Discovery of a 760 nm P Cygni line in AT201 7gfo:

; Identification of yttrium in the kilonova i

15
VA

14
IVA

2 13

Albert Sneppen®?, Darach Watson'-? NiA

1) Cosmic Dawn Center (DAWN),

2) Niels Bohr Institute, Denmark

3 6 7 8 9 10 1
s IvB VB viB viiB Vi viie vilis 1B 1]

36

Se | Br | Kr

Arsenic Selenium Bromine Krypton
74.921595 79.904 83.798
37 b 40 4 b 42 43 44 45 h 46 d 49 50 51 b 53 54
Rubidium - Zirconium Niobium Molybdenum | Technetium Ruthenium Rhodium Palladium Silver Cadmium Indium Tin Antimony lodine Xenon
85.4678 _ 91.224 92.90637 95.95 (98) 101.07 102.90550 106.42 107.8682 12.414 114.818 118.710 121.760 126.90447 131.293
55 56 72 73 74 75 76 77 78 79 80 81 82 83 - 84 85 86
Cs|Ba|:n|Hf [ Ta| W |Re|Os|Ir |Pt Au|Hg| Tl |Pb| Bi | Po| At | Rn
Lanthanoids
Caesium Barium Hafnium Tantalum Tungsten Rhenium Osmium Iridium Platinum Gold Mercury Thallium Lead Bismuth Polonium Astatine Radon
132.90545196 137.327 178.49 180.94788 183.84 186.207 190.23 192.217 195.084 196.966569 200.592 204.38 207.2 208.98040 (209) (210) (222)
87 88 104 105 106 107 108 109 10 m 12 13 n4 15 16 nz 18
Fr |[Ra|==| Rf  Db|Sg|Bh|Hs | Mt Ds Rg|Cn|Nh| Fl |[Mc|Lv |Ts
r Actinoids V
Francium Radium Rutherfordium Dubnium Seaborgium Bohrium Hassium Meitnerium | Darmstadtium | Roentgenium | Copernicium Nihonium Flerovium Moscovium Livermorium Tennessine Oganesson
(223) (226) (267) (268) (269) (270) (269) (278) (281) (282) (285) (286) (289) (289) (293) (294) (294)

59 60 d 61 62 63 64 d 65 b 66 67 68 69 70 b n
Cel Praseodymium| Neodymium Promethium Samarium Europium Gadolinium Terbium Dysprosium Holmium Erbium Thulium Ytterbium Lutetium
140116 140.90766 144.242 (145) 150.36 151.964 157.25 158.92535 162.500 164.93033 167.259 168.93422 173.045 174.9668
89 90 h 91 92 93 94 95 96 97 k 98 f 99 100 101 d 102 103
Actinium Thorium Protactinium Uranium Neptunium Plutonium Americium Curium Berkelium Californium Einsteinium Fermium Mendelevium Nobelium Lawrencium
(227) 232.0377 23103588 238.02891 (237) (244) (243) (247) (247) (251) (252) (257) (258) (259) (266)

The Radiative Transfer and Atomic Physics of Kilonovae - 06-09-2023



-

4

The kilononf AT

Smartt et al. (2017) + Pian et al. (2

i

, %N
% ] R

>

By
oA

F, + offset [H

i

s
"
’ ]
A {
o
L
-

tl‘.a’ 5000 7500 10000 12500 15000 17500 20000
; 77) Rest Wavelength [A]

- 35



1 R R ¢

Identification of strontium in the merger of two
neutron stars
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The P Cygni information
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Figure 2. Schematic diagram that shows the populating

mechanism of singly ionized Sr.
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Deficit of flux in the UV
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Spectral analysis is difficult:

1) Heavy elements have forest of lines :
hence strong blending i | |
Li | Be | [ Fell
2) Relatvistic velocity makes for NafMgl- oo, L ] e ] o *

19 20 21 22 Xy 23 24 25 26 R7 28 29 30 31 I "\ I A I e I D I lI
- .
K|Ca|Sc|Ti|V |[Cr Mn|Fe|Co|Ni |[Cu|Zn|G~"C~alA=slCa D =
m m m m Vanadium M ron Nickel 2Zinc G

extremely broad lines

3) Atomic data are incomplete and
uncertain - however for recent
improvements see:

