r-process nucleosynthesis and Kilonovae
in the PANDORA project
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GW170817: «THE» gravitational signal
A revolution similar to Jupiter observations by Galileo...

Arcavi+ 2017

Hosting galaxy: NGC 4993 (distance =44 Mpc)
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The corresponding Lightcurve
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The various components

of a NSM

Perego+ 2017
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Metzger+ 2018
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Rosswog & Korobkin 2022

The NSM ejecta

Metzger 2019

® Bauswein+13
Hotokezaka+13

% Radice+18

¥V Sekiguchi+16
Ciolfi+17

torus unbinding
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GW170817 counterpart from
Cowperthwaite et al. 2017 u

E

Chemical abundances
come from network
calculations.

But the question is:
A how do they interact

1 with radiation?
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It accounts for the whole energy leaving the «surface» at all wavelenghts
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In low entropy environment (s ~ a few tens of k, /baryon) Y is the dominant parameter
« Y, = 0.25: 1st peak up to 2" r-process peak
. 0.15 Y, < 0.25: 2" and 3 r-process peaks, but not the 1st
« Y, < 0.15: robust r-process, due to several fission cycles

nucleosynthesis

Abundances [Si=106]

Lanthanides Actinides EIECtron fraCtlon Ye

e Solar r-process ne_ —

n
60 80 100 120 140 160 180 220 240 Y — e+—(1_|_nn/np)-l

Mass number A c n,
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The role of neutrinos

The presence of neutrinos increases Y, in the polar direction

SFHo: (1.35 + 1.35) My; v cooling and heating SFHo: (1.35 + 1.35) M4; v cooling only
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Neutrino wind contribution to
neutron star merger ejecta
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Bolometric curve of GW170817
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0.01 Msun “Kilonova™ model from
Metzger et al. 2010 (their Fig. 4)
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How do photons
- Interact with gas?

GW170817 counterpart from
Cowperthwaite et al. 2017 u
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It accounts for the whole energy leaving the «surface» at all wavelenghts
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Atomic opacities

Opacity (x,), which is proportional to the plasma atomic level
population and to radiative process cross sections, regulates the
energy exchange between radiation and plasma, via multiple
absorption-scattering processes through the radiative transport, and
arises from the blending of millions of atomic line transitions.

Radiative
reqgion O

Random walk

from core , 1" ) region
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Net direction
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Atomic opacities

Kilonova emission is centered in the optical/IR band, as this is the first spectral
window through which the expanding merger ejecta becomes transparent.

Throughout the far UV and X-ray
bands, bound-free transitions of
the ejecta dominate the opacity
(blue line). This prevents radiation
from escaping the ejecta at these
frequencies.

bound—free
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Atomic opacities

Kilonova emission is centered in the optical/IR band, as this is the first spectral
window through which the expanding merger ejecta becomes transparent.

bound-bound

bound—free

e—scatt

10 100 10° 10*
photon energy (eV)

10°

At  optical/near-IR  frequencies
(brown line), the dominant source of
opacity is a dense forest of line
(bound-bound)  transitions.  The
magnitude of this opacity is
determined by the strengths and
wavelength density of the lines,
which in turn depend sensitively on
the ejecta composition.
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Atomic opacities

Kilonova emission is centered in the optical/IR band, as this is the first spectral
window through which the expanding merger ejecta becomes transparent.

At the lowest frequencies (radio and
far-IR), free-free absorption from
ionized gas dominates (red line). As
the ejecta expands, the free-free
bound—free opacity will decrease rapidly due to
the decreasing density p o t2and the
fewer number of free electrons as the
ejecta cools and recombines.
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Chemical elements contribute to the global opacity
with very different contributions, basing on their
electronic configuration and their

Y. 2 0.25 Y. ~ 0.15-0.25

L]
Lanthanides Actinides

® Solar r-process

60 80 100 120 140 160 180 200 220 240
Mass number A



~+» | Finanziato # % Ministero ) 5 -
¢ : |dall'Unione europea {0~ dell'Universita -k ltaliadomani
“** | NextGenerationEU %5 edellaRicerca . DI RIFRESA £ RESILIENZA

Chemical elements contribute to the global opacity
with very different contributions, basing on their
electronic configuration and their

L In particular, open f-shell elements (Ianthanldes)
s have larger opacities than the elements with other
outermost electron shells.
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Identification of strontium in the merger of two
neutron stars
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Radiative Transfer (RT) basics
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Source function
Optical depth (emissivity to absorption ratio)

Optical depth is a measure of the
extinction coefficient or absorptivity up K, IS the frequency_dependent
to a specific stellar layer.

opacity of the medium

.D
(D) = /{ ay(s) ds

y = Kyp Photon mean free path
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