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Scope

Nucleosynthesis 
calculations

probe

Uncertainties from 
unknown nuclear 

properties of nuclei 
far from stability

on Nuclear energy generation

Light curve evolution

Abundance patterns



Sources of Nuclear Uncertainty
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See also, e.g.
Mumpower+ 2016
Vassh+ 2019
Giuliani+ 2020
Nikas+ 2020
Wang+ 2020
Zhu+ 2021
Barnes+ 2021
Kullmann+ 2022

and many others



PRISM: A Sparse Matrix Solver

Abundance

Δ(Abundance) 

Nuclear Inputs: Q-value

Thermalization Efficiency

Thermodynamic Evolution

Nuclear Rates

Heating
Sprouse+ (2020)

Light Curve
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Nuclear Heating

ሶQ t = 

𝑖

𝑓𝑖 𝑀𝑒𝑗 , 𝑣𝑒𝑗 , 𝑡 ሶ𝑞𝑖 𝑡 𝑀𝑒𝑗

Thermalization efficiency : how effectively decay 
products can heat ejecta (function of time, ejecta mass, 

and characteristic velocity)

Total effective heating Thermalization efficiency Nuclear Heating Ejecta mass
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Thermaliza tion based on Kasen & Barnes (2019)



Nuclear Heating
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See Barnes+ 2021



Shell model for ejecta: the mass of each shell, Mv, depends on the velocity, v, of that shell (100 shells evenly distributed 
between 0.1c and 0.4c)

Time evolution of the energy of a shell:

𝑑𝐸𝑣
𝑑𝑡

=
𝑀𝑣

𝑀𝑒𝑗

ሶ𝑄 𝑡, 𝑣 −
𝐸𝑣
𝑡
−

𝐸𝑣
𝑡𝑑,𝑣 + 𝑡𝑙𝑐,𝑣

Diffusion timescale 
(depends on opacity)

Light-crossing
timescale

Luminosity

Effective heating Adiabatic expansion

Light Curve Shell Model
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Combined Trajectories



Finding a Linear Combination

Li near combi nation to  f i t  to  so lar 

abundance pa ttern.  

- Select  from si ng le -Ye trajectories 

[0 .02-0.28]

- Necessary to  combine low and

high Y e ma teria l

D u f l o +  ( 1 9 9 5 ) ,  K & T

K o r te la i n e n +  ( 2 0 1 2 ) ,  5 0 / 5 0
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Fractional Nuclear Heating

D Z 3 3  +  K & T
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Fractional Nuclear Heating

D Z 3 3  +  K & T U N E D F 1  +  5 0 / 5 0

8

A
d

a
p

te
d

 fro
m

 Z
h

u
, L

u
n

d
+

 2
0

2
1

)

Fr
ac

tio
na

l E
ffe

ct
iv

e 
He

at
in

g

T ime (days)



Single-Ye Trajectories



Astrophysical Uncertainty: Initial Y e
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More neutron rich

Less fission

0.02

Single Trajectory:

0.18 0.21

Large potentia l  
for  f ission cyc l ing

In teresting 
reaction 

competi t ion

r-Process but  
mi n imal  f ission



Nuclear Uncertainty: Mass Model

Chabanat +  ( 1998) Korte la inen + (2012) Duf lo+  ( 1995)

Aboussir+  ( 1995) Mö l ler+  (2016) Gor ie ly+  (2013)

Gor ie ly+  (2013) Myers+ ( 1996) L iu+  (2011 )

*Experimental data from AME2016 (Wang+2017, Audi+2017)

Most basic nuclear property: 
mass

Each mass model associated 
wi th fission barrier height 
model
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Effect of nuclear mass: Mendoza -Temis+2015, Mumpower+2015,2016, Barnes+2016, Wu+2019, Nikas+2020, Zhu+2021, Barnes+2021, Kul lman n+2022
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Möller (MLR)

~ slower rate*

Marketin (MKT)
Marketin+ 2016

Ney (NES)
Ney+ 2020

Nuclear Uncertainty: Beta Decay Rates
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Z
N

Möller+ 2019

Logari thmic ratio compared to Möller+ 2003

Effect of beta decay rates: Marketin+ 2016, Nikas+ 2020, Kul lmann+ 2022

Covariant pnQRPAQRPA+FRDMFAM+QRPA



Nuclear Heating



Nuclear Heating by Reaction Type

logTime (days)
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- Upper limit of heating 
uncertainty can be 
set by fission 

- Beta models differ in 
behavior of 
dominating fission 
heating

kalund@ncsu.edu

Beta Decay

Spontaneous 
Fission

Alpha
Decay



Nuclear Heating by Reaction Type

Beta Decay

Spontaneous 
Fission

Alpha
Decay

Ye=0.02 Ye=0.18

12

- Alpha heating 
becomes more 
important 10-100 
days

- Beta models differ in 
predicting when 
alpha tends to 
dominate heating+ 
late-time tai l shape 
of fission 

kalund@ncsu.edu
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Nuclear Heating by Reaction Type

- Much more overlap, 
total heating tends to 
be set by beta, then 
alpha decay

- Overall effect on beta 
decay heating is 
small

Ye=0.02 Ye=0.18 Ye=0.21
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Light Curve



Light Curves

Time (days)
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Diversi ty in heating sources changes 
shape of light curves 

Generally slower rates (NES) yield 
more heating and brighter light curves
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Nuclear Heating (revisited)



Alpha Decay Heating
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Differences in beta decay rates affect 
heating from alpha heaters wi th 

measured decay times, especially:

224 Ra
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Spontaneous Fission (et al.) Heating
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Theoretical 
branching ratios 
affect 
spontaneous 
fission heating
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NES MLR

MKT



Combined Trajectories 
(revisited)



