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Abundance relative to Silicon = 10°

Signatures of nucleosynthesis
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« Heavy elements produced in neutron
capture processes

» Observations indicate that r process
operates from early Galactic history in rare
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R process needs === FA|R ¢ b
Astrophysical environment should \
provide enough neutrons per seed
for the r process to operate

Afinal = Ainitial T "seed ek

Ngaed depends ma_lnly on
neutron richness ejecta il
sl 184
Sn qj' 126
0 AT
Jai r-process requires properties of exotic
v : . .
2o NI L e 62 neutron-rich nuclei:
208 o - Beta-decay rates
o y=l o = » Neutron capture rates
Ho [P * Fission rates and yields
2 yE s 20 28

e
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Benchmark against observations:

» Indirect: Solar and stellar abundances (contribution many events, chemical evol.)

» Direct: Kilonova electromagnetic emission (single event, sensitive Atomic and
Nuclear Physics)
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R-process operation
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Heavy elements produced by the r-process. Radioactive decay liberates energy

T=3850GK, n,=2937e+35cm?® R, =6233, s=0621k/nuc, !
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Kilonova: signature of the r-process

Kilonova: An electromagnetic transient due to long

r-process nuclei

Jet—ISM shock (afterglow)
Optical (hours—days)
Radio (weeks—years)

N[ Kilonova
" Optical (t ~ 1 day)

’ i Merger ejecta
’ Tidal tail and disk wind"
v~0.1-0.3c

o
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e

Metzger & Bérger 2012
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. Kilonova observations, .
1 10
Time (days)

« Electromagnetic counterpart
to Gravitational Waves

» Diagnostics physical
processes at work during
merger

« Direct probe of the formation
r-process nuclei

» Information elements
produced single event
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Pipeline for r-process in mergers

» Properties ejecta: proton-to-
nucleon ratio (Y,)

* Role of equation of state

* Role of neutrinos
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Bauswein et al, ApJ 773, 78 (2013) ">'*" ™
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Infer components ejecta (Y,)

» Which r-process elements are produced in mergers?

“

» Physics of neutron-rich
and heavy nuclei

e Atomic data

forward modelling

EfeV)

r-process
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* Are mergers the (main) r-process site?
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Radioactive transfer
modelling

Thermalization decay
products (Barnes+ 2016,
Kasen+ 2019)

Spectra formation:
atomic data depends on
ejecta evolution (LTE vs

NLTE)

g: | ISR NI O T
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Observed wavelength [A]

Watson et al, Nature 574, 497 (2019)
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Apparent Magnitude

16

Kilonova modelling

Light curve

28

Villar et al 2017
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Energy deposition and thermalization
Complete transition data: total opacity

Color evolution: High vs Low opacity
material

Presence of Lanthanides/Actinides
(high opacity)
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G=N [F\R(  uweew
Spectral modelling
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N Domoto et al 2022 "

0 | 5000 10000 15000 20000 25000 30000
Wavelength (A)
 Accurate data

« LTE: line list bound-bound
transitions
 NLTE: + electron ion and
photoionization cross sections,
recombination coeficients
« Several elements observed
Sr (Watson+22), Y, Zr, La, Ce
(Domoto+22, Gillanders+23,
Sneppen+23)
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Available experimental data ==u F\R{
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Energies and transition probabilities between many levels required

Systematic improvement of atomic data possible with the use of experimental

data or ab initio calculations for few low lying levels
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Atomic Opacities (LTE) ==u F\R
Sobolev optical depth (for a line )
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Transition wavelength
2 —

e
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Oscillator Population lower level
strength (Saha eq. and partition functions)

T =

Expansion opacity (homologous expanding material, not
used in the radiation transport modelling)

by = =Ty (1—e™™)

1.25

1.00 [ oo,

0.75 F

ion fraction
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Goal: Develop database ozs |

well calibrated atomic 0.00 F -

opacities 2000 4000 6000 8000 10000
temperature [K]
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expansion opacity [cm? g™'] expansion opacity [cm? g™']

expansion opacity [cm? g~1]

Lanthanide Opacities
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Neutron star mergers:
Different ejection mechanisms

o ~ S. Rosswog, et al, Class. Quantum Gravity 34, 104001 (2017).
Gravitational wave emission

