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r-process observables: abundance patterns

Arnould+2007, Hotokezaka+2018

solar system 
r-process residuals

Holmbeck+2020

Observational effort to identify and characterize metal-poor stars

1,903 stars observed

585 published 
>10 papers, including Placco, Holmbeck, et al. (2017); Hansen, Holmbeck, et al. (2018); 

Holmbeck et al. (2018); Holmbeck et al. (submitted)

32 new r-II stars identified
15

est. 2017

r-process elements 
in metal-poor stars



r-process observables: electromagnetic signatures

Electromagnetic counterpart to

the neutron star merger GW signal

kilonova SSS17a bolometric light curve 

bolometric compilation: Waxman+ 2017 
models: Kasen+2017 

SSS17a bolometric          

lanthanide rich
lanthanide poor

Material with significant opacity is the best fit to the data Slide credit: Dan

Kasan Suggests lanthanides were made in the r-process.

“Could a Kilonova Kill: a Threat 
Assessment”

Perkins, Ellis, Fields, Hartmann, Liu, 
McLaughlin, Surman, Wang 2024



movie by N Vassh using PRISM 
(Sprouse/Mumpower) 
NSM trajectory from Rosswog



masses from AME2016

Nuclear data for the r-process

Mumpower, Surman, 
McLaughlin, Aprahamian 2016



masses from AME2016

Nuclear data for the r-process

Zhu, Lund, Barnes, Sprouse, Vassh, 
McLaughlin, Mumpower, Surman 2021
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AME 2016
FRIB Day 1 reach
FRIB design goal

Experimental prospects



Interpreting observables of r-process nucleosynthesis

• What observables are currently limited by nuclear uncertainties 
that could be addressed in the FRIB/ARIEL/FAIR era?

• Are there distinguishing observables that rise above nuclear 
uncertainties?

• What can we learn about nuclear physics far from stability from 
r-process observables?
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Did the GW170817 merger produce actinides?

Zhu, Wollaeger, Vassh, Surman, Sprouse, Mumpower, 
Möller, McLaughlin, Korobkin, Jaffke, Holmbeck, Fryer, 
Even, Couture, Barnes, ApJL 2018

excess KN heating 
at ~100 days
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Zhu, Wollaeger, Vassh, Surman, Sprouse, Mumpower, 
Möller, McLaughlin, Korobkin, Jaffke, Holmbeck, Fryer, 
Even, Couture, Barnes, ApJL 2018

4 M. M. Kasliwal et al.

imately (Kasen & Barnes 2018)

f(t) ⇡ p�(1� e�t2�/t2) + pe(1 + t/te)
�n, (1)

where p� ⇡ 0.4, pe ⇡ 0.2 are the fraction of beta-decay
energy emitted as gamma-rays and electrons, respectively.
For ejecta masses and velocities in the range M ⇡ 0.01 �
0.05 M�, v ⇡ 0.1c�0.2c the timescale for gamma-rays to be-
come ine�cient to thermalization is t� ⇡ 0.5� 2 days while
that for electrons is te ⇡ 10� 40 days. The exponent n ⇡ 1
for typical conditions, though n can be larger depending on
the details of the thermalization and decay physics (Kasen
& Barnes 2018).

Figure A1 shows calculations of the radioactive power
✏̇(t) derived from detailed r-process nuclear reaction net-
works for outflows with a range of physical conditions (ini-
tial electron fractions Ye = 0.05 � 0.5, expansion velocity
of 0.2c, ejecta mass of 0.05 M� Rosswog et al. 2018). At
+43 d, the radioactive power ranges from ✏̇ ⇡ 0.5 � 2.5 ⇥
108 erg s�1 g�1. Adopting the ⌫L⌫ luminosity at epoch 1
of L43 = 7.8 ⇥ 1038 erg s�1 and using an e�ciency factor
f = 0.1 (appropriate for te ⇡ 30 days) implies an ejecta
mass of Mej ⇡ 1.6�7.8⇥10�2 M�. Within large uncertain-
ties, the mass range is consistent with that inferred from
analysis of early time observations of GW170817 (Coulter
et al. 2017; Drout et al. 2017; Evans et al. 2017; Kasliwal
et al. 2017; Smartt et al. 2017; Soares-Santos et al. 2017;
Cowperthwaite et al. 2017; Arcavi et al. 2017), and provides
additional evidence that the neutron star merger produced
a large quantity of radioactive ejecta.

