Radiative transfer simulations for
light curves and spectra of kilonovae




What can we learn from kilonova?

Light curves Spectra
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Origin of r-process elements
Physics of neutron star mergers
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Role of kilonova radiative transfer

Numerical e :
i ' ' Radiative Kilonova
: : transfer observations
+ nucleosynthesis
dynamical s post-merger optically Light curves
ejection = ejection thick => thin Spectra

J




Kilonova @ t ~ 1 day M ~ 0.01 Msun
v 0.1lc

R~ 101415 ¢cm

Gamma-rays
B/a particles

% =

Optical/infrared photons interact with
heavy elements
(mainly via bound-bound transitions)

p~ 1013 gcm3 (ne ~ 10% cm-3)
T~ 5,000 K
(neutral to several ionization degrees)

see D. Kasen’s talk



Radiative transfer simulations for
light curves and spectra of kilonovae




Two different demands on atomic data

Light curves Spectra
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Complete data Accurate data for

for (even weak) transitions important transitions
=> total opacity => spectral feature

see also talks by D. Kasen, C. Fryer, A. Floers, R. Ferreira da Silva,
C. Fontes, S. Banerjee, P. Palmeri, ...




“Minimum” atomic data for NS merger opacity (LTE)

see talks by D. Kasen, Q. Pognan, K. Hotokezaka, N. Badnell for non-LTE cases

Expansion opacity
Friend & Castor 1983 (stellar wind), Pinto & Eastman 1993 (supernova)
Kasen+06, Kasen+13, MT & Hotokezaka 13 (kilonova) e ﬂ Ly oy

| ﬁ
Y,
Sobolev optical depth E
(homologous expansion) ST

No systematic, experimentally-evaluated data



Status of atomic calculations for kilonova
Kasen+13:Sn I, Ce Il-lll, Nd I-IV, Os Il (Autostructure)
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Bound-bound opacity
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. . . All the data are available at
Energy Ieve' dIStrlbUtIOrl http://dpc.nifs.ac.jp/DB/Opacity-Database/

calculated with HULLAC code

Lanthanide
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http://dpc.nifs.ac.jp/DB/Opacity-Database/

OpaC|ty (Plaan mean) All the data z.:\re av-ailable at -
http://dpc.nifs.ac.jp/DB/Opacity-Database/

Lanthanide

many low-lying levels
=> stronger transitions
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http://dpc.nifs.ac.jp/DB/Opacity-Database/

Understanding the impact of accuracy in atomic calculations
. i g see Gaigalas+19 for Nd (see also Floers+23)
Singly ionized lanthanides

GRASP (Radziute+20, 21) see P. Jonsson’s talk )
HULLAC (Tanaka+20) T=5000K
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Energy level distributions

HULLAC
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HULLAC results tend to show upward energy level distribution
(Main difference is in 4fn 5d 6s configurations)



Kilonova in GRB230307A? Levan+23, Gillanders+23
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K> 5cm2 g-1to keep the photosphere




High opacity at late time?
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High opacity at late time?

T=1000K
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Non-LTE =>T ~ 5,000 K?
Optical photons can still be absorbed



Radiative transfer simulations for
light curves and spectra of kilonovae




Two different demands on atomic data

Light curves
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Figure from Kawaguchi+2018, 2020
Complete data

for (even weak) transitions
=> total opacity

Spectra
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Figure from Domoto+2020,2022
Accurate data for
important transitions
=> spectral feature

see also talks by N. Domoto, A. Sneppen, N. Vieira, ...



Available atomic data

Transitions with known wavelengths

Data from the NIST ASD
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Available atomic data Data from the NIST ASD

Transitions with known transition probability
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Accurate transition data are highly incomplete (in particular NIR)




Important elements for spectral features

, Domoto+22
see N. Domoto’s talk

Constructed from complete data (MT+20)
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- low-lying energy levels (higher population)

- relatively simple structure = small number of transitions
= high transition probability (sum rule)



So I ar s pECt rum https://en.wikipedia.org/wiki/Fraunhofer_lines
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Supernova spectrum (Type Il)

325

o<
N

¥ne
L]
Ot
'_'ﬁ'ﬁ"
© - -
Yo

Ti I 5337
81

Ti 11 53
406, 5430, 5447

e |
431
40

3
14) 4
8

{

Fe 1 5270, Fe II 5235
Fe I 5317

3’

Sc Il (23) 5031

Ti II 5227,

Fe 1 5328
Fe I
Sc II (31) 5527

Sc 11 (29) 5658

I
53
Fe I

Fe

7
Sc
Ba I1 4934, Fe 1 4921

Sc Il (24) 4670

HB, Ti II
Ha, Ba 11 6497

Ba II 6142

,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,

e I, Ti II,

,,,,V.,,,_..A._.‘.,,.......A...,.,,“,,,‘N.,.,.,........_.........,.,,,_,._..N,,.,.“;,._M.“ ,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,

22503594 95 31506 08, 99 3010k 311130138 i 3435 6

TN G MnFe Co N| Cu :ZniGa Ge! As Se§Br§Kr§

P40 ;""2{1""”'21'2' """ 437148 s s A8 149 150 15 P53 SRR R
ZrNbMoTcRuRthAngInSnSbTe'Xe

SR R T RO e D 4 i85 i 86

-§HfTa WReOs

Fe II )
Ba 11 4554, Fe II, Ti II

Fe I, Fe II, Ti II, Sc II
Ca II 8498, 8542, 8662

Ti 11

Sr II 4078, Ho, Fe 1
Sr 11 4216}"‘ Sc 1l 424

Call H&K
Hy, Fe 1,

o000 0 0 0 000028°

v

6000 7000
Wavelength (A)

Mazzali+92
see also Dessart et al. 08, 11



oad to the line identification

“Candidate”

Wavelengths are consistent
(w/ reasonable Doppler shift)
=> Need transition wavelengths

Strong lines are expected
- (in terms of abundances,

lonization, excitation, ...




Spectroscopic measurements

for transition probabilities
Laser induced breakdown
spectroscopy (R ~ 10,000 in optical)

see P. Dunne’s and H. Hartman’s talk

Measurements of Ce and La
in optical

Naoi (including MT)+22
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How to assure the completeness of the strong transitions?

Domoto et al. 2022: use theoretical data for the completeness

The best spectroscopic experiment...
-T~5,000K, p~10B5gcm3-(n~ p/Amp~ 107 cm-3)
- Heavy elements dominated plasma

Flux

Absorption spectrum

Light source mixture of

r-process elements ‘ | ‘l || | I‘ |‘ H

Wavelength

R~10¥%cm ...



How about using “chemically peculiar stars”?
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What about ionization states?

lon fraction of Ce Chemically peculiar star

Kilonova photosphere
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lonization degrees are also similar
* Excitation is higher in stellar atmosphere (higher T)

Tanaka, Domoto, Aoki et al. 2023



NIR spectrum of a chemically peculiar star
Tanaka, Domoto, Aoki et al. 2023

Subaru/IRD (R ~ 70,000)
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Chemically peculiar stars vs kilonovae
Tanaka, Domoto, Aoki et al. 2023
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The most dominant feature around 14,500 A is Ce Ill (<= Domoto et al. 2022)
Another broad feature at 13,000 A (La Ill) is in the gap of the atmospheric windows...



Anders: “what we have learned from 50yr of SN studies? ”

Supernova spectra in 1970s
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Summary: kilonova light curves and spectra

® Atomic data for light curves
® Systematic atomic data for LTE are available
® Need more evaluation of the accuracy (in progress)

® Atomic data for spectra

® Accurate data for selected ions (w/ strong lines) are available




