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Kilonovae (KN)

— Transients powered by the radioactive r-process elements

— Compact object mergers (NS-NS, NS-BH)







Spectral modelling

— Reproduce light curves, spectra
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— Identify elements (+abundances)
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Nebular phase

— Nebular phase =low density, emission lines

— Important for...
« Nucleosynthesis (bulk of material, emission lines)
- Physical conditions (e.g. morphology, velocity)

- For KNe, after ~ a week

— NLTE (non-local thermodynamic equilibrium)
. Collisional excitations and de-excitations << radiative processes * »

« Full rate equations ot e



Physical conditions:
- Temperature ﬁ

Thermal equilibrium

- Ionisation
Saha eq.

- Excitation

\\Boltzmann eq.

Emit

.

Radiation field
Density, spectrum
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/ Physical conditions: |

- Temperature ﬁ

- Ionisation .
©

Emit

" NLTE

- Excitation @
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Radiation field
Density, spectrum
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Emit

Physical conditions: /\ Radiation field
- Temperature ﬁ NLTE Density, spectrum
- Ionisation \/
(E) Excite
- Excitation @ (+ non-local)







Stockholm codes for spectral modeling

NLTE spectral codes for transients

1D: SUMO (SUpernova MOnte carlo code) - A. Jerkstrand, Q. Pognan

3D: ExTraSS (EXplosive TRAnsient Spectral Simulator) - AJ, B. van Baal

My PhD: add KN
physics to ExTraSS
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Ejecta components

Disk wind / NS driven
outflows (polar)

lighter r-nuclei, high Y,
v~0.1c

Dynamical
ejecta (equatorial)
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Ejecta components [ 3D neededil ]

Disk wind / NS driven
outflows (polar)

lighter r-nuclei, high Y,
v~0.1c

Dynamical
ejecta (equatorial)
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Line-to-line photon transfer




Line-to-line photon transfer

Potential
atomic lines:




Line-to-line photon transfer

Potential
atomic lines:




SN 3D spectrum (EXTraSS)
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KN 1D spectra (SUMO)
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What is different for KNe (vs SNe)?

— Higher velocity, lower ejecta mass

Very quickly diluted » NLTE effects = SSA'/\TI@ O.OIE NM@
— Composition: heavy r-process elements V 0.0lc 01c
Radioactive heating: o +  + v + fission tpeak 130?1 102d13
(SNe: only y-rays of Ni-56) L(ﬁl?gfak |
Tpeak 0.16 0.05
Atoms: many levels and line rich (tpeak)
h i f Niines ~~ 106 ~ 108
- heavier transter % 1 50/ L00%

Lines blended, no distinct lines



Input model

— SPHINCS_BSSN Lagrangian Numerical Relativity model

] ' NSM model
(only dynamical ejecta) Rosswog+ 2025

- 1.3+13M,NS; M,710*M, i
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Input model - composition oy
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Input model - composition s
- Y

distribution: Setzer+ 2023
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Input model - composition

— Y, distribution

Setzer+ 2023
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Input model - composition

— Y, distribution: Setzer+ 2023
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Spectra so far

— Locked physical conditions: o

- T fixed (5000 K)
- Excitation: LTE (Boltzmann)

« JIonisation: fixed

— What makes different spectra for diff. viewing angles? R5 M

« Doppler factors

« Composition




Original velocity
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leal Velocity scaled
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Future plans
NLTE solver

Include multiple r-process elements

Time dependence, light curves

Different input models




Toy model

— Homogenous sphere (1D), 0.1 M, v=0.1¢c, t=2d

— Pure Se
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Structure of the code

Input model: density, Line-to-line radiative

composition, velocity

transfer, absorption,
scatter

Recently completed
(Van Baal+ in prep)

Radioactive decay

power NLTE: ionisation,

excitation and
temperature

Energetic radioactive Van Baal+ 2023, 2024
products thermalize
material - 4
Spectrum: . ¥
L
photons escaped
Material emits P ¥
. ® . Se =
thermal photons K4 ’ ¢ .
‘ @




Stockholm codes for spectral modeling

— Photons Doppler shifted in expanding material
(comoving frame treatment)

— Photon transfer by Monte Carlo random sampling
— Line-to-line radiative transfer

« No assumptions of optical thinness or opacity



