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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
(high yield) events
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R process needs == [Fi|R"

Astrophysical environment should
provide enough neutrons per seed

for the r process to operate q
Afinal = Ainitial T "seed Bsve”
Ngaeq depends mainly on i
neutron richness ejecta B G
p-process ' o h
S-process
Vp-process
SN | 126
fP-process i r-process requires properties of exotic
Ni g 62 neutron-rich nuclei:
Ca gttt Beta-decay rates
' 50 * Neutron capture rates
Ol « Fission rates and yields
JHe 7= 55 o
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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R-process operation

E=u[i|R
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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, t

=0.0131s
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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)

, Kilonova
\Optical (t ~ 1 day)

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

b
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e

Metzger & Bérger 2012
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_Metzger et al, 2010

redictions . ]
P Cowperthwaite, et al 20171
. 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 == FA\|R (" W
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» Radioactive energy

« Properties ejecta; proton-to- deposition

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

P o e 4530354

= B \ D N S0 37 | SRR —
i « backward modellin « i

Bauswein et al, ApJ 773, 78 (2013) '~ '%" ™ g 3 rp—CrT

38 bbb et dal

Infer components ejecta (Y,)

T T T T T T
4000 5500 7500 10500 14500 20000

Residual Fy [1077 erg s™* em

Observed wavelength [A]
. . Watson et al, Nature 574, 497 (2019
» Which r-process elements are produced in mergers? ’ (2019)

* Are mergers the (main) r-process site?
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Apparent Magnitude

Light curve Spectral modelling
16 ‘ r ‘
Villar et al 2017 ort4 o "‘\SI” ATegugte |
%10‘15 / = ”ﬁ:[”r\:w
X
10716 !
Tg’m‘”
'y, zen n‘
.WJ‘
M4 ) 7 pomoto etal 202.2 o M
0 5000 10000 15000 20000 25000 30000
280 Fz'zsgl' W}='12(7)5w - = Fssgw,u,u = Wavelength (A)
D S7SHS29 « Accurate data
* LTE: line list bound-bound
« Complete transition data: total opacity transitions
 NLTE: + electron ion and
« Color evolution: High vs Low opacity photoionization cross sections,
material recombination coef
« Several elements observed
« Presence of Lanthanides/Actinides Sr (Watson+22), Y, Zr, La, Ce
(h|gh Opacity) (D0m0t0+22, Gillanders+23,
Sneppen+23)
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Atomic Opacities (LTE) == FAR & Wi
Sobolev optical depth (for a line )
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Transition wavelength
2 —

e
tfl n A

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

T =

used in the radiation transport modelling)

Kexp Zl AA bin (1 _Tl) 1.2

© °© © =
FS o o0 c

Fraction in ionisation state

=4
[

Goal: Develop database
well calibrated atomic
opacities

o
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Temperature [K]
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Neodymion and Uranium opacities ==u F\R
U has larger opacity than Nd (similar behaviour expected for other
Actinides)

Confirmed by independent calculations HFR code (U. Mons) and Los
Alamos suite (Fontes+2023)
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Silva et al, Atoms 10, 18 (2022); Flors, Silva, et al, MNRAS 524, 3083 (2023)

Offers a method to identify presence of Actinides in spectra.
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Neutron star mergers: E==u [|R
Different ejection mechanisms

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

NSNS ) . wind; t~100 ms torus unbinding;
i dyn. ejecta; t~ 1 ms £ Tt
SEAELIEEY _TEXI = I}
Central Neutron Star Central Black Hole
NS-driven rapidly-spinning neutron-rich BH formation
outflow neutron star dynamical ejecta black hole .U,

sGRB
weak } Vb ; \ : ‘
' " collapse |/

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)

main
I-process

A

[-process ¢

accretion disk
outflow

accretion
disk

magnetar-diven black hole-driven  Liftetime neutron-star determines
GRB jet GRB jet i i
S. Rosswog and O].eKorobkin, Annalen Der Physik 2022, 21200306 (2022). ImpaCt neutrinos
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Abundance at 1 Gyr

Dynamical ejecta (simulations) e PR R T
SPH Simulation Vimal Vijayan

Neutrino transport: ILEAS
1.35-1.35 M, SFHo EoS

« Initially dynamical ejecta was assumed T S
: | — Equatorial (60° < @ < 120°)

to be_ very_neutron rich (Y, < 0._1). of — Polar@<600> 120 | ]

« Starting with the work of Wanajo et al - : B

2014, several studies have shown that Z of §
weak processes modify the neutron-to- Z B 1
i |

proton ratio

« Largest impact in the polar regions : —:I‘L:
0 b= e |

n
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10_1?."|||||||1|Ibldll ] 10—
- i ® solar r abundance ] 8 . . 3
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5[ 15 (4- I 1
%, 4 10 1
g f I C I N
107°F Robust abundance pattern mainlyg 107
10_71 4, determined by fission products | - S ST I | B B
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 mm==x FAR®"