NSNS ) . wind; t~100 ms torus unbinding;
J— dyn. ejecta; t~ 1 ms e T8
v =4 00 )= { @ = ” N
Central Neutron Star Central Black Hole
NS-driven rapidly-spinning neutron-rich BH formation
outflow neutron star dynamical ejecta black hole .U,

sGRB
weak U " e ‘ \ 4 :
W \ collapse \d '

Two sources of ejecta:

« Dynamical during the early phases of
the merger (M < 0.01 M)

« Accretion disc on longer timescales
(M < 0.05 M)

magnetar-iven black hole-driven + Liftetime neutron-star determines

GRB iet GRB jet i i
S. Rosswog and O].eKorobkin, Annalen Der Physik 2022, 21200306 (2022). ImpaCt neutrinos

main
I-process

|

accretion
disk

I-process

accretion disk
outflow
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Abundance at 1 Gyr

Dynamical ejecta (simulations) e PAUIR A TN
SPH Simulation Vimal Vijayan
Neutrino transport: ILEAS

1.35-1.35 M, SFHo EoS
 Initially dynamical ejecta was assumed fOl e L

to be very neutron rich (¥, < 0.1). e
« Starting with the work of Wanajo et al

8- Total ejecta = 0.005 M, ]

2014, several studies have shown that = of 1
weak processes modify the neutron-to- S ) :
2 |

proton ratio

« Largest impact in the polar regions : —1_

[)®]
|

10— T T T T T ] 10, _ | | ,. _r _ _ .
P no neutrinos e solar r abundance ] E 5 ! L ", ! ! | E
o[%, FRDM ] [l with neutrinos — Total
10 3 ,o. e —-- WS3 3 10°° B — Polar 3
B 0.~'o --- DZ31 1z — Equatorial ]
103 Tk, — HFB2I 18 s ]
F 1 I|
- 1% i
10'45— y .. 32 10°° il a
r L ‘V' :g '||:II;|| 3
5l 1= i
10°F A AU )
r . 1< '
107°F Robust abundance pattern mainly§ 107
10_71 ., determined by fission products | - bt
60 80 100 120 140 160 180 200 220 240 60 90 120 150 180 210 240
Mass number, A Mass Number, A

Mendoza-Temis, et al, PRC 92, 055805 (2015)
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F) at 1 Mpc [1071* erg/s/cm?/A]

Self-consistent 3D radiative transfer == [FA\R
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Monte Carlo 3D radiative transfer using the ARTIS code.
https://github.com/artis-mcrt/artis

Matter distribution based on SPH Dynamical X
ejecta (0.005 M) L. Shingles

LTE simulation: follows 2591 nuclei (283 ions with gamma-ray transport
and electron thermalization, 44 millions atomic transitions lines

AD1: Japan-Lithuania database Z=28-88, Tanaka+ 2020

AD2: AD1 + calibrated lines for Sr, Y, and Zr, Kurucz 2018
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Shingles et al, ApJ 954, L41 (2023)
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https://github.com/artis-mcrt/artis

F, at 1 Mpc [107!2 erg/s/cm?/A]

F, at 1 Mpc [1071 erg/s/cm?/A]

Angular dependence spectra == FAR € W
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nucleosynthesis yields
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Shingles et al, ApJ 954, L41 (2023)
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Comparison AT2017gfo

F) at 1 Mpc [107 %3 erg/sfcm?/A]

F) at 1 Mpc [10713 erg/s/cm?/A]
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(b)

AT2017gfo 2.42d
L 3D AD2 (0°<m-6<37°) 0.7d

— Spectrum W CeIll
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Similar spectral evolution that AT2017gfo once differences in brightness are accounted
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Shingles et al, ApJ 954, L41 (2023)
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Asymmetry observables

Intensity

Radiant intensity - 4rr [10%0 erg/s]
0

3.5 4.0 4.5 5. 5.5

Mean temperature

Temperature [K]
2600 2700 2800 2900 3000 3100 3200 3300 3400

7
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2570l

Line-of-sight velocity

Mean line of sight velocity [c]
0.11 0.12 0.13 0.14 0.15 0.16

« Strong asymmetry observables

Need of further observations

Shingles et al, ApJ 954, L41 (2023)
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log density [g/cm?]