Between the two epochs of Spitzer observations, the lu-
minosity dropped by a factor L1/L2 ⇡ 6.2 corresponding to
a power-law L/ t�3.4±0.2. This is steeper than the L / t�7/3

dependence of statistical distribution of isotopes with power
✏̇ / t�4/3 with ine�cient thermalization f(t) / t�1. Alter-
nately, the observed decline can be explained if the e�ciency
drops even more rapidly, f(t) / t�2, as suggested by Wax-
man et al. (2017) (although such a steep dependence of f(t)
is not consistent with the numerical thermalization calcu-
lations of (Barnes et al. 2016)). Based on late-time optical
data, Waxman et al. 2017 and Arcavi 2018 also suggested a
similarly steep late-time power-law slope of t�3.

It is possible that the decline in luminosity between the
two Spitzer epochs is a result of the spectral energy progres-
sively moving out of 4.5µm band, such that the bolometric
correction increases with time. If such a color evolution oc-
curred, the spectrum must have moved redward of 5 µm, as
the upper limits in the 3.6µm band rule out a substantial
increase of the flux at bluer wavelengths.

If we assume, on the other hand, that the bolomet-
ric correction remained largely unchanged between the two
epochs, the two Spitzer epochs suggest that the underlying
radioactivity has deviated from the ✏̇ / t�4/3 power-law be-
havior. This is expected to occur when the decay becomes
dominated by one or a few isotopes rather than a statistical
distribution (Kasen & Barnes 2018; Wu et al. 2018). For a
single dominant isotope the energy generation rate follows
✏̇(t) / e�t/ti where ti is the decay timescale. Taking into
account the e↵ects of ine�cient thermalization, the heating
from a single isotope at times t & te is (Kasen & Barnes

Figure 2. Comparing early-time bolometric data (circles, Kasli-
wal et al. 2017) and late-time Spitzer detections (stars, this paper)
with the predicted radioactive luminosity as a function of time
(lines). The dashed colored lines show a luminosity L = Mej ✏̇(t)
f(t), where the ejecta mass Mej = 0.05 M�, the thermalization
e�ciency f(t) is from Kasen & Barnes 2018, and the radioactive
power ✏̇(t) is from the detailed nuclear reaction network calcu-
lations of Rosswog et al. 2018. ✏̇(t) explores a range of electron
fraction Ye and expansion velocity from 0.1c to 0.4c. Outflows
with Ye<0.25 synthesize the heaviest r-process elements in the
second-peak and third-peak and show a steeper late time decline,
whereas those with Ye&0.25 produce relatively lighter elements
and have a shallower decline due to the presence of longer lived
radioactive isotopes. Also shown is the power law inferred from
early-time data (gray solid line) and an analytic estimate of beta
decay rates assuming a statistical distribution (magenta solid line;
Hotokezaka et al. 2017).

2018)

L /
exp

h
� 3
p

3t/2te(te/ti)
i

(t/te)7/3
. (2)

From Equation 2 and using te = 30 days the observed ratio
L1/L2 ⇡ 6.2 implies heating dominated by an isotope with
decay time ti ⇡ 14 days.

If the late time radioactivity is indeed dominated by a
single isotope, this provides constraints on the ejecta compo-
sition. For merger outflows with electron fractions Ye . 0.25
the nucleosynthesis proceeds to the 3rd r-process peak (Fig-
ure A1) and the radioactive power ✏̇(t) steepens at times
t & 40 days to a decline rate consistent with the two Spitzer
epochs (Figure 2). For electron fractions Ye & 0.25, in con-
trast, the r-process stalls at the first or second r-process
peak and the heating rate is flatter at late times due to the
presence of long-lived radioisotopes. Thus, the Spitzer data
provides conditional evidence that GW170817 produced 3rd
peak r-process elements.