- Kasen etal (2017), Fontes et al (2020): Lanthanides (I-V) 1
- Tanaka et al. (2020) 26 < Z < 88 (I-1V) ﬁ
- Banerjee et al. (2020, 2022, 2023) 20 < Z < 88 (V-XI) 0

As elaborated in Masaomi’s or Nanae’s talks



How to make a prominent feature (i tiepr

otospheric ep
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How to make a prominent teature (i tiephotwospheric epoch)

1) Small partition function
2) High abundance

3) Transition lines with
strong oscillator strength

4) Low-lying energy levels
(which are easily accessible for the =
characteristic temperatures in the

kilonova atmosphere)
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3) Transition lines with

strong oscillator strength
4 A

s

4) Low-lying energy k:vels &
(which are easily accessible for the
characteristic temperatures in the

kilonova atmosphere)
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TARDIS Model
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1) The presence of Sr Il requires
Full r-process

Y Il to be present

2) If Y Ilis presentthe line
transitions 4d 5p-4d? will
produce a P Cygni around
760 nm

Thus, a P Cygni at 760 nm is a

prediction of the Sr Il identification
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Significant feature...
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... and a congsistent expansion velocity with Sr

Blackbody
Sr1I
Unidentified line
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... and a reasonable prominence

Sneppen & Watson (2023), A&A
Inferred mass: pp (2023)

My = 2-10"*Mg
(thatis around 0.5 10 0.8 %

of ejected mass is Yttrium)
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Blackbody
Sr 1l
Unidentified line

...but appears later
than the Sr* feature?
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Itis a prediction of the atomic structure of Y 11,
| thata P Cygni will first emerge clearly when

lines deblend (ie. the ejectahas v < 0.2¢)
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Y II constraining the line-blanketing?
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One last puzzle...

Blackbody with Sr II
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One last puzzle...

Domoto et al. (2022)
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... On the blackbody spectrum of kilonovae

Tops =5460+ 100 K

Tops=5470+160 K

In press, Ap]

On the Blackbody Spectrum of Kilonovae

ALBERT SNEPPEN,!?

L Cosmic Dawn Center (DAWN)

2 Niels Bohr Institute, University of Copenhagen, Lyngbyvej 2, Kobenhavn & 2100, Denmark

Tors=5410+240 K

O N
» X

N P RN

N
$

Q Q Q Q Q Q
Q Q Q Q Q
NN N A Y

Rest wavelength (nm)




Thank you for listening
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Extra Shide I: lonizaton state

YI;n =10°cm™3 YI;n =10" cm™3 YI;n =108 cm™3
— YI;n.=10%cm™3 Y I, n, = 10" cm™ YILn, =108 cm™
— YL #n, =10°cm™ Y III; n, = 107 cm ™3 Y III; n, = 10% cm ™3
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Highest opacity “trees” in Tanaka et al (2020)

Constructed from complete data (MT+20) Constructed from complete data (MT+20)
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Extra Slide 11: lonization state, Rb 1

R ne = 10° cm™ RbI; n = 107 cm™ RbI ne = 10° cm™ Rb I could produce a similar feature,
—— RbLIL 7, = 106 cm™3 --- RbI;n,=10" cm™ RbII; n, = 108 cm™3
but requires NLTE conditions (see

recent Pognan et al. (2023)).

Likely nota good fit to the early
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appearance at 3 days (and the stable
prominence derived from 335 days),
but could dominate such a feature at

later times
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(Dy, fractional correction)
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Fig. 3. Fractional correction to the estimated luminosity distance from
dilution factors, 1 — £, as a function of opacity ratio, ky_y,/Ke-scai- AS
the opacity ratio is a function of wavelength, we report the integrated
Planck mean opacity. When electron-scattering dominates, as in the
case of SNIIP (Sim 2017), the photospheric radius inferred from lines
will be larger than the thermalisation radius of the blackbody inferred
from its flux, thus requiring the introduction of a significant dilution-
factor (grey region). However, for neutron-star mergers the bound-
bound opacity dominates over electron-scattering, regardless of whether
one uses opacities based on lists of known lines (e.g. Tanaka & Ho-
tokezaka 2013) or the higher opacities used in this figure, which are
based on more complete theoretically-calculated line-lists (Tanaka et al.
2020). Such dominance of the bound-bound opacity implies negligible
corrections to the distance (blue and red hatched region).



