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Example	of	astrophysical	uncertainties	in	
r-process	sites:	neutrino	treatments

8 G. Halevi et al.

Figure 8. Abundance patterns for the aligned case, as obtained through
post-processing the tracer particles. The various curves correspond to the
di�erent values used for the neutrino luminosities.

four simulations. This allows for a direct comparison to determine
the e�ect of misalignment on r-process nucleosynthesis yields. Both
the second and third r-process peaks are quite insensitive to mis-
alignments of 15° or 30° between the magnetic and rotation axes,
but show decreases in abundances for the case of 45° misalignment.
In this most misaligned model, the third peak is not produced at all
when we use the neutrino luminosities from the tracer particles. To
understand why the r-process abundances depend on the misalign-
ment angle in this way, we examine the Ye distributions at the time
when r-process begins, at a temperature of T ' 5 ⇥ 109 K. The
Ye distributions at the onset of r-process nucleosynthesis ultimately
determine the r-process element production. These distributions, as
evolved by S��N�� with L⌫ taken from the tracers, shown in the
bottom panel of Fig. 7, di�er significantly from the corresponding
distributions at the start of the network calculation (top panel). After
the network has run to the point when the material has cooled enough
for r-process to begin, the distributions in Ye are far more similar
for all cases except the 45° misalignment than they were at the start
of the calculation. All three distributions peak at Ye ⇠ 0.21 � 0.23
and have similar amounts of material in each bin of Ye, except for
a secondary peak at Ye ⇠ 0.26 for the aligned case. The 45° case,
however, clearly di�ers from the other three in its corresponding
distribution of Ye. It peaks at higher Ye ⇠ 0.24� 0.25 and generally
has much less material at low Ye than the more aligned models at
the time when r-process nucleosynthesis begins.

4 DISCUSSION

The four simulations we have carried out di�er only in the axis along
which the poloidal magnetic field lies in the initialized core. Our
fiducial model is the one in which the magnetic and rotation axes
are aligned, while the other three models represent various levels of
misalignment: 15°, 30°, and 45°.

Our results suggest several clear trends with the degree of
misalignment, particularly in the explosion dynamics, and more
complex dependence in the properties of the ejecta and resulting
nucleosynthesis yields. In general, higher misalignment results in
slower expansion along the polar (rotation) axis and more material
along the perpendicular, equatorial axes (Figs.1 and 2). In other
words, more aligned initial fields produce more jetted, bipolar ex-
plosions. The ejected material robustly reaches larger distances from
the PNS for smaller misalignments (see Fig. 4), which is unsurpris-

Figure 9. Abundances for the four di�erent models, all obtained using the
neutrino luminosities extracted from the simulations. It is clear that the 45°
misalignment model di�ers significantly from the other three, particularly
in its ability to produce heavy r-process elements.

ing given these di�erences in the dynamics. The distance from the
PNS reached by ejected material at a given time after core bounce
varies approximately linearly with the misalignment angle.

The e�ect of misalignment on the r-process abundance pat-
terns at a set value of L⌫ is less intuitive. Interestingly, the abundance
patterns produced by the 15° and 30° misaligned models are very
nearly identical to that of the aligned model. However, the abun-
dances of second peak and beyond r-process elements are highly
reduced for the 45° model. We explicitly show a comparison of
abundance patterns from the four simulations for the case of the
neutrino luminosities extracted by the tracer particles (Fig. 9). In
order to isolate the factors driving this e�ect, we have also investi-
gated whether it holds for all constant, fixed values of L⌫ . We find
that as we increase L⌫ , the di�erences between the abundance pat-
terns are magnified. When the neutrinos are e�ectively turned o�
(L⌫ = 0), all four simulations, including the 45° misaligned model,
produce nearly identical abundance patterns. As we increase L⌫ ,
we see the abundance pattern of the 45° case increasingly deviate
from the rest of the models. This indicates that there is a purely
dynamical di�erence between the most misaligned model and the
other three models. The e�ect of this di�erence in the dynamics
on the resultant nucleosynthetic signatures becomes more clear as
neutrinos become more important. This can be understood when
we consider that slightly di�erent trajectories experience di�erent
durations of time near the PNS under neutrino bombardment. The
ejecta properties for cases in which tracers dwell near the PNS for
longer di�er from cases with tracers spending less time near the PNS
more significantly when the luminosity of the neutrinos the material
interacts with is greater. The e�ects of slight variations in dynamics,
which set particle trajectories, on resultant ejecta properties are thus
enhanced for higher neutrino luminosities.