Another simple check to this inference is to compare
the bolometric light curve to the electron heating rates cal-
culated based on the solar abundance pattern (Figure 3).
The Spitzer detections cannot be explained only by radioac-
tive decay of elements in the first abundance peak as none
of them have half-life between between 10–100 days. Abun-
dant elements with relevant half-life include 89Sr, 125Sn, 131I,

MNRAS 000, 1–6 (2018)

Did the GW170817 merger produce actinides?
GW170817 with HST 9

Figure 4. The spectral energy distribution of the kilonova (rest-frame days 5.06–11.31) and GRB afterglow (110.38–170.50
days) components of AT 2017gfo as constrained by HST detections and upper limits (circles) and described in Section 3.1 and
Section 3.2. The horizontal error bars correspond to the equivalent rectangular width of the corresponding filter as described in
Rodrigo et al. (2012). We overplot the average kilonova and GRB afterglow models for data obtained within ±0.5 day of the
average day given next to each model. For the first model at 5.06 days (violet), there are two kilonova models from Kasen et al.
(2017) within this time range, which are plotted as a shaded region between the brighter (upper) and fainter (lower) model.

2017), or possibly from accretion outflows from a disk
that forms around the merger (Miller et al. 2019).

3.2. The GRB Afterglow Light Curve After 2017

December 6

After the field once again became observable with
HST at > 100 rest-frame days from merger, the optical
and near-IR emission from AT 2017gfo was dominated
by GRB afterglow (Lyman et al. 2018; Mooley et al.
2018; Troja et al. 2018; Fong et al. 2019; Lamb et al.
2019). Novel to this work are the late-time templates
described in Section 2, which enabled four new detec-
tions in F814W, F110W, and F160W. To compare our
updated photometry and upper limits from AT 2017gfo
at these epochs, we compare its HST light curve to the
afterglow model based on an o↵-axis relativistic struc-
tured jet and presented in Hajela et al. (2019). We adopt
the updated parameters of Hajela et al. (2021) for a rel-
ativistic structured jet viewed at an angle of ✓obs = 23�

and interstellar medium density n0 = 0.01 cm�3. We
choose these models for comparison over other afterglow

models (e.g., JetFit models in Wu & MacFadyen 2018,
2019, with ✓obs ⇡ 30�) because the predicted obser-
vation angle is consistent with independent constraints
from superluminal motion in the relativistic jet (⇡20�

in Mooley et al. 2018).
The resulting optical and near-IR light curves are

shown on the right side of Figure 3 with the correspond-
ing spectral energy distributions in Figure 4. These
models are relatively good fits to the observed HST data,
with minimal inverse-variance weighted average residu-
als of 0.1 mag compared with measurement uncertainties
in each detection of 0.15–0.29 mag.
Consistent with the findings of Fong et al. (2019),

Lamb et al. (2019), and Hajela et al. (2019), we find no
evidence for a change in spectral shape across the optical
and near-IR spectral energy distribution (Figure 4). Our
best constraints come from the afterglow light curve at
109.6 and 170.5 rest-frame days from merger, with two
and three detections over a span of ⇡2 days, respec-
tively. In both cases, the observations are consistent
with a constant spectral index of f⌫ / ⌫

�0.6, reinforcing

HST observations
Kilpatrick+2021

data at ~100 days 
matches a GRB 
afterglow

Spitzer mid-infrared
Kasliwal+2019

excess KN heating 
at ~100 days
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Subsequent KNe show similar late time behavior
GW170817 with HST 9

Figure 4. The spectral energy distribution of the kilonova (rest-frame days 5.06–11.31) and GRB afterglow (110.38–170.50
days) components of AT 2017gfo as constrained by HST detections and upper limits (circles) and described in Section 3.1 and
Section 3.2. The horizontal error bars correspond to the equivalent rectangular width of the corresponding filter as described in
Rodrigo et al. (2012). We overplot the average kilonova and GRB afterglow models for data obtained within ±0.5 day of the
average day given next to each model. For the first model at 5.06 days (violet), there are two kilonova models from Kasen et al.
(2017) within this time range, which are plotted as a shaded region between the brighter (upper) and fainter (lower) model.

