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Introduction

Explosive transient evolution

Photospheric phase Nebular phase

Long escape time for radiation

→ diffusion light curve.

Short escape time for radiation

→ light curve follows radioactive decay.

Spectra probe
surface layers

Spectra probe
all ejecta

Many lines
excited and signi-

ficant optical depth →
scattering spectra

Few lines excited and
reduced optical depth →
emission line spectra

Simple microphysics (LTE) Complex michrophysics (NLTE)
Reviews: Sim 2017, Handbook of SNe Jerkstrand 2017, Handbook of SNe

Time →
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Introduction

SUMO(1D) and EXTRASS(3D)

Dimensionality: 1D with artificial mixing 3D, spherical coordinates

Level populations: NLTE NLTE

Radiative transfer: Sobolev local + global line-by-line Sobolev local

Non-thermal physics: Heating/ionization/excitation Heating/ionization

Chemistry: Molecules None

Composition H - U H - Ni

Inner boundary inj.: Yes No

AJ+2011,2012,2020

Omand+2023 Liljegren+2023 Pognan+2023 van Baal+2023 Barmentloo+2024 Banerjee+,in prep.
pulsar input molecules kilonovae Full 3D light elements r-process
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Type Ia SNe

Nebular-phase Ia models

W7

Fransson & Jerkstrand 2015 (optical/NIR)
Johansson+2017 (MIR)
Jerkstrand, Maeda & Kawabata 2020 (Ia-CSM config.)

Delayed detonations (DDC10 and DDC25, simplified): Blondin+2022
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Type Ia SNe

StandaRT : large RT code comparison project
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Type Ia SNe

Ia photometric light curve models, 0-100d.
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Type Ia SNe

SN 2006gy as a Ia-CSM SN Jerkstrand, Maeda & Kawabata, Science 2020
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CCSNe

Nebular-phase models for H-rich CCSNe

9 12 15 20 25 30

0.1
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10

AJ+18

AJ+12 AJ+12 AJ+12 AJ+14

Eexp(B)

MZAMS(M�)

30-50% of all CCSNe

SUMO models (KEPLER stellar ev.)

All models on Zenodo
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CCSNe

Subluminous IIP SNe - good match with low-mass
(MZAMS ∼ 8− 10 M�) explosions AJ+2018

Low explosion energies in self-consistent
neutrino-driven explosions→ narrow lines,

with good match to observations.

Spectral models can distinguish Fe CCSNe to ONeMg CCSNe
(=Electron-capture SNe) - most observed events fit first class better
(see also Lisakov+17/18 ).
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CCSNe

Stripped-envelope spectral models
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Eexp(B)

All models on Zenodo

SUMO/EXTRASS models
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CCSNe

Stripped-envelope SN models with molecules Liljegren+2023

AJ+2015,A&A

For each MZAMS (12,13,17 M�), different assumptions
about molecules and other microphysics.

Can now calculate this self-consistently.

Understanding the molecular chemistry is important to reach sufficient
accuracy for the important [O I] 6300, 6364 line.
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CCSNe

Stripped-envelope SNe in 3D van Baal+2023,2024

Hydromodels from Garching group

56Ni

C

O

Mg I] 4571 line in a Type Ib model,different viewing angles

Valuable inputs for interpreting statistical distributions of line profile
properties (e.g Modjaz+08, Taubenberger+09, Fang+18/22/23).
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CCSNe

Stripped-envelope SNe in 3D van Baal+2023,2024

Contours contain
all viewing angles
for given model

Qualitatively new type of use of spectral data.
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CCSNe

Semi-analytic methods

A major use of the forward models is to inform and validate
semi-analytic methods.
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CCSNe

Most massive CCSNe Jerkstrand+2017,AJ+ in prep.
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Strong similarity between nebular spectra of luminous Ic SNe →unlikely
to involve fundamentally different scenarios (?).

Is 4000-5500 Å plateau due to large amounts of Fe and therefore
evidence for 56Ni?

Signatures of r-process elements? (e.g. Anand+2023 )
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CCSNe

Understanding Ic-BL spectra Jerkstrand+, in prep.

Standard 56Ni-powered models powering 6-10 M� CO cores fit quite
well.

λ <5500 Å region formed by complex radiative transfer effects. Fe
presence improves fits.
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Kilonovae

First NLTE KN spectra Pognan+2022ab,2023
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Heavy composition (Ye=0.15)

Pognan+2023(optical),Jerkstrand+in prep(IR).

Good power match.

Four lanthanides dominate: Ce, Nd,
Sm, Dy.

Such a component matches
optical/NIR well, but does not
reproduce the 2.1 µm line.
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Kilonovae

First NLTE KN spectra Pognan+2022ab,2023
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Longer wavelengths probe inner
ejecta where most of the mass is.
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Kilonovae

Elements we can currently diagnose from SN and KN
nebular-phase spectra

H He

Li Be B C N O F Ne

Na Mg Al Si P S Cl Ar

K Ca Sc Ti V Cr Mn Fe Co Ni Cu Zn Ga Ge As Se Br Kr

Rb Sr Y Zr Nb Mo Tc Ru Rh Pd Ag Cd In Sn Sb Te I Xe

Cs Ba 57-71

Ce Pr Nd Pm Sm Eu Gd Tb Dy Ho Er Tm Yt Lu

Hf Ta W Re Os Ir Pt Au Hg Tl Pb Bi Po As Rn

Fr Ra 89-103

Th Pa U Np Pu Am Cm Bk Cf Es Fm Md

La

Ac

Claimed (possible) detection in AT2017gfo, or potential for detection
Watson+2019,Domoto+2021,2022,Hotokezaka+2022,2023

Sneppen+2023,Pognan+2023,Gillanders+2024
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Summary

Summary

Nebular-phase spectral model grids are available for TNSNe (1D),
CCSNe (1D and 3D), and KNe (1D).

The models can be used both to design ZTF follow-up strategies and
for analysing data.

If you are interested to use SUMO or EXTRASS models, or would like to
request models to be computed for specific SN ejecta, please contact me.

Thank you for listening!
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