Monte Carlo 3D radiative transfer using the ARTIS code.
https://github.com/artis-mcrt/artis

Matter distribution based on SPH Dynamical
ejecta (0.005 M)

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 [10712 erg/s/cm?/A]

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

Angular dependence spectra

B Nd III

W Zrll

Uncalibrated

Lok @) 3D AD1 polar 0°<n-6<37° || b) 3D AD1 equatorial 78°<@<90° — Spectrum m Cell |
: C
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m v

M Other 7
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Wavelength [A] Wavelength [A)

w75, TECHNISCHE
UNIVERSITAT
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1Y
L]

0.325
0.195

Differences reflect
directional dependence of
nucleosynthesis yields

Shingles et al, ApJ 954, L41 (2023)
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Comparison AT2017gfo

50F (a) 1 3 (b) — Spectrum M Celll
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4.0 W Y
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Similar spectral evolution that AT2017gfo once differences in brightness are accounted
Shingles et al, ApJ 954, L41 (2023)
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Asymmetry observables == FA|R @ b
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Intensity Line-of-sight velocity

Radiant intensity - 4m [10% erg/s] Mean line of sight velocity [c]
35 4.0 4.5 5.0 5.5 0.11 0.12 0.13 0.14 0.15 0.16

Mean temperature

« Strong asymmetry observables

neecairaili] * |Is this consistent with observations?

2600 2700 2800 2900 3000 3100 3200 3300 3400

Shingles et al, ApJ 954, L41 (2023)
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G
500
dx

Benchmark against AT2017gfo == F\R¢

Analysis of AT2017gfo Sr Il P-Cygni feature shows kilonova is highly
spherical at early epochs [Sneppen et al, Nature 614, 436 (2023)]

3“]1:—]6 I I T | L
X-shooter spectra i
25| T g
, X | .o Blackbody ZAe Emission
3 B - eg
— 20| f w. | e Blackbody + Sr 11
o y \\
2= N, =
= ':1.5 \"‘"--"'-u.,_ -, ok Q Absorption
— N 2 Region
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\‘l‘ g -
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0.5 \\\-w 5 !
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AT T . g |
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Q L s
o : | | 1‘7 blues.'::ﬂedi':"kh-‘?rﬂ. l
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Rest Waveleng[]’l [-A-l ine Of Signt Velocity (z)

Similar analysis based on 3D radiative transfer simulations suggest
sphericity depends on observer line of sight [Collins et al, arXiv:2309.05579]
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log density [g/cm?3]

Long term merger simulations

Long-term simulations with neutron star
lifetimes 0.1-1 s and describe all
components of the ejecta: dynamical,
NS-torus ejecta, and final viscous ejecta
from BH torus.

ust et al, ApJL, L12 (2023)

time = 10.0 ms
0.6
16
1 ANNN 0.5
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s B gt i o
12 B s A — — 4 .
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g 0 ’ 0.3 s
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sQL—~~ 77 1 > = s
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cleosynthesis through electromagnetic observations
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End to end kilonova models ==x FAR

« Based on grey opacities using approximate radiative transfer model
(generalization ALCAR neutrino module)
* Promising agreement with AT2017gfo after times of several days

» Accounting for all ejecta components fundamental to reproduce light curve

INS-toruseejecta: BH-torus ejecta
] g — L avg.overall @
-= [ avg. over 8 <n/4
-+ eff. heating rate

n
I5)
9

= ] sym-n05-a3

1040 4 —— sym-n05-a6

3 sym-nl0-a3

] —— sym-nl0-a6

NDW peak, 1-zone model
¢ AT2017gfo (Waxman'l8)
LA | ' ' ! ! AL |
1 10
time [d]
-0.5 -0.25R/t 0 [ ]O.25 0.5
Dynamical eject pm LC
y J Just et al, ApJL, L12 (2023)
HELMHOLTZ
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Nucleosynthesis beyond iron == FAR @
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Several processes contribute to the nucleosynthesis beyond Iron:

S-process, r-process and p-process (y-process) ,
-
R £ '"E:lEiy
5P =
184
p-process
s-process .Agnould S. Gorlely PhyS|cs Reports 384,1 (2003)
" 10
Vp-process | ' 10' Wl
SN i 120 g 10°}
: L1007
rp-process 5
r-process g 10’}
28Ni S i ' 82 'C'E 107 |
A = -4
Ca 5 of 21
20 / | . 05l
Hseo £ O S To0 0 T 160 T80 200
2 T b =8 A Zewei Xiong

The vr-process (arXiv:2305.11050): a new nucleosynthesis process that
operates under strong neutrino fluxes when nuclei are present:
charged-current neutrino-nucleus reactions faster than f~ decays.

