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The kilonova AT2017gfo

2

VLT/X-Shooter Spectra, 
Smartt et al. (2017) + Pian et al. (2017)



Strontium in the kilonova
For deliberation on the Sr-identification:

Reproduced and extended with systematic analyses using 

radiative transfer codes with more atomic line data: 

- Domoto et al. (2021) 

- Gillanders et al. (2022) 

- Vieira et al. (2023)

Additionally, accounting for the full 3D spatial and time 

dependence of  the density with line-by-line opacity:

- Shingles et al. (2023)

Watson et al. (2019)



The P Cygni information

Parameterization of P Cygni profile in the Elementary 

Supernova from https://github.com/unoebauer/

public-astro-tools

illustration from Dan Kasen

X-shooter spectrum epoch 1   



Or perhaps 10 833 Å He-line?

Tarumi et al. (2023) 

For deliberation on this feature, see:

Perego et al. (2022) & Tarumi et al. (2023)
(Requires NLTE and more helium than previously  

associated with kilonova-models)

For discussion of the magnitude NLTE effects 

in KNe, see Pognan et al. (2022)
”This is the first verification for the applicability of 

LTE expansion opacities for the early KN phase. “



Energy level comparison
Tarumi et al (2023)



Deficit of flux in the UV
Tentative evidence of Y II 

- Gillanders et al. (2022)

Tentative evidece of Y II + Zr II 
- Vieira et al. (2023)

Vieira et al. (2023) 



Spectral analysis is difficult:
1) Heavy elements have forest of lines 

hence strong blending

2) Relativistic velocity makes for 
extremely broad lines

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

- Kasen et al (2017), Fontes et al (2020): Lanthanides (I-V) 
- Tanaka et al. (2020) 26 ≤ 𝑍 ≤ 88 (I-IV)
- Banerjee et al. (2020, 2022, 2023) 20 ≤ 𝑍 ≤ 88 (V-XI)

As elaborated in Masaomi’s or Nanae’s talks 
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TARDIS Model

Sneppen & Watson (2023), A&A 

1) The presence of Sr II requires 

Y II to be present

2) If  Y II is present the line 

transitions 4𝑑5𝑝-4𝑑! will 

produce a P Cygni around 

760 nm  

Thus, a P Cygni at 760 nm is a 

prediction of the Sr II identification



Epoch 3 (3.4 days post merger)

Epoch 4 (4.4 days post merger)

Epoch 5 (5.4 days post merger)



Δ𝜒! = 4219 and 5590

for epochs 4 & 5 respectively 

for 5 additional degrees of 

freedom

Significant feature…

Sneppen & Watson (2023), A&A 



… with a “correct” central wavelength

Sneppen & Watson (2023), A&A 



… and a consistent expansion velocity with Sr

Sneppen & Watson (2023), A&A 



… and a reasonable prominence
Sneppen & Watson (2023), A&A Inferred mass:

𝑀/ ≈ 2 ⋅ 1001𝑀⊙

(that is around 0.5 to 0.8 % 

of ejected mass is Yttrium) 



… but appears later 
than the Sr+ feature?





It is a prediction of the atomic structure of Y II, 

that a P Cygni will first emerge clearly when 

lines deblend (ie. the ejecta has 𝑣 < 0.2𝑐 )



Y II constraining the line-blanketing?

Sneppen & Watson (2023)



Takeaway messages

1) P Cygni signature observed in KN 

photosphere, which is ≈30𝜎 significant .

2) The 2nd “clear”  identification of an r-

process element (Yttrium)

Consistent with Y II in terms of:  

- Central wavelength 

- Prominence (abundance)

- Velocity

- Timing of emergence 
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1) P Cygni signature observed in KN 

photosphere, which is ≈30𝜎 significant .

2) The 2nd “clear”  identification of an r-

process element (Yttrium)

Consistent with Y II in terms of:  

- Central wavelength 

- Prominence (abundance)

- Velocity

- Timing of emergence 

Takeaway messages Explicitly revealing information on the 

KN composition, 
(and implying line-blanketing 𝜆 < 700 nm, 

which may hint at Lanthanide opacity ) 

Providing new probes of the 

velocity stratification (consistent 

with the 1𝜇𝑚 P Cygni)

The deblending of Y II lines 

predicts the feature should first

appear (marginally) in epoch 3 and 

be a fully P Cygni in epoch 4.
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One last puzzle…

Shingles et al. (2023)Gillanders et al. (2022)

Domoto et al. (2022)



… On the blackbody spectrum of kilonovae
In press, ApJ



Thank you for listening

Sneppen & Watson (2023),  A&A, 675https://arxiv.org/abs/2306.14942



Extra Slide I: Ionization state



Highest opacity “trees” in Tanaka et al (2020) 

Neglecting Ca II in the rightmost plot due to its low abundance for r-process



Extra Slide II: Ionization state, Rb I
Rb I could produce a similar feature, 

but requires NLTE conditions (see 

recent Pognan et al. (2023)). 

Likely not a good fit to the early 

appearance at 3 days (and the stable 

prominence derived from 3-5 days), 

but could dominate such a feature at 

later times




