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Motivation and Context - EM counterpart of GW170817

40 Kasen etal. 2017
— Light r-process component ~6E +4.5d red kilonova model 3
— Heavy r-process component o M=0.04M,
3.5 — Composite :
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Are kilonovae a site of heavy element production?

Kasen et al. Nature (2017)
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Motivation and Context - Opacity calculation

Longer level
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Nd Il Calculations



Calculation of atomic parameters - Nd Il

Label Configs All
Even 0dd #levels  #Lines
4 A£3 Af2E 12 AF3E 3@
FAC (Calculation A) L A Ar o AfSd AfBdATGs 500 908077
4f25d6s, Af35f Af3Tp, 4f36f  Af36d, 4f37s

414, 4f36p, 4f25d> 4f35d, 4365,
4f25d6s, 4f35f 4f37p 4f36d, 4f37s
4f*, 4f%6p, 4f*5d°

FAC (Calculation B)

2702 579796

MCDFGME 4f35d, 4f%s, 2232 178778

412565
Afd 3R 2E 72 35 A£3
GRAPS2K(Gaigalas et al) 47, 4776p, 4f%5d 47784 47765 1453 1ug759
4f25d6s, 4351 4f3Tp  4f%6d, 4/°Ts
DREAM 454 4f35d - 51
NIST 454 4f35d 29 -

e MCDFGME and GRASP2K (MCDF codes): # better precision
= computational expensive

e FAC (RCI codes): # shorter computing (and processing) times
+ able to calculate collision and ionization rates
= typically less precision
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Energy Levels Nd Il
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Configuration

e Relevant differences for more energetic configurations

e Number of configurations included affects FAC calculation
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Oscillator Strengths Nd [lI

10
FAC-A
102 . FACB
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101 S TR - *  Gaigalas et al. (GRASP2K)
By e - . g DREAM (Exp.)
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Wavelength [A]
Two main concern regions:

e < 5000 A- lack of agreement on peak locations for multiple codes

e > 10000 A- FAC calculates transitions with higher gf than MCDFGME and
GRASPK2K
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ibution to the opacities

10
+  MCDFGME
. © FACA
10 e T = 10000K
- © +  Gaigalas et al. (GRASP2K) ( 0 86eV)

T(A) [em]
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Energy
Lower Level

=~
o 7, x I'(\) = Agf exp(— E; /kT) - Transitions from lower levels have

~

greater contributions (1 — e~ 7 ~ 1)
e Opacities will be more sensitive to more energetic transitions
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Opacities Nd I
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U Il Calculations




Calculation of atomic parameters - U IlI

Lack of atomic data available in the literature:

e Blaise et al (1992), Experimental data, LAC Database & International
Tables of Selected Constants - 123 Levels

e Savukov et al (2015), CI-MBPT code, Los Alamos - 96 Levels

e Fontes et al (2020), ATOMIC code, Los Alamos - 1650 Levels / 233 822
Lines (Atomic data not available)

e NORAD-Atomic-Data, Superstructure code - Only data for highly
ionized elements

This work(FAC): Nd 1II: [Xe] 4f* 5d™ ..
U Ill: [Rn] 5% 6d™ ...
Even - 5f4, 52642, 5f26d7s, 5f3Tp, 538p, 536f
0dd- 5f36d, 5f37s, 5f38s, 5f37d

2702 Levels & 579 796 Lines
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Energy Levels U Il
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e Similar level distribution to Nd Il
e Reasonable agreement for less energetic configurations (caveat at 7s
orbital = possibility of improvement)
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Level density distribution U Il

160 - Ul . Nd

# Levels /eV
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e Higher density of low lying levels for U IlI




Oscillator Strengths U Il

0 5000 10000 15000 20000 25000
Wavelength [A]

e Similar OS distribution to Nd Il - expected from equivalent shell
structure
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Oscillator Strengths U Il - contribution to the opacities

-2
. T = 10000K
N 11 (~0.86eV)
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0 5000

e Bigger contribution from U Il due to less energetic levels
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Opacities U I11'VS Nd 11l
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Transition wavelength

,\ — Ul

10°

Number of transitions
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e Similar distribution of the # transitions for corresponding Actinide and
Lanthanide elements
e #Transitions follows a A\=2 power law
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Parametrization of opacities
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Highlights and future prospects

e Higher Opacity from U Il when compared to Nd Il - possibly extended
to all Actinides

e UV region more sensitive to atomic calculations
® Good agreement between opacity calculations from different codes in
IR region
Next Challenges:
e Systematic calculation with FAC for multiple Lanthanide and Actanide
lons

® Energy threshold - Autoionization rates
e Collisional and photoionization rates
= Non-LTE approach
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Thank you for your attention!




Number of significant lines U IlI

gfeE/kt > 10~5

I'>10-10

Number of transitions
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e Bigger contribution from U Ill due to less energetic levels
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Oscillator Strengths Nd Il

3 4f36d —4F7p

FAC-A
2 . |
10 FAC-B

* Gaigalas et al. (GRASP2K)
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e Zooming in we see that a major part of the transitions in the > 10000A
region are from transitions from 4f36s — 4f37p
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Oscillator Strengths Nd Il

a 4r6d —4r7p
10
FAC-A
10° FAC-B
+  MCDFGME
4 .

Gaigalas et al. (GRASP2K)

Wavelength [A]

e We performed a specific MCDF calculation ( ) for these two

levels - better agreement with GRASP2K, doesn’t reproduce the high OS at
around 150
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Oscillator Strengths Nd Il - contribution to the opacities

gfexp(—E/KT)

4 6d — 43 1p
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e Discrepancy on the OS less relevant at longer wavelengths
(1 — e ™ ~ 0= small opacity contributions )

e Values for MCDFGME likely to be overestimated
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lations

Nd 1l AA=100
10 —— Set configs [4f4', '4f3 5d']
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lations

Uil AA=100
10" —— Set Config. ['5f4', '513 6d']
Previous + 5f3 7s (26.23%).
. Previous + 5f2 6d2 (70.28%).
10 —— Previous + 5f2 6d 7s (35.06%).
Previous + 5f3 7p (11.95%).
1 > - Previous + 513 8s (2.63%).
- - - . Previous + 53 7d (4.15%).
2 o \ Previous + 513 8p (2.53%). v
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Transition wavelength

— FACA
FAC-B
—— Gaigalas et al. (GRASP2K)

10
é 10°
10’
10°
10 10
Wavelength [A]
Slopes:
FAC-A = -2.01 FAC-B=-2.06 Gaigalas=-2.34
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Opacities - Gaigalas et al
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e Transitions between energetic configurations and low energetic ones
have larger contributions at low wavelengths

Gaigalas, G. et al(2019). Extended calculations of energy levels and transition rates of Nd II-1V
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