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Decoding light curves and spectra of kilonovae




Neutron star mergers

Merger »

Radioactive decay
=> kilonova
(thermal emission)

r-process
nucleosynthesis
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Dynamical mass post-merger Optically Optically
ejection ejection think thin
~< 100 ms <1 sec ~> days ~10 days

Post-merger

less n-rich

Mej ~ 0.01 Msun
v~0.1lc




NS merger => dynamical mass ejection (< 0.1 sec)
=> “wind” from disk (~ 1 sec)

Time: 7.52 ms Time: 7.52 ms
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r-process nucleosynthesis

Lattimer & Schramm 1974, Eichler et al. 1989,
Goriely et al. 2011, Korobkin et al. 2012,
Bauswein et al. 2013, Wanajo et al. 2014, ...

Post-merger
(less n-rich)

Mass fraction

lanthanides

* mass fraction is
60 70 80 90 normalized for

Fujibayashi+23 Atomic number each component




Radioactive heating
Metgzer+10, Lippuner+15, Wanajo1l3, ...

Gamma-rays
B/a particles
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Wanajo 18

MeV particles are “stopped” => thermalization (energy deposition) e.g., Barnes+16



Thermal photon diffusion OP"‘CE: +t‘“ffar9d
photons
Arnett 82, Li & Paczynski 98, Metgzer+10

1 I-decay

Grtamma-rays
B/a particles

o
3

v

-

Opacity
(atomic properties)

Main source of opacity:
Bound-bound transitions of heavy elements
-




What can we learn from observations of kilonova?
Light curves Spectra

AT2017gfo
Hybrid
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Ejected mass and (rough) composition Detailed elemental compositions

Origin of r-process elements
Physics of neutron star mergers



Decoding light curves and spectra of kilonovae




Atomic structure

open f shell

open s shell

lanthanide

actinides

Li || Be| High opacity
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Opacity in kilonova Kasen+13, Barnes & Kasen 13, MT & Hotokezaka 13,
Kasen+17, MT+18, 20, Wollaeger+18, Fontes+20, Banerjee+20,22...

Post-merger
less n-rich
=> blue kilonova

Nd (Z = 60, f shell)

s (Z = 26, d shell)
Ru (Z = 44, d shell)

i‘ll Ll

5000 10000 15000 20000 25000
Te (Z =52, p shell) Wavelength (A)

Metzger+14,

Fernandez & Metzger 15,

Lanthanide-rich => “Red” kilonova Wollaeger+18, MT+18, ...  ;



Energy level distributions (all the elements) M7, Kato, Gaigalas, Kawaguchi 20
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Opacities (a" the elements) MT, Kato, Gaigalas, Kawaguchi 20

Lanthanide
D S

5000 K ———
10000 K

many low-lying levels many levels/lines

=> stronger transitions
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Atomic number

Lanthanide-rich ejecta k ~ 10-30 cm2 g-1



Ab-initio atomic structure calculations (singly ionized lanthanides)
GRASP (Gaigalas+19, Radziute+20,21) HULLAC (Kato+24)

all configurationsExperiments Theory

T
= = DM DD
. N O O B~ 1
he interval 1613 (cm ))

| e HULLAC
(ab-initio) (Kato+24)

NILE

— TN
o O O
S K~ 0
Lint

= U TN 0|
log(NL in

HULLAC

.—T
@)
AN
&
2
>
=
o
©
Q
o
-
©
)
S
v
O
-
0
o

(@))
o
(@))
~

Atomic number

~10 % accuracy in the energy levels factor of ~ 3 in the opacity

see also Floers+23, Deprince+24



Ejecta components in GW170817?

velocity (c)

Post-merger
Blue component less n-rich
(GW170817)

' => blue kilonova

Q=D

[y
Post-merger
“blue”

10-1 Ejecta mass
(Msun)

Tension with theoretical prediction??



“End-to-end” simulations based on numerical relativity simulations
Kawaguchi+2018, 2020 (see also Perego+17, Wollaeger+18, Bulla 19, Just+23, Fryer+24...)

Early phase Late phase
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osphere

o
e
>
=
-
o
©
S
e,
@
>
| -
@
9p)
O
O

Post-merger ejecta = heating source
Dynamical ejecta = reprocessing photons




Interpretation of the blue/red components «itamura, Kawaguchi, MT+25
(arXiv: TODAY)

—@—Blue (polar view) € Blue (equatorial view)
—@—Red (polar view) @ Red (equatorial view)
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Decoding light curves and spectra of kilonovae




Spectral features in kilonova photospheric spectra  \y170817/a12017gf0

absorption feature
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Need accurate atomic data
for important transitions Wavelongth 4
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Pian+17



Supernova spectra in 1970s Kirshner+73
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Data from the NIST database
(singly ionized)

Available atomic data

Transitions with known transition probability
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Accurate transition data are highly incomplete (in particular NIR)
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Important element for spectral features