Multiple Ye components
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Multiple Ye components
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Astronomical Sample
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Star Name logϵ (Eu) logϵ (Th) logϵ (U) Reference

HE1523-0901 -0.62 -1.2 -2.06 Frebel+2007

CS29497-004 -0.66 -1.16 -2.20 Hi ll+2017

J2038-0023 -0.75 -1.24 -2.14 Placco+2017

CS31082-001 -0.72 -0.98 -1.92 Siquiera Mello+2013

J0954+5246 -1.19 -1.31 -2.13 Holmbeck+2018In
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Abundances for Cosmochronometry
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𝑡 = 46.67Gyr − 𝑙𝑜𝑔𝜖
Th

Eu
obs

+ 𝑙𝑜𝑔𝜖
𝑇ℎ

𝐸𝑢
0

𝑡 = 14.84 Gyr − 𝑙𝑜𝑔𝜖
U

Eu
obs

+ 𝑙𝑜𝑔𝜖
U

𝐸𝑢
0

𝑡 = 21.80 Gyr − 𝑙𝑜𝑔𝜖
U

Th
obs

+ 𝑙𝑜𝑔𝜖
U

Th
0

232 Th & 238 U: produced exclusively 
via r-process (t1/2 = 14 Gyr, 4.486 Gyr

respectively)
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Abundances for Cosmochronometry
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- Europi u m  product i on  h i gh l y  sensi t i ve  to  av erag e  
Y e  and  f i ssi on  y i e l d

- Und era bundance  o f  ac t i n i d es  can  l ead  to  
nega t i v e  ag e  pred i c t ions

<Ye>
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Error Bars from Observations
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Error Bars from Observations
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5 0 / 5 0 5 0 / 5 0 K & TK & T



Thank you!

T here  i s  a  wea l th  o f  physi cs  i n  the  un k nown proper t i es  o f  nuc l ei  f ar  f rom sta bi l i t y  tha t  can  
i mpact  key  ki l onova  re la ted  quant i t i es

Conclusions

- I d e n t i f i e d  ke y  m ea s u re d  a n d  u n m ea su re d  n u c l e i  i m p or t a n t  f or  n u c l ea r  
h ea t i n g  o n  l i g h t  c u r v e - re l e va n t  t i m e  s c a l es .

- E x p l ore d  a  va ri e t y  o f  t h e ore t i c a l  n u c l ea r  m o d e l s  a s  a  s o u r c e  o f  u n c er t a i n t y  
f or  n u c l ea r  e n erg y  g e n era t i o n .

- P ro b e d  l a n t h a n i d e / a c t i n i d e  a b u n d a n c es  f or  c o s m i c  d a t i n g  o f  r - p ro c es s  
e n h a n c e d  m e t a l - p o or  s t a rs .

2 2 0 8 . 0 6 3 7 3 ,  2 0 1 0 . 0 3 6 6 8 ,  2 0 1 0 . 1 1 1 8 2 kalund@ncsu.edu



Nucleosynthesis Appendix



Möller (MLR) Marketin (MKT)
Marketin+ 2016

Ney (NES)
Ney+ 2020

Appendix: Beta Decay Rates
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Möller+ 2019

Logari thmic ratio compared to Möller+ 2003

FAM+QRPA Covariant DFTQRPA+FRDM



Appendix: Thermalization Efficiency

Kasen & Barnes 2019 ApJ (arXiv: 1807.03319)

Assume thermalization of massive particles: 𝑓 = 1 + 𝜏 −𝑛

𝑡𝑡ℎ,𝛽 = 12.9𝑀0.01
Τ2 3𝑣0.2

−2 daysElectrons (n=1):

𝑓𝛾 𝑡 = 1 − exp −
𝑡𝛾

2

𝑡2
𝑡𝛾 = 0.3𝑀0.01

Τ1 2𝑣0.2
−1γ-rays: and

𝑓𝛼 𝑡 = 1 +
𝑡

𝑡𝑡ℎ,𝛼

−1.5

𝑡𝑡ℎ,𝛼 = 2𝑡𝑡ℎ,𝛽α-decay: and

𝑓𝑓 𝑡 = 1 +
𝑡

𝑡𝑡ℎ,𝑓

−1

𝑡𝑡ℎ,𝑓 = 4𝑡𝑡ℎ,𝛽Fission: and



Diffusion timescale is dependent on opacity; in this model, the opacity is temperature dependent.

κ = ൞κ𝑚𝑎𝑥

𝑇

4000K

5.5

𝑇 < 4000K

κ𝑚𝑎𝑥 otherwise

Technically, κmax should be calculated uniquely for each composition. For now, consider mainly that a 
larger opacity should
- extend the light curve in time, and
- decrease the height of the light curve peak

κ𝑚𝑎𝑥 = 100 cm2g
− 1with

Appendix: Opacity (i)



Appendix: Opacity (ii)

Adapted from Kasen+ 2013 Adapted from Tanaka+ 2020



Appendix: Linear Combinations



Backup: Light Curves
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Appendix: Fission Barriers

Adapted from Vassh+ 2019



Appendix: Reaction Network

𝑑𝑌𝑖
𝑑𝑡

=

𝑗

Ɲ𝑗
𝑖 𝜆𝑗𝑌𝑗 +

𝑗,𝑘

Ɲ𝑗,𝑘
𝑖 𝜌𝑁𝐴 𝑗, 𝑘 𝑌𝑗𝑌𝑘 +

𝑗,𝑘,𝑙

Ɲ𝑗,𝑘,𝑙
𝑖 𝜌2𝑁𝐴

2 𝑗, 𝑘, 𝑙 𝑌𝑗𝑌𝑘 𝑌𝑙

Thermal Cross-Section Decay Rate

One-body Two-body Three-body

The evolution of the abundance of species i can be described by:


