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r-process	in	mergers:	
GW	identification	along	with	
electromagnetic	follow-up

Lanthanide	and/or	actinide	mass	fraction	↑	,	opacity	↑,	
longer	duration	light	curve	shifted	toward	infrared

Hot,	shocked	
ejecta	

Dynamical	ejecta

Foucart et	al	(2016)
Accretion	disk	winds	–
exact	driving	mechanism	
and	neutron	richness	varies	

Owen	and	Blondin (2005)

Very	
neutron-rich	
cold,	tidal	
ejecta

Very	neutron-
rich	cold,	tidal	
ejecta

1M2H/UC	Santa	Cruz	and	Carnegie	Observatories/Ryan	Foley



Primordial	black	hole	+	
neutron	star

Fuller,	Kusenko,	 and	Takhistov (2017)

Credit:	APS/Alan	Stonebraker,	 via Physics

Siegel,	Barnes,	and	Metzger	(2018);	
also	McLaughlin	and	Surman (2005),	
Miller	et	al	(2019)

Additional	possible	sources	of	heavy	r-process	elements

Collapsar disk	
winds

Winteler et	al	(2012);	
also	Mosta et	al	(2017)

Magneto-rotationally	
driven	(MHD)	supernovae



Movie	by	
N.	Vassh

Lanthanides Actinides	



What	are	the	heaviest	nuclei	reached	in	an	
astrophysical	scenario?

Possible	signatures	of	actinide	production
(other	than	Cf-254)



2019-2020:	Published	works



Macroscopic-microscopic	
fission	yields	for	neutron-rich	

nuclei	in	the	r process
FRLDM	Yields	from	Mumpower et	al (PRC	101,	054607 (2020))

Vassh et	al	(ApJ	896,	28	(2020))



Fission	deposition	to	explain	robustness	of	observed	
elemental	abundances?	

1.2-1.4	M☉ NSM	dynamical	ejecta	using	Rosswog et	al 2013	simulation	conditions	
(very	neutron-rich	with	robust	fission)	

10	r-process	rich	halo	stars	
compared	to	Solar		

Cowan,	Roederer,	Sneden
and	Lawler	(2011)

Vassh et	al	(ApJ	896,	28	(2020))



Co-production	of	light/heavy	r-process	elements	via	fission:	
robustness	in	the	presence	of	varying	ejecta	compositions

Vassh et	al	(ApJ	896,	28	(2020))



La,	Eu

Fission	deposition	to	explain	robustness	of	observed	
elemental	abundances?	

1.2-1.4	M☉ NSM	dynamical	ejecta	using	simulation	
of	Radice et	al	2018	with	M0	neutrino	 transport	

(broad	 range	of	conditions) Vassh et	al	(ApJ	896,	28	(2020))



Pd,	Ag La,	Eu

Fission	deposition	to	explain	robustness	of	observed	
elemental	abundances?	

1.2-1.4	M☉ NSM	dynamical	ejecta	using	simulation	
of	Radice et	al	2018	with	M0	neutrino	 transport	

(broad	 range	of	conditions) Vassh et	al	(ApJ	896,	28	(2020))



2019-2020:	Submitted	works



Côté,	Eichler,	Yagüe,	Vassh,	Mumpower,	 Világos,	Soós,	
Arcones,	Sprouse,	 Surman,	Pignatari,	Wehmeyer ,	
Rauscher,	and	Lugaro (submitted	 to	Science,	2019)

Can	meteoric	abundances	reveal	the	nature	of	the	last	
r-process	enrichment	of	our	solar	system?

Moderately	
n-rich	ejecta

Very	n-rich	
ejecta	
(robust	
fission)



Côté,	Eichler,	Yagüe,	Vassh,	Mumpower,	 Világos,	Soós,	
Arcones,	Sprouse,	 Surman,	Pignatari,	Wehmeyer ,	
Rauscher,	and	Lugaro (submitted	 to	Science,	2019)

Moderately	
n-rich	ejecta

Very	n-rich	
ejecta	
(robust	
fission)

The	latest	evaluation	on	
meteoric	iodine	suggests	
lower	abundance	than	

previous	studies!

Can	meteoric	abundances	reveal	the	nature	of	the	last	
r-process	enrichment	of	our	solar	system?



Goriely (2015)

Z=95,	Z=96 ,	Z=97,	Z=98, Z=99,	Z=100,	
Z=101,	Z=102 (dotted	 lines	– larger	Z)

A=278

The	rare-earth	peak:	fission	deposition?	Local	deformation	/	subshell?	both?P. Möller et al. / Atomic Data and Nuclear Data Tables 109–110 (2016) 1–204 21

Fig. 8. Neutron separation-energy contours with Sn = 1, 2, 3, and 4 MeV in the
FRDM(1992) and FRDM(2012). Most of the staggering in the contour lines seen for
FRDM(1992) are absent in the FRDM(2012) results.

Fig. 9. Analogous to Fig. 3, but for the FRLDM, which contains no Coulomb
redistribution terms. This leads to the systematic negative deviations for proton-
rich nuclei in the heavy region, which indicate that these calculated masses are
systematically too high.

