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Why spectra?

Utsumi+17

Kawaguchi+18, 20

(broad) r-process!
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e.g., Arcavi+17, Smartt+17, Kasen+17, Kilpatrick+17, 
       Perego+17, Rosswog+17, Shibata+17, Tanaka+17,
       Toroja+17, …

Pian+17

Which and how much elements?

??

optical NIR
Sr II (or He I?)

Watson+19, Domoto+21, Gillanders+22
Perego+22, Tarumi+23
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Schiller&Przybilla 08

Pian+17

v ~ 0.2 c

Star
Why difficult?

Supernova

Filippenko+97

v ~ 10000 km/s

Kilonova:
Fast expansion velocity
Heavy elements (beyond iron)
More luminous in near infrared

optical NIR



Atomic data from experiments
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Essential, but lacking data
Strength of line: “Sobolev optical depth”

 *radial (expanding) v ≫ thermal v
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Atomic data from theoretical calculations

✔ Statistical properties of elements 
     (~ 40 million lines)
→ Total opacity can be evaluated  
✖ Impossible to discuss spectral features

Atomic structure calculations

Complete, but not much accurate
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e.g., Kasen+17, Fontes+20, 23, Banerjee+20, 22,  
        Pognan+22, F. Silva+22, Floers+23, …

Tanaka+20



Experimentally 
calibrated list

Theoretically 
constructed list

Transition wavelength ✔ low accuracy

Energy level ✔ low accuracy

Transition probability unavailable
(especially for NIR) available

*spectroscopically accurate  
e.g., NIST, VALD, DREAM

*high completeness 
e.g., Kasen+17, Tanaka+20, 
Fontes+20, Banerjee+20, 22

Atomic data

E
gf

λ
τl =

πe2

mec
ni,jtλl

gk fl
g0

e− Ek
kT

Difficulty on study for kilonova spectra
Strength of line: “Sobolev optical depth”

 *radial (expanding) v ≫ thermal v

Need for discussion of spectra Light curve calculations
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Spectra study under this situation…

See Perego et al. (2022) and Tarumi et al. (2023) for NLTE analyses (He I)
       Shingles et al. (2023) for 3D calculations

Papers on photospheric spectra for GW170817 (under LTE, 1D)

Atomic data Papers

Only accurate data
Watson et al. (2019), Domoto et al. (2021),

Vieira et al. (2023a,b), Sneppen et al. (2023)

Theoretical calc w/ some calib Gillanders et al. (2021)

accurate data + some calc Gillanders et al. (2022)

Hybrid data Domoto et al. (2022)
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Experimentally 
calibrated list

Theoretically 
constructed list

Transition wavelength ✔ low accuracy

Energy level ✔ low accuracy

Transition probability unavailable
(especially for NIR) available

*spectroscopically accurate  
e.g., NIST, VALD, DREAM

*high completeness 
e.g., Kasen+17, Tanaka+20, 
Fontes+20, Banerjee+20, 22

Toward identification
Strategy: combine advantages of line lists
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1. Find species having strong transitions (thanks to the complete data)
2. Extend “accurate” data of strong transitions w/ theoretical prob.

E
gf

λ



11

τl =
πe2
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ni,jtλl
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g0

e− Ek
kT

Find species having strong transitions
Give density, temperature, abundance + complete atomic data
=> Search the species having strong transitions systematically
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Wanajo 18

- Ionization/excitation: LTE 
 (Saha’s eq, Boltzmann distr.)
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Small number of valence electrons
- Small number of transitions -> higher transition probability (sum rule) 
- Low-lying energy levels -> higher population
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λ
ρ = 10−14 g cm−3, T = 5000 K at t=1.5 d
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Ca II

Find species having strong transitions
Give density, temperature, abundance + complete atomic data
=> Search the species having strong transitions systematically

Domoto et al. 2022



Same as the Sun!
Ca Fe/Ca H Mg Fe Na H
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Calibrate energy levels with experimental data, and calibrate λ
(only low-lying levels) LSJ code (Gaigalas+04), NIST Atomic Spectra Database
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After calibration

Transition probabilities of La III/Ce III lines are taken from theoretical values

E
gf

λ

=> “experimentally accurate” strong transitions (for spectral features) 
     + theoretically constructed, complete weak transitions (for opacity)
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Radiative transfer simulations
Only “atmosphere”Entire ejecta

Energy deposition (heating)
β/α particles, γ-rays

light curve, spectrum

UV/optical/infrared photons

- Self-consistent calculations - Get snapshot (for given luminosity) 
- Easy to fit to actual data (param inference)

- Define “photosphere" 
- Luminosity 
- Time

Tanaka & Hotokezaka 2013, Tanaka+14, 17, Kawaguchi+18, 20

Domoto+21,22 e.g., TARDIS: Gillanders+21,22,23, Vieira+23ab, Sneppen+23

spectrum
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Uncertainty: theoretical gf-values
Transition probabilities should be measured by “experiments”
-> Star can be used as a laboratory
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Use…
- ATLAS/MARCS model
- Turbospectrum 
- Params from literatures

Domoto et al. 2023
(arXiv: 2309.01198)
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Support of identification of Ce
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New (nominal)

Radiative transfer simulations w/ the estimated log(gf)

Absorption features by Ce III keep produced

Domoto et al. 2023
(arXiv: 2309.01198)



How about actinide?
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- Theoretical data (HULLAC) are available up to Z=88
- Many lines are experimentally known, but gf of NIR lines are unknown
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but see Fontes+23, F. Silva+22, Floers+23
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Summary

- Elements that can appear in spectra: Ca, Sr, Y, Zr, La, and Ce  
  - At the left side of the periodic table

- New atomic data by taking advantages: 
  - Theoretical (complete) line list -> find candidate species 
  - Experimental (accurate) line list -> evaluate actual features

•  Identification of elements in spectra is 
 the direct way to study synthesized individual elements 

•  Which elements can produce absorption features?

- First identification for the NIR features in GW170817: La and Ce  
  Mass fractions of La and Ce are < 2x10-6 and ~ 10-3-10-5 (direct estimate)

- Ca/Sr lines can be high-Ye tracer: constraint on the physical conditions

25

- Estimated gf-values from stellar spectra supports the identification of Ce