2017), or possibly from accretion outflows from a disk
that forms around the merger (Miller et al. 2019).

3.2. The GRB Afterglow Light Curve After 2017

December 6

After the field once again became observable with
HST at > 100 rest-frame days from merger, the optical
and near-IR emission from AT 2017gfo was dominated
by GRB afterglow (Lyman et al. 2018; Mooley et al.
2018; Troja et al. 2018; Fong et al. 2019; Lamb et al.
2019). Novel to this work are the late-time templates
described in Section 2, which enabled four new detec-
tions in F814W, F110W, and F160W. To compare our
updated photometry and upper limits from AT 2017gfo
at these epochs, we compare its HST light curve to the
afterglow model based on an o↵-axis relativistic struc-
tured jet and presented in Hajela et al. (2019). We adopt
the updated parameters of Hajela et al. (2021) for a rel-
ativistic structured jet viewed at an angle of ✓obs = 23�

and interstellar medium density n0 = 0.01 cm�3. We
choose these models for comparison over other afterglow

models (e.g., JetFit models in Wu & MacFadyen 2018,
2019, with ✓obs ⇡ 30�) because the predicted obser-
vation angle is consistent with independent constraints
from superluminal motion in the relativistic jet (⇡20�

in Mooley et al. 2018).
The resulting optical and near-IR light curves are

shown on the right side of Figure 3 with the correspond-
ing spectral energy distributions in Figure 4. These
models are relatively good fits to the observed HST data,
with minimal inverse-variance weighted average residu-
als of 0.1 mag compared with measurement uncertainties
in each detection of 0.15–0.29 mag.
Consistent with the findings of Fong et al. (2019),

Lamb et al. (2019), and Hajela et al. (2019), we find no
evidence for a change in spectral shape across the optical
and near-IR spectral energy distribution (Figure 4). Our
best constraints come from the afterglow light curve at
109.6 and 170.5 rest-frame days from merger, with two
and three detections over a span of ⇡2 days, respec-
tively. In both cases, the observations are consistent
with a constant spectral index of f⌫ / ⌫

�0.6, reinforcing

HST observations
Kilpatrick+2021

data at ~100 days 
matches a GRB 
afterglow

GRB 230307A
Levan+2023
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Vassh, Vogt, 
Surman, Randrup, 

Sprouse, 
Mumpower, 
Jaffke, Shaw, 

Holmbeck, Zhu, 
McLaughlin, 2018

254Cf: dependence on nuclear inputs
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N = 126 region halflives

Estrade+2021
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Tungsten isotopes

b decay and actinide production

Holmbeck+2019



ANL N = 126 Factory proposal
N = 126 region masses

Liu+2022

Nuclear masses and actinide production



Interpreting observables of r-process nucleosynthesis

• What observables are currently limited by nuclear uncertainties 
that could be addressed in the FRIB/ARIEL/FAIR era?

• Are there distinguishing observables that rise above nuclear 
uncertainties?

• What can we learn about nuclear physics far from stability from 
r-process observables?



