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Why spectra?
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Why difficult?
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(b) SN 1987A (II), T ~ 1 week
(c) SN 1987M (Ic), t ~ 1 week
(d) SN 1984L (Ib), t ~ 1 week
| | | i | | I | | | l | |

—-2.5 log 1, + Constant

20

l

6000 8000
Rest Wavelength (&)

10000

Flux

2.5

2.0

1.51

1.01

0.5;

0.0

Kilonova:
-ast expansion velocity
Heavy elements (beyond iron)

More luminous in near infrared

NIR

optiﬁgl\v\.‘

v~0.2cC

0818
0819
0820
0821
0822
0823

0824

0825

o .
oy ""thm

{
| 0826

| 'mw

0827

10000 15000 20000 25000

Wavelength (A)

5000




Atomic data from experiments

Essential, but lacking data )
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Atomic data from experiments

Essential, but lacking data

Strength of line: “Sobolev optical depth”
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Atomic data from experiments

Essential, but lacking data J)
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Atomic data from theoretical calculations

Complete, but not much accurate

Planck mean opacity (cm g")
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Atomic structure calculations

v/ Statistical properties of elements
(~ 40 million lines)
— Total opacity can be evaluated
X Impossible to discuss spectral features

e.g., Kasen+17, Fontes+20, 23, Banerjee+20, 22,
Pognan+22, F. Silva+22, Floers+23, ...



Atomic data

Difficulty on study for kilonova spectra 202 of s Jl
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Spectra study under this situation...
Papers on photospheric spectra for GW170817 (under LTE, 1D)

Atomic data Papers
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)

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



Toward identification

Strategy: combine advantages of line lists , Jl
e 8iti _ﬂ ¥
7 = —n; th e T of
m,c 2o E
Experimentally Theoretically
~ calibrated list | constructed list
. *spectroscopically accurate : *high completeness
Transition wavelength v low accuracy
Energy level v low accuracy
Transition probability ungvallable available

~ (especially for NIR)

1. Find species having strong transitions (thanks to the complete data)
2. Extend “accurate” data of strong transitions w/ theoretical prob.
10



Find species having strong transitions

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

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

p=10""gcm™,

T=5000 K att=1.5d

Usmg theoretlcal I|ne Ilst

10* | ‘ —
Theoretlcal (t 1 5d) CS?”
3| YII ——
10 Zril ——
La Ill
o
: l Call |
g 10
) [y u
> 10°
8
Q -1
®A10
1072 | ‘ ‘
o AR L L
0 5000 1 OOOO 1 5000 20000 25000

Wavelength (A)

Small number of valence electrons

kT

30
Zn

48

Cd

80
Hg

112

Cn

65

Tb | Dy

97

Bk | Cf

]
H
3 4
Li | Be
1 12
Na | Mg
19 20 21 22 23 24 25 26 27 28 29
K|CalSc Ti V Cr Mn Fe Co Ni Cu
37| 38| 39| 40| 41 42 43 a4 a5 46 47|
Rb|Sr| Y | Zr {Nb Mo Tc Ru Rh|Pd Ag
55 56 | 57-71 72 73' 74. 75‘ 76v 77 78. 79'
Cs | Ba Hf Ta ' W Re Os |Ir | Pt Au
87 88v89‘103 104‘ 105. 106‘ 107. 108‘ 109 110. 111‘
Fr | Ra Rf Db Sg Bh Hs Mt Ds Rg
57 58 59 60 61 62 63 64
La Ce! Pr Nd Pm Sm | Eu Gd
89 90 91‘ 92‘ 93‘ 94' 95. 96
Ac Th Pa U Np Pu Am Cm

A

gf

2
He

5
B

13

Al

6| 7
C N
14 15

Si | P

8| 9
O F
16 17

S d

10
Ne

18
Ar

31

Ga

49
In

81

T

113

Nh

66

98

Ho

Es

32 33
Ge | As

50 51
Sn | Sb

82| 83
Pb | Bi

114. 115
FI ' Mc

67 68

99

Er | Tm

100‘ 101
Fm Md

34 35
Se | Br

52~ 53
Te |

84. 85
Po | At

116‘ 17
Lv | Ts

69 70

Yb

102.
No

36
Kr

54
Xe

86
Rn

118

Og

71
Lu

103
Lr

Domoto et al. 2022

- Small number of transitions -> higher transition probability (sum rule)
- Low-lying energy levels -> higher population
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Same as the Sun!
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Energy level calibration Domoto et al. 2022
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Sobolev optical depth

Construction of hybrid line list Domoto et al. 2022
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Transition probabilities of La Ill/Ce Il lines are taken from theoretical values

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

Entire ejecta Only “atmosphere”
Energy deposition (heating) - Define “photosphere”
B/a particles, y-rays - Luminosity
‘ \T/ - Time
UV/optical/infrared photons ‘

\\/ N ‘

light curve, spectrum spectrum

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

- Self-consistent calculations

16



Synthetic spectra
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Strong lines of each ion produce absorption lines
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Confirmation of Sr, but not Ca Domoto et al. 2021
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Sr and Ca have similar atomic structures and transitions
X(Ca)/X(Sr) < 0.002 in GW170817
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Identification of La and Ce Domoto et al. 2022
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La Ill and Ce lll lines can explain the NIR observed features
X(La) >2 x 106, X(Ce) ~10-5- 10-3
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Uncertainty: theoretical gf-values

Transition probabilities should be measured by “experiments”
-> Star can be used as a laboratory

Domoto et al. 2023
(arXiv: 2309.01198)
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With known parameters of the stars, gf-value determines absorption depth
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Estimate log(gf) by modeling stellar spectra
Model the spectra under LTE

Log of
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Support of identification of Ce

Radiative transfer simulations w/ the estimated log(gf)
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Absorption features by Ce Il keep produced
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How about actinide?
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Th 1l
- Theoretical data (HULLAC) are available up to Z=88
- Many lines are experimentally known, but gf of NIR lines are unknown

but see Fontes+23, F. Silva+22, Floers+23
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Can we identify Th llI? Domoto et al. 2022
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Th lll features are less prominent...
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Summary

* |dentification of elements in spectra is
the direct way to study synthesized individual elements

* Which elements can produce absorption features?

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

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

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

- 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)

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