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R-process: Astrophysical environment
should provide enough neutrons for the r Hﬁe‘%
process to operate o
HHH . '”5:'535‘5
82Pb 1 Z T 184
p-process '
s-process
Vp-process
508['1 126
fp-process Bk r-process requires properties of exotic
Ni g 82 neutron-rich nuclei:
Ca ) i - Beta-decay rates
: 50 * Neutron capture rates
6O « Fission rates and yields
2He_,#w = 20 28
2 8

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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Kilonova: signature of the r-process

TECHNISCHE

[.= 5 ][ FA'R %‘j: UNIVERSITAT

%0’ DARMSTADT

Kilonova: An electromagnetic transient due to long term radloactlve decay of

r-process nuclei

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

GRB
(t~0.1-15)

/
/ "
pil | Kilonova
’ Optical (t ~ 1 day)
/
/

+ Merger ejecta
61 ’ Tidal tail and disk wind
/ v~0.1-03 ¢

Metzger & Bérger 2012
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Cowperthwaite, et al 2017
. Kilonova observations = |

1 1(
Time (days)

i N
_Metzger et al, 2010 / L
Fpredictions 3

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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r-process: nucleosynthesis and electromagnetic transient
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Pipeline for r-process in mergers == F\R ¢

» Radioactive energy
deposition

* Properties ejecta: proton-to-
nucleon ratio (Y,) « Physics of neutron-rich « Thermalization decay

. Role of equation of state and heavy nuclei products (Barnes+ 2016,
d y Kasen+ 2019)

» Spectra formation:
atomic data depends on

. ejecta evolution (LTE vs
— forward modelling NLTE)

* Role of neutrinos

y [km]

r-process

« backward modelling‘ e

Infer components ejecta (Y,)

9.5
9

i ] 0 — o
x [km]
Bauswein et al, ApJ 773, 78 (2013) '~ '%" ™

P o e 4530354

T T T T T T
4000 5500 7500 10500 14500 20000
Observed wavelength [A]

' : Watson et al, Nature 574, 497 (2019
« Which r-process elements are produced in mergers? oo (2019)

* Are mergers the (main) r-process site?
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Abundance at 1 Gyr

Dynamical ejecta (simulations):
Weak-interaction

« Early simulations assumed dynamical

ejecta was very neutron rich (Y,

* However, weak processes modify the
neutron-to-proton ratio increasing Y,

« Largest impact in the polar regions

< 0.1).
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Self-consistent 3D radiative transfer

3.0f
b — Spectrum M Celll
.&1')2017gfo 2.42d M Srll ll=
2.5F 3D AD2 (0°<n-6<37°) 0.7d W Priil l. o
W VI l.‘»
Sol W Nd I l'

vzlc

W Zrll I Other
= AT2017gfo

-=' ‘
! 4 .
vl a
VIR

—_
[9,]
T

F,\ at1 MpC [10413 erg/slcmZ/A]
.0.40 -0.30 -0.20 -0.10 0.00 0.10 0.20 0.30 0.40

.\6?585
1.0 0.455
0.325
0.5} 0.195
0.0650 R
1.2 r
(d)
AT2017gfo 4.40d
< LOF 3p AD2 (0°<n-6<37°) 0.9d
NE - - -
7 08 * Monte Carlo 3D radiative transfer using
= el the ARTIS code.
2 https://github.com/artis-mcrt/artis
= B . . .
S » Matter distribution based on SPH
= 0.2}

Dynamical ejecta (0.005 M)

r , — ) « Based on line-by-line bound-bound
4000 6000 8002,\, avel:r(])st('.;o[m 12000 14000 16000 atomIC OpaCI tleS

Similar spectral evolution that AT2017gfo once differences in brightness are accounted
Shingles et al, ApJ 954, L41 (2023)
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https://github.com/artis-mcrt/artis

Structure around 78N
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Nuclei around 78Ni relevant for synthesis
first r-process peak elements
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Shell-model calculations as benchmark of ;[

global calculations of beta-decay rates
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Nuclear physics input: == FA|R ¢ des
beta-decay half-lives
» Develop Global beyond mean field methods for beta-decay half-lives
* N~126 Half-lives have a strong impact on the position of the A ~ 195 peak
chollmodel (Suzuld ot 1) = RPA HFES! G mats —o— ‘RORPA DI DC3* Marketin+PRC 93, 025805 (2016)
shell model (Zhi etal.) —m— CQRPA DF3 —x— EXP —e—s Skvrme: Nev+‘ PRClqz. 034326 (2020)
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Beyond mean field for spherical nuclei (C. Robin, GMP, in prep.) 120 140 160 180 200 220 240

mass number, A

Need data for beta decay half-lives around N ~ 126

Gabriel Martinez-Pinedo / Nuclear Structure and Astrophysics theory

HELMHOLTZ



What is the role of fission in the
r-process nucleosynthesis?
Giuligni

etal PRC 97, 034323 (2018)
: (237323
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Neutron number 102 [ ¢

Current r-process modes predict substantial
production of nuclei around A~ 280 (Z ~ 96 N ~ 184)

However during their decay to beta stability they
fission on timescales of seconds to hours.

What are the heaviest elements that survive on
kilonova timescales?
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Superheavy region: mine-field due to

low fission barriers
Giuliani, GMP, Robledo, PRC 97, 034323 (2018).

» During the r-process operation B spont. fis. mm (ny) (n,fis)
mainly (n,fiss) limits the B o-decay E (no) HE (n,2n)
production of superheavy nuclei 120 :

110
» After freeze-out a competition
between beta-delayed, 100
spontaneous and neutron 90
induced fission.

120 14 160 180 200 220 240
Neutron number
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Giuliani, GMP, Wu, Robledo, PRC 102, 045804 (2020) 1 K
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Gravitational Wave Signal from GBS FA|R uem
Neutron Star mergers (postmerger)
HADES collaboration, Nat. Phys 15, 1040-1045 (2019)

= < Quarks and Gluons
A14§ 'Q—J % Critical point?
% é é 8 \ De%n/f,,
% 8 e
B 100_1 = Hadrons %‘
= - %
—— A & £
-20 -10 0 10 20 -15 -10 —SXO 5 10 15 -15 =10 -5 XO 5 10 15 -15 -10 -5 0 5 10 15 QVBQ:’) ?r%
)/ ? Color Super-
Neutron stars  conductor?
0 T
= > Nuclei Net Baryon Density
7\
-15 =10 -5 0 5 10 15 -1%5-10 -5 0 5 10 15 -15-10 -5 0 5 10 15 -15-10 -5 0 5 10 15 3‘75- A” :0121 ++
X (fm) X (fm) X (fm) X (fm) An = 0.094
« Similarity between neutron star mergers and 3.50 7 odels with PT
heavy ion collisions = An = 0.030
52 3.25-
« Postmerger signal characterized by a peak 5
frequency. ~£3.007
» Simultaneous measurement tidal deformability 2.751
and peak frequency may provide signature of a . . .
first order phase transition to QGP 200 400 N 600 800
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summary- s FAR @ G
The Universe in the Lab

Connect Multi-messenger observations (Gravitational
and Electromagnetic waves) to GSI/FAIR experiments:

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

Gravitational Waves as probes of high density matter

Challenges:

Impact of weak processes and EoS in the ejecta properties and
GW signals

Improved nuclear and atomic input

3D radiative transfer to benchmark simulations and
nucleosynthesis predictions with observations.
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