Actinide observables: gamma rays

Korobkin, Hungerford, Fryer, Mumpower, Misch, Sprouse, Lippuner, 
Surman, Couture, Bloser, Shirazi, Evan, Vestrand, Miller 2020

also Hotokezaka+2016; Li 2019; Wu+2019; Ruiz-Lapuente, Korobkin 2020

Wang, Vassh, Sprouse, Mumpower, Vogt, 
Randrup, Surman, ApJL 2020
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Actinide observables: gamma rays

Wang, Vassh, Sprouse, Mumpower, Vogt, 
Randrup, Surman, ApJL 2020

Wang+ in preparation 2024

PRELIMINARY



Wang, Clark, Ellis, Ertel, Fields, Fry, Liu, Miller, Surman, ApJ 2021

Actinide observables: 60Fe and 244Pu in Fe-Mn crusts 

Wallner+2021



Wang, Clark, Ellis, Ertel, Fields, Fry, Liu, Miller, Surman, ApJ 2021; 
Wang, Clark, Ellis, Ertel, Fields, Fry, Liu, Miller, Surman, ApJ 2023

Actinide observables: 60Fe and 244Pu in Fe-Mn crusts 2

FIG. 1. The yellow band indicates the observed 60Fe/244Pu
ratio [18] for 3 Mya. We also show the 60Fe/244Pu ratios
calculated [17] in forced ⌫ wind and MHD SN models (SA
and SB), and in KN models (KA and KB). We present results
for each model both without and including an additional non-
r-process SN source of 60Fe at 100 pc; calculations are for
events 3 Mya, but with a 10 Myr kilonova in the two-step
KA/B+SNnonr models.

neutrino wind scenario forced to produce actinides and
a high magnetic field MHD model, denoted by ⌫⇤ (SA)
and SB, respectively, which we constrained using data
on the metal-poor star HD160617. We show in Fig. 1
results from these models, both without and including
ordinary (non-r-process) SN 60Fe production. Our cal-
culations are made using the nuclear reaction network
code Portable Routines for Integrated nucleoSynthesis
Modeling (PRISM) [21, 22], as implemented in Wang
et al. [17], with baseline nuclear data from [23] and
[24] (FRDM+QRPA), and variations in the masses [25]
(HFB), �-decay rates [26] (MKT), and fission yields [27].
The non-r-process SN 60Fe yields are for an explosion
at 100 pc with Mej,60 ⇠ 10�4.5M� with an uncertainty
discussed in the Supplemental Materials.

Neutron star mergers that lead to KN explosions are
much rarer than SNe, but estimates of the KN rate in the
Galaxy are compatible with a KN explosion O(300) pc
away that occurred O(30) Mya. Accordingly, we also
show in Fig. 1 results from two scenarios invoking a KN
explosion 10 or 20 Mya, one a combination of calculations
of dynamical ejecta and a disk ⌫-driven wind (KA) con-
strained to fit data on HD160617, and the other a mod-
ified scenario (KB) that fits data on the actinide-boost
star J0954+5246: both models are described in Wang
et al. [17]. The KN 60Fe/244Pu ratios span a large range
(60Fe/244Pu)KN ⇠ 10�5 to 10�2 when accounting for
model uncertainties, but in the absence of an additional
SN 60Fe source 244Pu is orders of magnitude more abun-
dant than 60Fe in both models. This is because, whereas
SNe expel 60Fe produced in multiple sites within the

event and its progenitor star, the outflows from a neutron
star merger are expected to be su�ciently neutron-rich
to progress robustly beyond the iron peak in the bulk of
the ejecta.
We show in Fig 2 the uncertainties in these calculations

found [17] using the nuclear data variations described
above. We see again that either of the SN models SA or
SB could accommodate the (similar) 60Fe/244Pu ratios
reported by [18] in the periods around 3 and 7 Mya. On
the other hand, both the KN models KA and KB still
predict much smaller 60Fe/244Pu ratios, even when the
uncertainties are taken into account. We therefore con-
clude that the 60Fe pulses and 244Pu detection cannot be
due to KN explosions alone, at least as described by the
models considered here.
We consider first the data of Wallner et al. [18] on the

