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Nuclear Statistical Equilibrium
T & 6⇥ 109 K

Quasi-Statistical  
Equilibrium

T < 6⇥ 109 K

T ⇡ 2� 4⇥ 109 K

QSE Freeze-out and the 
start of an r-process

Changes to the 
composition are 

driven by n-capture

Final composition set 

by <A>, Rn/s

The explosive r-process: a summary
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Goals:  
• Determine in detail the 

enrichment of the Universe 
by neutron star mergers 

• Do mergers produce r-

process elements?

• Are mergers unique in 

this regard?



Nucleosynthesis + Opacity



The opacity of certain r-process elements (lanthanides and 
actinides) is very high

Composition, opacity, and color I

light r-process, Fe

lanthanides + 

actinides

Kasen, Badnell, & JB 2013
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more heavy  
r-process

higher opacities         longer, dimmer, redder light curves
diffusion time: adiabatic losses: Ephot ⇠ t�1

line blanketing at optical wavelengths
tdi↵ ⇠ 1/2

Composition, opacity, and color II
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Radioactivity + Luminosity
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Ėtherm

Energy converted 
to photons 
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Ėtherm

Luminosity and thermalization I 
R-process-powered transients



time

Bo
lo

m
et

ric
 L

um
in

os
ity

 [e
rg

 s
-1

] Energy from  
radioactivity
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R-process radioactivity 
includes   -decays,


  -decays, and fission, 
each of which has its 
own thermalization 

profile

10�2

10�1

100

DZ31
FRDM

HFB21
WS3

10�5 10�4 10�3 10�2 10�1 100 101 102

Days

10�3

10�2

10�1Fr
ac

tio
n

of
en

er
gy

b-decay
a-decay
total fission

total fission a-decay

Ye,0 = 0.07
Ye,0 = 0.15
Ye,0 = 0.2

-5     -4      -3      -2      -1        0       1        2

log10 (day)

fra
ct

io
n 

of
 e

ne
rg

y

fission

JB+16

�

-decays

↵

↵

� -decay

JB+16

Luminosity and thermalization I 
R-process-powered transients



10�7

10�6

10�5

10�4

10�3

A
bu

nd
an

ce

HFB21
DZ31

100 150 200 250
A

10�7

10�6

10�5

10�4

10�3 Ye,0 = 0.25

FRDM
WS3

FRDM, slow
FRDM, fast

FRDM,

JB+16

Thermalization and luminosity II 
R-process heating is variable

Both         and       s

depend on outcome of 
the r-process, which 

varies with both 
astrophysical conditions 


(     ,        ,        )

and theoretical inputs

(nuclear masses,    -


decay rates, n-capture 
cross sections
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Thermalization and luminosity II 
Luminosity       thermalization       radioactivity

Single-isotope 
radioactivity heats more 

effectively than a statistical 
ensemble of decays

Alpha-decays heat more 
effectively than beta-

decays
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Thermalization and luminosity III 
Constraints from bolometric luminosity

I. The more we know about the nuclear physics underlying 
r-process, the more accurately we can measure Mej
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Thermalization and luminosity III 
Constraints from bolometric luminosity

I. The more we know about the nuclear physics underlying 
r-process, the more accurately we can measure Mej

II. What we already know about heating and thermalization 
may allow us to detect the signatures of particular 
isotopes in kilonova emission

Wu, JB+2019 (PRL)



Thank you!

Questions?