Long term merger simulations
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Long-term simulations with neutron star | _, sym-nl-ab
lifetimes 0.1-1 s and describe all = — total
components of the ejecta: dynamical, | ynamical
NS-torus ejecta, and final viscous ejecta _ 10-3 | — BH-torus
from BH torus. = g
) S X E R
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ustetal, ApJL, L12(2023) i
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End to end kilonova models = FAR & i
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« Based on grey opacities using approximate radiative transfer model
(generalization ALCAR neutrino module)

« Agreement with AT2017gfo after times of several days
» Accounting for all ejecta components fundamental to reproduce light curve

— L avg.overall @
-= [ avg. over 8 <n/4
-+ eff. heating rate

L [erg/s]

] sym-n05-a3
1040 4 —— sym-n05-a6
3 sym-nl0-a3
] —— sym-nl0-a6
X NDW peak, 1-zone model
¢ AT2017gfo (Waxman'l8)

LI | T T AN B B B N |

1 10
time [d]

05 -025_ 0
Dynamical ejecta  R/tem [€]

0.25 0.5

Just et al, ApJL, L12 (2023)
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Spectra long term models == FAR ¢

6.0

5.0
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Fa at 1 Mpc [10713 erg/s/cm?/A]
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4000

2D AD3 just138nlab
3.14d to 3.87d, -1.0 < cos 6 < -0.8
= Spectrum
B Srll W Zr]
| YI MW PriI
[
=i

6000 8000 10000 12000 14000 16000
Wavelength [A]

Different spectral features than model considering dynamical ejecta
Possible dependence on dimensionality simulation (here 2D)
Shingles et al, in preparation
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Can we find a signature of actinides?

Relevant a-decays

 Color code | Half-life | DecayMode | Q- |Qec|Qp«|Sn| Sp [Qa  San | Sap | Qap- |
Qg-n BE/A_| (BE-LDMFit)/A | Eistex. st |E2+| E3- |Eas| Eas/Epy |B2| B(E2)ap/B(E2)20 | o(n,y) | o(n,F)

== FilR

Wu, Barnes, GMP, Metzger, PRL 122, 062701 (2019)

83

212Ac 213Ac 214Ac | 215Ac | 216Ac 217TAc 218Ac 21%Ac 220Ac 22l1Ac 222Ac ?,023611 Juhc
.0 days

211Ra 212Ra 213Ra | 214Ra | 215Ra 216Ra 217Ra 218Ra 2I%Ra 220Ra 221Ra 222Ra

209Ra 210Rn 2IIRn| 212Rn | 213Rn 214Ran 2I/SRa 2i6Ra 217Ra 2i8Ra 2I19pf

22080 221At 222At 223At 224At

208At | 209At 210At | 2L1IAL | 212At 213At  214At g/
CLSDI 21 7Po 8 220Po 221Po 222Po 223Po

Ta =1

Ta = 11.4 days

210PFr 211Fr [212F | 213Fr | 214Fr 21SFr 216Fr 217Pr 218Pr 219Pr 220Fr 22 223Pr 224Fr 225Fr 225F%

T =

223Rn 93§Rn 225Rn

.8 days

217Bi 218Bi 219Bi 220Bi 221Bi 222Bi

216Pb 217Pb 218Pb 219Pb 220Pb

09Tl 210T1 201TI 212Tl 213T1 214T1 215T1 216TI 2177l

123 128 127 129 131 133 125 137

If actinides are present alpha-decay chains may
dominate the energy generation on days.

Fission plays a secondary role except perhaps the
presence of 2°4Cf
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Multi-messenger observations (Gravitational and
Electromagnetic waves) from binary neutron star mergers
provide unique opportunities to study the production of heavy

elements:

Neutron star mergers identified as one astrophysical site where the
r-process operates

Kilonova observations provide direct evidence of the “in situ
operation of the r-process”

3D radiative transfer allows to benchmark models with
observations.

Challenges:
Impact of weak processes and EoS in the ejecta properties
Improved nuclear and atomic input

Kilonova spectral modelling

Gabriel Martinez-Pinedo / Probing heavy element nucleosynthesis through electromagnetic observations HELMHOLTZ
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