60Fe pulse from ⇠ 3 Mya. The timing of this signal is con-
sistent with that measured previously in 60Fe deposits in
deep-ocean sediments and crusts [4–9], though this peak
is somewhat broader. A model in which 60Fe from a SN
100 Mpc away is transported to Earth in dust via ‘pinball’
trajectories that are deflected and trapped by a magnetic
field within the SN remnant is compatible with a pulse
of the observed size and duration ⇠ 1 Myr [28], and the
pulse width indicated by the Wallner et al. [18] measure-
ments could also reflect smearing in the crust they study.
Accordingly, we assume that this pulse was produced by
a single SN, and assume that the 244Pu from  4.57 Mya
measured by [18] is associated with this SN. We empha-
size that observations with finer timing resolution would
be needed to confirm this association, but note that many
of our comments below would apply also if it were due
to two or more SNe.
As discussed above, the additional 60Fe peak discov-

ered by Wallner et al. [18], see also Fig. 1 of Fitoussi et al.
[6], is likely due to another SN that occurred ⇠ 7 Mya,
also some ⇠ 100 pc away. We assume that all the 244Pu
from 4.57 to 9 Mya measured by Wallner et al. [18] is as-
sociated with this SN explosion, while emphasizing that
observations with finer timing resolution would be needed
to confirm this association. Under this assumption, the
244Pu/60Fe ratios in the ejecta of the two SNe ⇠ 3 and
⇠ 7 Mya are comparable within a factor ⇠ 2 and indis-
tinguishable in Fig. 1.

This is intriguing, since simulations indicate that only
very specific types of SN can make much 244Pu [17], in
which case seeing two of them looks like a remarkable co-
incidence. If such an interpretation were correct, it would
suggest not only that many or most SNe are r-process
sites, but also that their production extends all the way
to the actinides. If this could be established, standard
⌫-driven wind and MHD models must have major omis-
sions. However, actinide production is possible in the
forced neutrino wind or MHD models ⌫⇤ (SA) and SB
discussed in Wang et al. [17].

As seen in Fig. 1, the artificially-enhanced SA model
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to confirm this association. Under this assumption, the
244Pu/60Fe ratios in the ejecta of the two SNe ⇠ 3 and
⇠ 7 Mya are comparable within a factor ⇠ 2 and indis-
tinguishable in Fig. 1.
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which case seeing two of them looks like a remarkable co-
incidence. If such an interpretation were correct, it would
suggest not only that many or most SNe are r-process
sites, but also that their production extends all the way
to the actinides. If this could be established, standard
⌫-driven wind and MHD models must have major omis-
sions. However, actinide production is possible in the
forced neutrino wind or MHD models ⌫⇤ (SA) and SB
discussed in Wang et al. [17].

As seen in Fig. 1, the artificially-enhanced SA model
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FIG. 1. The yellow band indicates the observed 60Fe/244Pu
ratio [18] for 3 Mya. We also show the 60Fe/244Pu ratios
calculated [17] in forced ⌫ wind and MHD SN models (SA
and SB), and in KN models (KA and KB). We present results
for each model both without and including an additional non-
r-process SN source of 60Fe at 100 pc; calculations are for
events 3 Mya, but with a 10 Myr kilonova in the two-step
KA/B+SNnonr models.

neutrino wind scenario forced to produce actinides and
a high magnetic field MHD model, denoted by ⌫⇤ (SA)
and SB, respectively, which we constrained using data
on the metal-poor star HD160617. We show in Fig. 1
results from these models, both without and including
ordinary (non-r-process) SN 60Fe production. Our cal-
culations are made using the nuclear reaction network
code Portable Routines for Integrated nucleoSynthesis
Modeling (PRISM) [21, 22], as implemented in Wang
et al. [17], with baseline nuclear data from [23] and
[24] (FRDM+QRPA), and variations in the masses [25]
(HFB), �-decay rates [26] (MKT), and fission yields [27].
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discussed in the Supplemental Materials.
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found [17] using the nuclear data variations described
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the other hand, both the KN models KA and KB still
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We consider first the data of Wallner et al. [18] on the