We post-process the results of each simulation with S��N��
using neutrino luminosities from the tracer particles. In addition,
we set L⌫ to constant values of 0, 1052, 5 ⇥ 1052, and 1053 erg s�1.
We explore this parameter space because the values of L⌫ from
our simulations are subject to uncertainties due to imperfections in
our neutrino transport treatment – we use a leakage scheme which,
although it has been shown to be a quite good one (e.g. O’Connor
& Ott 2010), is still an approximation. For all four models, the
abundance pattern produced for the case in which L⌫ is set by the
simulation itself lies somewhere between the abundance patterns
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FRIB	reach	in	key	regions	impacting	the	evolution	of	r-process	abundances



Connecting	nuclear	physics,	lanthanide	
production,	and	r-process	conditions



Côté,	Fryer,	Belczynski,	Korobkin,	 Chruślińska,	Vassh,	
Mumpower,	 Lippuner,	 Sprouse,	 Surman and	
Wollaeger (ApJ 855,	2,	2018)
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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

Predicted	deformation	in	the	
rare-earths	and	peak	formation

Connecting RIB facilities with the cosmos 43

relevant mass region are strongly deformed (for the even-even nuclei this corresponds

to a large quadrupole deformation �2) which may lead to a localized enhancement in

stability that causes the rare earth peak to form. Another possible formation mechanism

is strongly asymmetric fission of neutron-rich actinides.

The significance of these two formation mechanisms is that they are intimately

coupled to the astrophysical conditions. While the dynamical mechanism can potentially

operate in both hot and cold freezeout conditions, the fission formation mechanism

requires more extreme conditions where fission recycling can occur, such as the tidal

ejecta of neutron stars. Further, the dynamical mechanism formation can be studied

in the laboratory at RIB facilities o↵ering a path forward in ruling out this possibility

(e.g. in the case that no feature is found in nuclear structure) and in understanding the

late-time r-process conditions. In either case, the properties of the involved nuclei play

an important role for understanding the r-process.

During extremely neutron-rich conditions, rare-earth nuclei with Sn ⇠ 2 � 3 MeV

will set the r-process path. In this phase, the nuclear properties shape the peaks and

troughs in the abundance pattern [329]. During freeze-out, the radioactive progenitor

nuclei will decay to stability and form the final r-process abundance distribution. As �-

decay drives the abundances towards less neutron-rich nuclei, the shapes of the relevant

nuclei may change. This induces changes in trends for nuclear masses and neutron

capture rates that a↵ect the final abundances. However, the location of these shape

transitions on the chart of nuclides are predicted di↵erently by various theoretical

models.
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Figure 4. Quadrupole deformation �2 as predicted by the mass models FRDM [330],
SkM⇤ [331], SLy4 [332] and UNEDF0 [333]. Note that the quadrupole deformations
of odd-A and odd-odd nuclei are interpolated from the predicted values for even-even
nuclei in the last three models. The dotted-dashed line marks the limit of known
(neutron-rich) nuclei (as given on the NuDat website, http://www.nndc.bnl.gov/
nudat2/).
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MCMC	procedure

Black		– solar	abundance	data
Grey	 – AME	2012	data

§ Monte	Carlo	mass	corrections

§ Check:	

§ Check:	

§ Update	nuclear	quantities	and	rates	

§ Perform	nucleosynthesis	calculation

§ Calculate

§ Update	parameters	OR	revert	to	last	success

Red – values	at	current	step
Blue – best	step	of	entire	run
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Results

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

§ Astrophysical	trajectory:	
hot,	low	entropy	outflow	
(as	can	be	found	in	an	NSM	
accretion	disk)
(s/k=30,	t=70	ms,	Ye=0.2)

§ 50	parallel,	independent	MCMC	
runs;	Average	run	c2~23



Results
§ Astrophysical	trajectory:	

hot,	low	entropy	outflow	
(as	can	be	found	in	an	NSM	
accretion	disk)
(s/k=30,	t=70	ms,	Ye=0.2)

§ 50	parallel,	independent	MCMC	
runs;	Average	run	c2~23

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



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

Peak	formation	in	winds	with	similar astrophysical	conditions	



Early	time

Later	time

Vassh et	al
(in	preparation)

(n,𝛾)	equilibrium	 (dependent	 on	Sn)	 												most	abundant	nuclei

neutron	capture												photodissociation 𝛽-decay

Peak	formation	example:	hot dynamics	

(colored	by	the	
dominant	
reaction/decay	
channel	at	the	time)



Vassh et	al	(in	prep.,	2020)

Peak	formation	in	outflows	with	distinct astrophysical	conditions	



Hot	Outflow		 Cold	Outflow		 Hot/Cold	Outflow		

Vassh et	al	(in	prep.,	2020)



Hot	Outflow		 Cold	Outflow		 Hot/Cold	Outflow		

Vassh et	al	(in	prep.,	2020)



Comparing	to	the	most	neutron-rich	measurements:	Samarium

Sm	(Z=62)

Vassh et	al	(in	prep.,	2020)



What	are	the	heaviest	nuclei	reached	in	an	
astrophysical	scenario?	

