka.
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neutron captures computed consistently for each mass model.

solar r-process abundances O

FRDM MASS MODEL e = WS3 MASS MODEL

Final abundances

Final abundances

240 260

J. Mendoza-Temis, G. Martinez-Pinedo, K. Langanke, A. Bauswein, H.-Th. Janka,
arXiv:1409.6135 [astro-ph.HE]
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L Yb (Z=70) Isotopes
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Both FRDM and HFB models predict a sudden drop in neutron separation
energies approaching N ~ 130 for Z ~ 70.
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luminosity
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Figure from Metzger & Fernandez, arXiv:1402.4803 [astro-ph.HE]
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R. Fernandez and B. D. Metzger, MNRAS 435, 502 (2013)
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Long-lived hypermassive neutron star explored in:
Metzger & Fernandez, arXiv:1402.4803 [astro-ph.HE]
Perego et al., arXiv:1405.6730 [astro-ph.HE]
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Fernandez, Huther, Arcones, GMP, Metzger, in preparation.
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Metzger, GMP, Darbha, Quataert, Arcones et al,

MNRAS 406, 2650 (2010)
104 T

@ The r-process heating at late times

goes like =13, Similar to nuclear T

. . E‘D

waste decay in terrestrial reactors. 5

2104

@ Independent of the ejecta é
it 3 — Efficiency = 1.0
composition. = o i

@ Independent of the nuclear mass 1093 = 10
Time (days)

model Time since GAB 1306038 )

Jio

@ Typical luminosities 1000 times
those of a Nova. Important
contribution to photon opacities
from Lanthanides (Kasen et al,
2013).

AB magnitude

101

(w0 .5 B19) X0 Aei-x

@ Probably observed in
GRB 130603B. I

10° 1
Time since GRB 1306038 (s)

Tanvir et al, Nature 500, 457 (2013)
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solar r-prdcess abundances ®
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Actinides can be an important opacity source at timescales of weeks.



Summary

Neutrino-winds simulations based on an EoS that is consistent with
constrains on the symmetry energy produce elements between Zn
and Mo, including *>Mo. No heavier elements are produced.

The major opacity uncertainties relevant to nucleosynthesis are
related to the interaction of ¥, with matter.

Neutron star mergers produce a robust r-process abundance
pattern.

Radioactive decay of r-process ejecta produces an electromagnetic
transient. Observed in GRB 130603B

The combination of dynamical and disk outflow ejecta can account
for the whole of solar system r-process abundances.
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