60Fe pulse from ⇠ 3 Mya. The timing of this signal is con-
sistent with that measured previously in 60Fe deposits in
deep-ocean sediments and crusts [4–9], though this peak
is somewhat broader. A model in which 60Fe from a SN
100 Mpc away is transported to Earth in dust via ‘pinball’
trajectories that are deflected and trapped by a magnetic
field within the SN remnant is compatible with a pulse
of the observed size and duration ⇠ 1 Myr [28], and the
pulse width indicated by the Wallner et al. [18] measure-
ments could also reflect smearing in the crust they study.
Accordingly, we assume that this pulse was produced by
a single SN, and assume that the 244Pu from  4.57 Mya
measured by [18] is associated with this SN. We empha-
size that observations with finer timing resolution would
be needed to confirm this association, but note that many
of our comments below would apply also if it were due
to two or more SNe.
As discussed above, the additional 60Fe peak discov-

ered by Wallner et al. [18], see also Fig. 1 of Fitoussi et al.
[6], is likely due to another SN that occurred ⇠ 7 Mya,
also some ⇠ 100 pc away. We assume that all the 244Pu
from 4.57 to 9 Mya measured by Wallner et al. [18] is as-
sociated with this SN explosion, while emphasizing that
observations with finer timing resolution would be needed
to confirm this association. Under this assumption, the
244Pu/60Fe ratios in the ejecta of the two SNe ⇠ 3 and
⇠ 7 Mya are comparable within a factor ⇠ 2 and indis-
tinguishable in Fig. 1.

This is intriguing, since simulations indicate that only
very specific types of SN can make much 244Pu [17], in
which case seeing two of them looks like a remarkable co-
incidence. If such an interpretation were correct, it would
suggest not only that many or most SNe are r-process
sites, but also that their production extends all the way
to the actinides. If this could be established, standard
⌫-driven wind and MHD models must have major omis-
sions. However, actinide production is possible in the
forced neutrino wind or MHD models ⌫⇤ (SA) and SB
discussed in Wang et al. [17].

As seen in Fig. 1, the artificially-enhanced SA model
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Interpreting observables of r-process nucleosynthesis

• What observables are currently limited by nuclear uncertainties 
that could be addressed in the FRIB/ARIEL/FAIR era?

• Are there distinguishing observables that rise above nuclear 
uncertainties?

• What can we learn about nuclear physics far from stability from 
r-process observables?
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HO basis with deformation β = 0.4. The basis con-
tains up to Nsh = 50 oscillator shells with an upper
limit of N = 1771 basis states with lowest HO s.p. en-
ergies. The oscillator frequency ω3

0 = ω2
⊥ω∥ was set at

!ω0 = 1.2 × 41/A1/3 MeV. As seen in Fig. 1, at this se-
lection of the HO basis, the dependence of FI energies
on the basis deformation remains fairly constant around
β = 0.4. Moreover, the range of variations is significantly
less than the corresponding χ2 weight, wi = 0.5MeV.
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FIG. 1: (Color online) Excitation energies of fission isomers
considered in the unedf1 optimization as functions of the HO
basis deformation.

Optimization calculations were performed on Ar-
gonne National Laboratory’s Fusion cluster, managed
by Argonne’s Laboratory Computing Resource Center
(LCRC). Fusion consists of 320 computing nodes, each
with dual quad-core Pentium Xeon processors. By us-
ing Intel’s Math Kernel Library and the Intel Fortran
compiler (ifort), we were able to run hfbtho in almost
half the time when compared with the prebuilt reference
BLAS library implementation and GNU’s gfortran com-
piler. We were also able to dramatically reduce the wall-
clock time of an hfbtho computation by using OpenMP
at the node level to parallelize key computational bottle-
necks. These bottlenecks involved iteratively computing
the eigenvalues and eigenvectors of the (Ω, π) blocks of
the HFB matrix, as well as the density calculations re-
flecting the same block pattern. OpenMP allowed us to
dynamically assign processors to blocks of data for paral-
lel processing, which further reduced the wall-clock time
by a factor of 6 when running on an eight-core node.
The parameter estimation computations presented in

