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NUCLEOSYNTHESIS

Element abundance patterns in stars indicate fission
of nuclei heavier than uranium
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The heaviest chemical elements are naturally produced by the rapid neutron-capture process (r-process)
during neutron star mergers or supernovae. The r-process production of elements heavier than
uranium (transuranic nuclei) is poorly understood and inaccessible to experiments so must be
extrapolated by using nucleosynthesis models. We examined element abundances in a sample of stars
that are enhanced in r-process elements. The abundances of elements ruthenium, rhodium, palladium, and
silver (atomic numbers Z = 44 to 47; mass numbers A = 99 to 110) correlate with those of heavier
elements (63 < Z < 78, A > 150). There is no correlation for neighboring elements (34 < Z < 42 and

48 < Z < 62). We interpret this as evidence that fission fragments of transuranic nuclei contribute to
the abundances. Our results indicate that neutron-rich nuclei with mass numbers >260 are produced in

r-process events.

he heaviest chemical elements are syn-
thesized through the rapid neutron cap-
ture process (7-process). Sites where the
r-process occurs include mergers of neu-
tron stars, which have been observed
(1-3). The nuclei produced by the r-process in
these events depend on the composition of
material ejected by the merger (4) and the
properties of the progenitor neutron stars, in-

cluding their equation of state (5). Freshly pro-
duced lanthanide elements (atomic numbers
Z =57t071) (6, 7) and Sr (Z = 38) (8) have been
observed in the ejecta of a neutron star merger
event, but otherwise the detailed chemical com-
position has not been measured.

The detailed compositions of some anci-
ent stars in the Milky Way have been de-
termined from their spectra, which contain

M)
hundreds of absorption features of more 1 %f")%cehégr
40 r-process elements (9). The abundé..cc———
patterns of lanthanide elements in these stars
are nearly identical, indicating a possible uni-
versality of r-process events and producing
the same abundance ratios. The composition
of each star is dominated by the ejecta of in-
dividual r-process events (10, II), such as neu-
tron star mergers or rare types of supernova,
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Fig. 1. Observed abundance patterns compared with fission model predictions.
Shown are logarithmic abundances (open circles) measured for 30 r-process elements
in the 42 stars of our sample, plotted as a function of atomic number. The symbol
sizes are proportional to [Eu/Fe], and error bars indicate 1o uncertainties. The green
line is the empirical baseline pattern we defined as the mean abundance ratios for
the subset of 13 stars with [Eu/Fe] < +0.3. Light shading and dark green shading
indicate + 1 and + 2 times the standard error in the baseline, respectively. The orange
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lines indicate models of fission fragments added to the baseline pattern; the dotted line
has equal contributions from the baseline and the fission model, the dashed line has
two parts fission fragments plus one part baseline pattern, and the solid line has
four parts fission plus one part baseline. (A) Elements 34 < Z < 52, normalized to Zr
(solid circle). Elements are labeled at bottom. (B) Residuals between the data and the
baseline pattern in (A). (C and D) Same as (A) and (B), respectively, but for elements
56 < Z < 78, normalized to Ba (solid circle). Numerical values are provided in data S1.
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which enriched the gas from which the stars
formed (12).

Stellar sample and abundance measurements

We investigated the 7-process using a sample
of 42 stars in the Milky Way. We selected stars
that were previously observed to have heavy
elements known to be formed by the 7-process,
with no evidence of contamination from other
processes [such as the slow neutron capture
process (s-process)]. We adopted the element
abundances of 31 heavy elements (34 < Z < 90)
from data reported in 35 previous studies (13)
then homogenized these abundances to a
common scale using the atomic data reported
in the original studies (13).

The ratio [Fe/H] is defined as [Fe/H] =1log;o
(Nre) — 10g10(NFe)o, Where N is the number

density with subscript indicating the element,
and © indicates the value for the Sun. We use
Fe as a measure of the overall enrichment by
elements heavier than He (referred to as the
metallicity). We use the ratio [Eu/Fe] = log;o
(Ngu/Nre) — 10810(VEu/Nre)o as a measure of
the enhancement of r-process elements rela-
tive to the metallicity. Our sample spans the
ranges —-3.57 < [Fe/H] < -0.99 and -0.52 <
[Eu/Fe] < +1.69 (data S1).

Correlations between elements

The heavy-element abundance patterns in the
selected stars are shown in Fig. 1 (individual
elements are shown in figs. S3 and S4). We
found that stars with higher [Eu/Fe] ratios have
abundances of some elements (including Ru,
Rh, Pd, Ag, Gd, Tb, Dy, and Yb) that are slightly

enhanced relative to those in stars with lower
[Eu/Fe] ratios. This excess is not an expected
consequence of r-process universality.