Possible	signatures	of	actinide	production
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Actinides	in	astrophysical	
environments?
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The	spontaneous	fission	of	254Cf	can	be	a	primary	contributor	to	
the	nuclear	heating	affecting	NSM	light	curves	at	late	epochs

This	species	could	make	the	difference	between	detection	and	
no	detection	of	NSMs	for	the	James	Webb	Space	Telescope



Andreyev,	Nishio,	
and	Schmidt	(2018)

When	is	254Cf	strongly	populated?
Heavy	element	fission	barriers	in	the	r process

Vassh et	al (J.	Phys.	G,	46,	065202,	
2019,	arXiv:1810.08133)



along and near stability. A case-in-point is the photodisintegration-driven p-process operating in
supernovae, which is currently the favored creation mechanism of the so-called p-nuclides whose
origins cannot be explained by the s and r processes [29]. Sustained e↵orts have reduced the
nuclear physics uncertainties of this process, where the focus has generally been on constraining
the Wolfenstein-Hauser-Feshbach reaction theory that provides essential input to astrophysics
models in the absence of experimental data (e.g. Refs. [34, 35]). Additional measurements on
and near stability have focused on reducing the uncertainties in nuclear weak rates that limit
the ability to describe the mechanisms through which supernovae operate (e.g. Ref. [36]). Here
theory calculations have provided important guidance, identifying the most essential nuclear
data and filling in the large gaps left by insu�cient experimental information [31].
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Figure 2. Predicted FRIB production rates in particles per second [37]. See Ref. [38] for a
similar prediction for FAIR.

5. FRIB, FAIR, and the future

Roughly 100 years after its inception, nuclear astrophysics research continues to enhance our
understanding of nature. At present the field is poised to build upon our current body of
knowledge by leaps and bounds, in no small part due to upcoming developments such as
new recoil separators [32, 39], underground laboratories [33], and storage rings dedicated to
nuclear physics studies [38]. Frontier nuclear physics facilities such as FRIB and the NuSTAR
experiments at FAIR will play a central role in this advancement by providing unprecedented
access to ever more exotic nuclides (See Fig. 2.). Meanwhile, stable beam facilities will continue
to play a complementary role in answering astrophysical questions both new and old. In the
near future, together with advances in observation and theory, experimental nuclear astrophysics
studies from dripline to dripline promise to o↵er profound insight into how our universe operates.
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Vassh et	al	(J.	Phys.	G,	2019)

Will	future	rare-isotope	beams	reach	key	fissioning r-process	nuclei?

Nuclei	with	high	fission	flow	when	average	over	30	
dynamical	ejecta	trajectories	from	a	NSM	simulation	
given	four	mass/fission	barrier	models	
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and near stability have focused on reducing the uncertainties in nuclear weak rates that limit
the ability to describe the mechanisms through which supernovae operate (e.g. Ref. [36]). Here
theory calculations have provided important guidance, identifying the most essential nuclear
data and filling in the large gaps left by insu�cient experimental information [31].
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Excitation	energy	dependence:	
distinct	fission	yields	for	b-delayed,	neutron-induced	and	spontaneous	fission

(n,f)	yield	dependent	on	Ei but	temperature	
range	of	r-process	sees	yields	at	0.1	MeV	

(~1	GK)	sufficient						

Ei

(n,f)	yields	with	excitation	energy	Ei +	Sn differ	from	sf	yields	which	have	
zero	excitation		energy	(above	from	GEF	2016)

Vassh et	al	(J.	Phys.	G,	2019)



Dependence	of	lanthanide	abundances	on	fission	yields

Eichler et	al	(2015)
Vassh et	al	(J.	Phys.	G,	2019)



Macroscopic-microscopic	
fission	yields	for	neutron-rich	

nuclei	in	the	r-process
FRLDM	Yields	from	Mumpower et	al (arXiv:1911.06344,	2019)

Vassh et	al	(accepted	ApJ 2020,	arXiv:1911.07766)



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	(accepted	ApJ 2020,	arXiv:1911.07766)



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	(accepted	ApJ 2020,	arXiv:1911.07766)



Nuclear	physics	uncertainties	impact	important	open	
questions	in	r-process	heavy	element	production

o Can	mergers	account	for	all	the r-process	material	observed	in	the	galaxy?
o Do	mergers	produce	precious	metals	such	as	gold	in	sufficient	amounts?	Are	actinides	produced?
o At	what	site(s)	and	under	what	conditions	does	heavy	element	nucleosynthesis	occur?
o What	determines	the	relative	ratios	of	lanthanides	such	as	the	rare-earth	elements?
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