this paper ran 218 total simulations of hfbtho for each
nucleus in the dataset, using 80 compute nodes (640
cores) for 5.67 hours. As highlighted in [25], using the
pounders algorithm (Practical Optimization Using No
Derivatives (for Squares)) on the type of fitting prob-
lem considered here requires more than 10 times fewer

hfbtho runs over a more traditional, derivative-free
Nelder-Mead optimization method [53]. Hence, with-
out the algorithmic and computational advancements de-
tailed above, a similar optimization could have previously
consumed a month of computations using 80 cores of the
Fusion cluster.
We emphasize that, strictly speaking, both the un-

edf0 and the unedf1 parameterizations obtained in this
work should always be used in their original environment.
In particular, the pairing EDF should be that of Eq. (5)
used with the original pairing space cut off; pairing calcu-
lations must be complemented by the Lipkin-Nogami pre-
scription; and the proton and neutron pairing strengths
must not vary from the values determined by our opti-
mization. In short, contrary to usual practice, there is
no flexibility in the treatment of the pairing channel.

C. Result of the Optimization: UNEDF1
Parameter Set

The starting point for our pounders optimization was
the previously obtained unedf0 parameterization. After
177 simulations, the algorithm reached the new optimal
result. The resulting parameter set is listed in Table II.
The first six parameters were restricted to lie within finite
bounds, also listed in Table II, that were not allowed to
be violated during the optimization procedure. As can be
seen, parameters ENM/A and KNM are on the boundary
value. In the case of unedf0, we recall that KNM and
1/M∗

s also ended up at their respective boundaries. The
saturation density ρc is given with more digits than the
other parameters. Such extra precision is needed when
computing volume coupling constants [25].

TABLE II: Optimized parameter set unedf1. Listed are
bounds used in the optimization, final optimized parameter
values, standard deviations, and 95% confidence intervals.

x Bounds x̂(fin.) σ 95% CI
ρc [0.15,0.17] 0.15871 0.00042 [ 0.158, 0.159]
ENM/A [-16.2,-15.8] -15.800 – –
KNM [220, 260] 220.000 – –
aNM
sym [28, 36] 28.987 0.604 [ 28.152, 29.822]

LNM
sym [40, 100] 40.005 13.136 [ 21.841, 58.168]

1/M∗
s [0.9, 1.5] 0.992 0.123 [ 0.823, 1.162]

Cρ∆ρ
0 [−∞,+∞] -45.135 5.361 [ -52.548, -37.722]

Cρ∆ρ
1 [−∞,+∞] -145.382 52.169 [-217.515, -73.250]

V n
0 [−∞,+∞] -186.065 18.516 [-211.666,-160.464]

V p
0 [−∞,+∞] -206.580 13.049 [-224.622,-188.538]

Cρ∇J
0 [−∞,+∞] -74.026 5.048 [ -81.006, -67.046]

Cρ∇J
1 [−∞,+∞] -35.658 23.147 [ -67.663, -3.654]

We first note that the same minimum was obtained
by starting either from the unedf0 solution or from the
unedf1ex parameterization discussed below: this gives
us confidence that the parameter set listed in Table II
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The origin of the heaviest elements in the r-process of nucleosynthesis has been one 
of the greatest mysteries in nuclear astrophysics for decades.

Despite considerable progress in the past 
several years, including the first direct 
detection of an r-process event, the r-process 
site(s) has not been definitively determined. 

The neutrino and nuclear physics of candidate 
events remains poorly understood. FRIB, the 
N=126 factory, ARIEL, and FAIR have the 
potential to reduce key nuclear uncertainties, 
facilitating accurate interpretations of r-
process observables such as abundance 
patterns and light curves.

summary

accessible FRIB Day 1
FRIB full reach

Mumpower, Surman, McLaughlin, 
Aprahamian, JPPNP 2016


