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r-process 

nucleosynthesis

Radioactive decay  
of heavy elements 

=> kilonova 

ms - s days-weeks

Mass ejection

e.g, Lattimer & Schramm 1974; Eichler et al. 1989; Freiburghaus et al. 1999; Rosswog 
et al. 1998, Hotokezaka et al 2013a; Radice et al 2016a, 2018b; Ciolfi et al 2017

Li & Paczynski 1998; Kulkarni 
2005; Metzger et al. 2010
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Early kilonova

tdiff < texp

Optically 
thick t < 1 day
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Coulter et al 2017; Soares-Santos et al 2017; Arcavi et al 2017a; Troja et al 
2017; Kilpatrick et al 2017; Smartt et al 2017; Drout et al 2017; Evans et al 
2017; Abbott et al 2017d; Utsumi et al 2017; Covino et al 2017

GW170817

Abundance pattern of  
outer ejecta   



Realistic light curve model at early time 
<= Detailed opacity at early time?

t < 1 day
Early kilonova

What do we need?

Radioactive decay  
=> thermal emission 
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Realistic light curve model  
<= Detailed opacity

tdiff =
3κMej

4πcvt
= texp

Bound-Bound 
(most dominant)

Atomic data
(Highly ionized heavy elements)

Ion ~ I - IVIon ~ V - XI



Challenges in atomic calculation
Atomic energy levels and transition rates



Challenges in atomic calculation
Atomic energy levels and transition rates

Kasen et al. 2013; Tanaka 
& Hotokezaka 2013;  
Fontes et al. 2017, 2020;  
Wollaeger et al. 2017; 
Tanaka et al. 2018, 2020

Also problem for  
t > 1 day

However,
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Challenges in atomic calculation
Ground 

configurations
Theoretical atomic 

calculations



Atomic calculation

Opacity calculation

Early kilonova (t < 1 day)

All r-process (Z = 20 - 88), ion up to = XI

• Atomic energy levels and transition rates?  

• Ground configurations?
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We developed a methodology to systematically 
find the ground states  



Eu (Z = 63)Transitions

Open d-shell

Open f-shell + 
open p-shell

Temperature

All r-process elements including Lanthanides (Z = 20 - 88), 
maximum ionization = XI (10th) 

 

=> suitable for ejecta condition at t ~ 0.1 day
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Early opacity
Atomic data  
• Energy levels
• Transitions

• At time t = 0.1 day
• Single element ejecta, 
• Constant density 10−10 g cm−3
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Early opacity

Time

t ~ 1 d  
Ion ~ I - IV

κmean =
∫ ∞

0
κexp(λ) Bλ(T )dλ

∫ ∞
0
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New

Atomic data  
• Energy levels
• Transitions

κexp(λ)
Sobolev 1960; Karp et al. 1977; 

Eastmann and Pinto 1993 

Expansion opacity

t < 1 d
Ion ~ V - XI
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This work provides the foundation to assess  
kilonova in early time
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Eu (Z = 63)Uncertainties
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Calculations between different atomic calculations matches well



Atomic calculation

Opacity calculation

Early kilonova (t < 1 day)

All r-process (Z = 20 - 88), ion up to = XI

• Atomic energy levels and transition rates?  

• Ground configurations?



κmean ∼ 1 cm2 g−1
Lanthanide-free

κmean ∼ 1000 cm2 g−1

Lanthanide-rich
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•  Power law density slope
Banerjee et al. 2020,  

ApJ,  901, 29



Radioactive model can reproduce early light curve for  
kilonova with GW170817

Data: Waxman et al. 2018

• Light r-process element 
abundance  

• Mass ~0.05Msun  

• v ~ 0.05c - 0.2c

Lanthanide-free kilonova
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Application to GW170817

Radioactive model can reproduce early light curve for  
kilonova with GW170817

Data: Villar et al. 2017

• Light r-process element 
abundance  

• Mass ~0.05Msun  

• v ~ 0.05c - 0.2c



κmean ∼ 1 cm2 g−1
Lanthanide-free

κmean ∼ 1000 cm2 g−1

Lanthanide-rich
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•  Power law density slope
Banerjee et al. 2020,  

ApJ,  901, 29

Banerjee et al. 2022,  
ApJ, 934, 117



Presence of lanthanides  
=> Dimmer equatorial kilonova at first few (~ 4) hours

Lanthanide-rich kilonova
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• Light r-process element 
abundance  
+ La fraction (0.1) 

• Mass ~ 0.05Msun  

• v ~ 0.05c - 0.2c



Presence of lanthanides  
=> Dimmer equatorial kilonova at first few (~ 4) hours
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• Light r-process element 
abundance  
+ La fraction (0.1) 

• Mass ~ 0.05Msun  

• v ~ 0.05c - 0.2c



Future prospects
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Multiple upcoming UV missions: ULTRASAT, Dorado, UVEX
 

Our model predicts detectable early bright UV emission  

Dorsman et al. 2022



Atomic calculation

Opacity calculation

Early kilonova (t < 1 day)

All r-process (Z = 20 - 88), ion up to = XI

• Atomic energy levels and transition rates?  

• Ground configurations?



Summary
First systematic atomic opacity suitable for early time
• For all r-process elements including lanthanides  

(Z = 20 - 88) for ionization up to 10th 

• Lanthanide opacity is order of magnitude high  

First radiative transfer simulation with detailed opacity  
 

(1) light r-process abundance => equivalent to polar kilonova
• Explains kilonova observation of GW170817  

 

(2) lanthanide abundance => equivalent to equatorial kilonova  
 

• Strong suppression of luminosity in early time

Predicts bright UV emission detectable by future UV satellites

This work provides the foundation to assess  
early kilonova from future observations