Domoto+22

Hybrid (t=1.5 d)
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37 38 39 40 41 42 43 44 45 46 iy 48 49 50 51 52 53 54
Rb|ISrilY ||Zr{Nb||Mo|| Tc ||Ru||Rh||Pd||Ag||Cd| In||Sn||Sb||Te|| | || Xe
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Elements with (1) low-lying energy levels = higher population

(2) relatively simple structure

= small number of transitions = high transition probability
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Solar spectrum https://en.wikipedia.org/wiki/Fraunhofer_lines
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Element identification in NIR spectra Domoto+22

Watson+19, Domoto+21, Gillanders+22

AT2017gfo
Hybrid ——

GW170817
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Wavelength (A)

La (Z=57) and Ce (Z=58): direct confirmation of lanthanide production

24



How to test the completeness of the strong transitions??

The best spectroscopic experiment...
-T~5,000K, p~10%Bgcm3(n~ p/Amp~ 107 cm-3)
- Heavy elements dominated plasma
Absorption spectrum

Light source Flux

mixture of

-pProcess elements

R~ 1014 cm :- Wavelength



“Spectroscopic experiments” with a chemically peculiar star

absorption feature

Kilonova
HR 465
Solar abundance
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MT, Domoto, Aoki et al. 2023 Atomic number

Similar lanthanide abundances (and ionization degrees) with NS merger .



NIR spectrum of chemically peculiar star
MT, Domoto, Aoki+23 Subaru/IRD (R ~ 70,000)
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Identification of Y 1l (Z=39) Sneppen & Watson 23

Blackbody
Sr 1l
Unidentified line
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Th (Z=90): Heaviest detectable element? Poster by Nanae Domoto

Domoto+25
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Future observations with HST/JWST



Th (Z=90) on the way to RIKEN
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An interesting exception: Gd (Z=64)

Rahmouni+25
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Poster by Salma Rahmouni

1 2
H He
3 4 5 6 7 8 9 10
Li || Be B||C||N| O|l F|[Ne
11 12 13 14 15 16 17 18
Na | Mg Al [|Si|| P ||S||CI| Ar
19 20 21 22 23 24 25 26 27 28 29 30 31 32 33 34 35 36
K||Ca|/Sc| Ti|| V| Cr|Mn| Fe| Co| Ni| Cu|Zn|  Ga| Ge| As| Se  Br| Kr
37 38 39 40 41 42 43 44 45 46 iy 48 49 50 51 52 53 54
Rb| Sr|| Y |[Zr| Nb||Mo|| Tc ||Ru|//Rh||Pd| Ag||Cd||In | Sn| Sb| Te||l | || Xe
55 56 72 73 74 75 76 77 78 79 80 81 82 83 84 85 86
Cs||Ba Hf || Ta|| W |[|Re||Os|| Ir || Pt [|Au||Hg|| Tl ||Pb| Bi| Po| At| Rn
87 88 104 105 106 107 108 109 110 111 112 113 114 115 116 117 118
Fr |Ra Rf ||IDb||Sg| Bh||Hs| Mt| | Ds||IRg|//Cn||Nh|| FI ||[Mc||Lv| Ts||Og

57 58 59 60 61 62 63 64 65 66 67 68 69 70 71

La||Ce|| Pr||Nd|Pm|Sm| Eu |Gd| Tb| Dy|/Ho| Er ||Tm||Yb|| Lu

89 90 91 92 93 94 95 su 97 98 99 100 101 102 103

Ac||Th| Pa/| U Np Pu|Am|Cm| Bk| Cf| Es|Fm Md| No Lr

31



Importance of Gd features (Z=64) Poster by Salma Rahmouni

Rahmouni+25

Chemically peculiar star Kilonovae
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Testable with future observations with HST/JWST




“Direct” constraints on nucleosynthesis so far
Sr: Watson+19, Sr, Ca: Domoto+21, La, Ce: Domoto+22, Y: Sneppen+23, Te: Hotokezaka+23
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Spectroscopic experiments

Laser induced breakdown spectroscopy
(R~ 10,000 in optical) at UEC

Kodangil, Domoto, MT+2024
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More demand for atomic data: Non-LTE plasma modeling

Example for He

Early phase [1.17 days]
T'=4900 K

Need atomic data to solve

the ionization/thermal balance
- Bound-bound (Allowed + Forbidden) e 7 /A\\\\_\ .
- Photoionization T = z
- Electron collision

- Recombination (Radiative + Dielectric)
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Photoionisation

Recombination

S P D F
Singlet (para) Triplet (ortho)

Non-thermal 10onisation

Sneppen+24 22



Summary

® Kilonova light curves
® Systematic opacity data are now available: ready for light curve modeling
® Assessment of accuracy in progress (uncertainty by a factor of ~3)

® Future: “end-to-end” simulations, non-LTE modeling, ...

® Kilonova spectra