Novel mechanism for production of p-nuclei from neutron-rich nuclei.
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Possible source of light p-nucleland mm=x FA\R©
92Nb
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y-process fails to produce light p-
nuclei 9224Mo and 26:28Ru in solar

Rh97 | Rh98 | Rh99 | Rh100 | Rh 101

i el g e proportions (Raucher+2013)

£ Lo [ el Supernova neutrino winds:

3 N ECS R Py P | TeRe | Tl | * Ejecta with Y, ~ 0.48 produce %2Mo
i O o S o O - O L T - v (Hofmann+1992)

o 24 307 [ Mo e
; e s 8 LSt | e yp-process (Y, = 0.55) produces
* @0.02 j:,"?.dn 000030 | 705 o W 4ET X Lt h 107 sce. i e
Xl Nb94 | Nbos ' :Nb9.8 Nb99 | Nb 100 N 101 94M0’ 96,98Ru (FI’OhllCh+2006)

QNN 6.26m [2:10%a | 866 | 3497d
05
e7; 26 |0 £
o oo I 109 . |ysis | BT43..
i a0+ 4788, 528; ¥276; 158;
8714 | 144 w<? 150.., 480; 441; 467...

Zr 97 Zr 98 Zr 99 Zr 100

Jeen w2 s | ong-lived 92Nb present in early solar

7508; 1148; p-23 7469; 546; $-28;30
385...

Zr 91 Zr 92 Zr 93 Zr 94
11.22 17.15 15-10%a 17.38 64.0d

BI04 11...

ik 2 o L x;757:724... e & gay 33'4';,. gsmzam...
Yoo | Yo ves | vei | ves | ves | ver | vee | ve | System (Harper+1996).
d L 5.19h | 841k | 497m | 8854 2 10.1 h 18.7m 10.3 m 96s | 534s | 12s | 375s | 20s | 055s 147 s
< s i 2L Goc s ra |
) BBl |, o] e |ymiiies |faten (Toiiies |G| WD e o -
Cannot be produced by the vp-
50 52 54 56 58 60 p

process nor v-process
(Hayakawa+2013, Sieverding+2018)

Can we produce all these nuclel in the same environment
Including heavier p-nuclei?
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r-process Vvs vr-process

&7
Y/ 9
6/
B4
522

Weak freeze-out: proton-to-nucleon ratio determined by
(anti)neutrino absorption and their inverses

Seed production: Charged particle
reactions operating for T = 2 GK
produce the seed nuclei and
neutrons

Neutron-capture phase: neutrons
are captured on the available seed
nuclei on a typical times of ~ 1 s.
Different equilibria are achieved:
(n,y) 2 (y,n) equilibrium defines the

r-process path that is mainly sensitive
to the nuclear masses

Beta-flow equilibrium: abundance
given element is proportional to the
beta-decay half-lives. R-process
peaks associated to nuclei with
longest half-lives.
Freeze-out and decay to stability:
fully dynamical phase in which
competition between neutron-
captures, beta-decay (and fission)
determines the final abundance
pattern. Most sensitive phase to the
nuclear input

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

Seed production: Strong
neutrino fluxes drive material to
Y, ~0.5

Neutron-capture phase:
neutrons are used relatively fast
by two competing mechanisms:

n(v,, e~ )p converts neutrons into
protons

A(v,, e X)X = n,p,a speeds up
the build up of heavy nuclei
Fast “decay” to stability and
beyond: A(v,, e X) reactions
drive material to beta-stability

and beyond

Neutrons, protons and alphas
produced by both charged-current
and neutral current spallation
reactions.

Equilibrium between A(v,, e X)
and A(n,y) determines final
abundance

HELMHOLTZ
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Nucleosynthesis (no neutrino-nucleus)
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Nucleosynthesis (with neutrino-nucleus) mm==m FAR

v—A Cross sections from

Sieverding, et al, ApJ 865, 143 (2018).
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Dependence on neutrino fluence

Increasing neutrino fluence allows to
produce heavier p-nuclei
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Current neutrino-hydrodynamical models are far from the necessary conditions
A non-thermal ejection mechanism is necessary (magnetic fields?)
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Coproduction of all p-nuclel
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« All p-nuclei can be consistently produced
« Assuming the same astrophysical site produces both r-process and
p-nuclei around 1% of the ejecta should reach vr-process conditions

HELMHOLTZ
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Pions in neutron-star mergers
Remnant has large temperatures
and is very neutron-rich

Hp > My

Un —

Pions included in EoS assuming
non-interacting boson-gas in

thermal and chemical equilibrium

Upt = $(.un - .up)

Pions can form a condensate

Vijayan, Bauswein, Rahman, GMP, Phys. Rev. D 108, 023020 (2023)
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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

Vvr-process:. new mechanism production p-nuclei
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