Kilonova




Kilonova

= radioactively-powered thermal radiation from
very metal-rich (Z > 30), expanding outflow (v ~ 0.1c)




Timescales of NS mergers

r-process Radioactive Chemical
eimer » nucleosynthesis » decay +enrichment
=> kilonova
Mass
ejection

<1 sec ~> days > Myr
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M~ 0.01 Msun
v~0.1c
R~ 101415 ¢cm

Gamma-rays
B/a particles
w -

Optical/infrared photons interact with
heavy elements

(mainly via bound-bound transitions)

p~1013gcm3 (n~ 102 cm-3)
T~ 5,000 K
(neutral to several ionization degrees)



Timescale

Q-

Escaping time

Dynamical
time
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Probing Nucleosynthesis via opacity
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MT, Kato, Gaigalas,
Ye ~< 0.25 ==> “red” kilonova Kawaguchi 2020
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Utsumi, MT, Tominaga et al. 2017

Kawaguchi+2018, 2020
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Kilonova

= radioactively-powered thermal radiation from
very metal-rich (Z > 30), expanding outflow (v ~ 0.1c)




Atomic calculations for kilonova MT, Kato, Gaigalas, Kawaguchi 2020
Kasen+13:Sn Il, Ce II-lll, Nd I-IV, Os Il
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Energy level structure

Lanthanide
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Energy levels of lanthanides
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(Cowan 1981)
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Fig. 20-2. Theoretical energy levels of
configurations 4f*6s’ of neutral
lanthanide atoms, relative to the
center-of-gravity energy E,,. The der}-
sity of levels within each solid block 1s
too great for the levels to be drawn

separately.




Opacity (Planck mean)
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SyStemaﬁC uncertainty? Gaigalas, Kato, Ruykun et al. 2019
Opacity using different atomic codes (w/ different assumptions)
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Planck mean opacity: agreement within a factor of ~1.5
Good accuracy for light curve



S t | P, Gaigalas, Kato, Rynkun et al. 2019
MAACLCIARLELD) Radziute, Gaigalas, Kato et al. 2020, 2021

Calculation
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Not enough to discuss spectral features
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Banerjee, MT, Kawaguchi et al. 2020
(blue kilonova at early time)

Opacity at early time (t < 1 day)?

T~ 104K (t/1 day)-2
~105K @ t=0.1 day
=> atomic calculations up to 10 th ionization

~ half 4d shell
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S e Banerjee, MT, Kawaguchi et al. 2020
UV emission at t hOUfS (blue kilonova at early time)
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Days after the merger

Probe of the outermost ejecta in NS merger
=> future UV satellites



Kilonova

= radioactively-powered thermal radiation from
very metal-rich (Z > 30), expanding outflow (v ~ 0.1c)




Radiative transfer in metal-rich expanding medium

e ——

Photons are always redshifted
in comoving frame
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Expansion opacity | |
Friend & Castor 1983 (stellar wind) I “ I
Pinto & Eastman 1993 (supernova) )\
Kasen+06, Kasen+13 (kilonova) AY,\
MT & Hotokezaka 13 (kilonova) *

How to define “effective” opacity in this bin?
(keeping each line info is not feasible)

Line spacing

Effective mean free path

Effective absorption
coefficient aexp (cM-1)

This does not depend on the line strength
(if lines are strong enough)

By including weak lines
(t_sob = Sobolev optical depth)




Sobolev optical depth  Sobolev 1960
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if velocity dominated by
radial motion (vih << Vrad)
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Validity of expansion opacity

AMine > AAp HH
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See also Kasen et al. 2013
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K_crit ~ 103 cm2 g1 (t/1 day)25
~3cm2gl @ t=0.1 day

v_th ~ T1/2~ 172



See Lucy 1999, Pinto & Eastman 2000
for direct treatment in supernovae

Photon escape via fluorescence

(keeping each line info is not feasible)




Summary

® Kilonova
® Probe of nucleosynthesis via atomic properties (opacity)
® Atomic calculations for kilonova

® Almost done for low ionization (t > 1 day)

® Good accuracy for light curves, but not for spectra