The FRLDM(2012), which does not treat Coulomb redistribution
effects, is somewhat less accurate than the FRDM(2012), with an
18% larger �th, as is seen in Fig. 9 and, in nuclear-chart format, in
Fig. 10, aswell as in Fig. 11. It is particularly in the heavy region that
the FRLDM(2012) extends farther away from the zero deviation
line, than does the FRDM(2012). There is also a systematic
isospin effect on the differences, an effect which is absent in the
FRDM(2012), which is especially clear in Fig. 11. This is a sign
that the Coulomb redistribution effect is not treated in the FRLDM,
which results in too low binding energies for heavy proton-rich
nuclides [88]. We will further illustrate this issue in Section 5.1.

But, in contrast to the FRDM, we can calculate fission barriers
in the FRLDM. We have recently published a calculation of fission-
barrier heights for 5239 nuclides for all nuclei between the proton
and neutron drip lines for the region 171  A  339 [61].
This calculation was carried out exactly like here with the minor
differences that (1) we have now improved the calculation of the
ground-state correlation (‘‘zero-point’’) energies and readjusted
the macroscopic parameter set. That is, the shape space for the
ground-state and fission saddle-point determinations are the same
in the published barrier study as here.We include axial asymmetry
corrections at the ground state in both calculations. We expect a

Fig. 10. Top panel: Difference between experimental masses from the AME2012
evaluation and masses calculated in the FRLDM(2012). Bottom panel: We compare
here the previous FRLDM(1992) to the same experimental data evaluation. (For a
color version of this figure the reader is referred to the web version of this article.)

negligible effect on barrier heights if they were calculated in the
precise current model version. We have checked this for 180

80Hg100,
for which we tabulated in Ref. [89] a barrier height 9.81 MeV.
With the current parameter set and the other features here we
obtain a barrier height 9.65 MeV. We use the same experimental
barrier data set as in Ref. [57] in our adjustment to barrier heights.
We show in Table C and in Fig. 12 a comparison of the calculated
barriers to the experimental data set.

Conventional wisdom has usually assumed that because the
Coulomb and surface-energy terms in the macroscopic energy
contribute with the same sign one cannot accurately determine
the surface-energy constants from an adjustment to masses alone
Rather one would need to also adjust the model parameters to
fission-barrier heights because the terms contribute to the barrier
heights with different signs. Obviously, if we were dealing with
a completely accurate model this would not be necessary. We
have tested this conventional wisdom by adjusting the FRLDM
macroscopic constants (the usual 6 of them) considering only the
AME2003 data set of 2149masses and excluding fission barriers. In
such an adjustment we obtain �th = 0.6364 MeV for the FRLDM.
It is somewhat remarkable that the agreement with experimental
fission-barrier evaluations does not deteriorate greatly; we in this
case obtain an rms deviation of 1.475 MeV with respect to the 31
barriers, which probably indicates the robust character of ourmass
models. We plot these deviations as (red) diamonds in Fig. 12.

5.1. Extrapability

One test of the reliability of a nuclear mass model is to compare
differences between measured and calculated masses in new
regions of nuclei that were not considered when the constants of
the model were determined. It is common to characterize a mass
model error (or accuracy) in a certain region of nuclear masses
by the rms deviation. However, as we pointed out in Section 2.1
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No	kink	
encountered

Introduce	kink

Surman et	al (1997)

Möller et	al		(2012)



Vassh et	al	(submitted,	2020);	Orford,	Vassh,	
et	al.	(Phys.	Rev.	Lett. 120,	262702	(2018))

MCMC	results:	
rare-earth	masses	to	form	
peak	in	hot and	similar
astrophysical	conditions

• Astrophysical	trajectory:	
hot, low	entropy	outflow	as	from	a	
NSM	accretion	disk
(s/k=30,	t=70	ms,	Ye=0.2)

• 50	parallel,	independent	MCMC	runs



Peak	formation	in	outflows	with	distinct astrophysical	conditions	

Vassh et	al	(submitted	 to	ApJ,	2020)



Comparing	to	the	most	neutron-rich	measurements:	Samarium

Sm	(Z=62)

Vassh et	al	(submitted	 to	ApJ,	2020)



• Côté et	al.	submitted	to	Science	(2019)
• Vassh et	al.	submitted	to	ApJ (2020); Orford,	Vassh,	et	al.	in	prep.	(2020)

o Do	neutron	star	mergers	produce	the	heaviest	elements	such	
as	gold	and	the	actinides?	Are	there	observable	signatures	of	
a	fission	cycling	r process?	

o Which	fissioningnuclei	and	fission	properties	are	
most	influential?		

• Vassh et	al.	ApJ	896,	28 (2020)
• Wang,	Vassh,	et	al.	in	prep.	(2020)

o At	what	site(s)	and	under	what	conditions	did	the	r-process	
element	production	which	enriched	our	solar	system	occur?

Impact	on	important	open	questions	in	heavy	
element	production

• Ward,	Vassh,	et	al.	in	prep.	(2020)	
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