We calculated an empirical baseline abun-
dance pattern (tables S2 and S3) using the 13
stars (30% of the sample) with the lowest levels
of r-process enhancement, [Eu/Fe] < +0.3. The
abundance excess—the difference between
the individual abundance measurements in
each star and the empirical baseline for that
element—is shown for all stars in Fig. 1, B
and D, and split into different groups of ele-
ments in Fig. 2. Three sets of elements behave
similarly in our sample: Se, Sr, Y, Zr, Nb, and
Mo (34 < Z < 42); Cd, Sn, and Te (48 < Z < 52);
and Ba, La, Ce, Pr, Nd, and Sm (56 < Z < 62),
shown in Fig. 2, A, C, and D, respectively. The
abundance ratios of these elements exhibit no
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Fig. 2. Abundance ratios of groups of elements that do or do not correlate
with [Eu/Fe]. (A to E) Different groups of elements, ordered by increasing
atomic number Z. (A) 34 <Z<42.(B)44<7<47.(C)48<7<52.(D)57<Z <
62. (E) 64 < Z < 78. In (A) to (E), black data points are for one element
abundance ratio in one star, with the error bars indicating 1o uncertainties.
Abundances have been normalized to Zr in (A) to (C) and Ba in (D) and (E), and
the empirical baselines shown in Fig. 1 have been subtracted. Solid lines indicate
ordinary least-squares linear fits to the data, and dotted lines indicate differences
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of zero. Green indicates flat trends (lines consistent with zero); we interpret
these as indicating that those elements are produced together with Zr or Ba.
Orange indicates correlations that are significantly (>4.6c) different from zero;
we interpret these as indicating those elements are produced together with Eu.
Labels indicate the equation of each fitted line, the P-value of its Pearson
correlation coefficient; the coefficient of determination, r%; and the number of
stars, n (13); these values are also listed in table S1. Separate plots for each
element are shown in figs. S3 to S5.
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Fig. 3. Ag/Eu abundance
ratios predicted

with nucleosynthesis

models. Predictions of 3r

log €(Ag/Eu) from hydro-

dynamic simulations 2r
Obs.

(13) of neutron star
mergers are plotted as
a function of the

pair of progenitor
masses. Overlapping
colored dots indicate
individual ejecta, and

log e(Ag/Eu)
o
B—

Without Ag fission products

black dots indicate the 2+
mean mass-weighted

abundance ratio (13). The -3F
color bar indicates the

neutron richness (Ye) B

of individual ejecta; lower
Ye ejecta are expected

to experience more fission. 2
Open circles indicate the
observed ratios in our stellar
sample, with sizes propor-
tional to the [Eu/Fe] ratio in
each star (as in Fig. 1).
Results are shown for models
(A) without including fission
and (B) with fission included. 2
When fission is included, we
found that the predicted
mass-weighted log £(Ag/Eu)

log e(Ag/Eu)
o

Obs
B
AR RLED

With Ag fission products

ratios are independent of the ~]
progenitor masses and are
consistent with the
observations.

correlation with [Eu/Fe] and therefore no ex-
cess (13).

Two other sets of elements exhibit signifi-
cant (at least 4.60) positive correlations with
[Eu/Fe] (13). These two sets include the ele-
ments Ru, Rh, Pd, and Ag (44 < Z < 47) and
Gd, Tb, Dy, Ho, Er, Tm, Yb, Hf, Os, and Pt (64 <
Z < 78), shown in Fig. 2, B and E, respectively.
These correlations indicate an extension of
r-process universality, so that many of the
heavier r-process elements have abundances
linked to those of a smaller number of lighter
elements.

Interpretation as fission fragmentation

Two deviations from 7-process universality
have previously been identified (supplemen-
tary text). One consists of large differences
[>1.5 decimal exponent (dex)] in the overall
abundances of light r-process elements (34 <
Z < 56) relative to heavier ones (Z = 56) for
some elements outside our range of interest
(44 < Z < 47). The other deviation, known as
the actinide boost, is characterized by small
variations (<0.7 dex) in the abundances of the

Roederer et al., Science 382, 1177-1180 (2023)
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actinide elements Th (Z = 90) and U (Z = 92)
relative to other heavy r-process elements.
Neither of these deviations from 7-process uni-
versality can explain the correlations in Fig. 2.

Our findings are also inconsistent with two-
component models of 7-process nucleosynthesis
(14, 15), in which one component (referred to
as the weak, or limited, process) dominates
the lighter r-process elements, and another
(referred to as the main 7-process) dominates
the heavier r-process elements. Those two-
component models segregate light- and heavy-
element production so cannot produce abundance
correlations between [Eu/Fe] and some, but
not all, light r-process elements.

‘We propose that these element groups (44 <
Z < 47 and 63 < Z < 78) were instead produced
as fission fragments of transuranic (Z > 92)
elements that were synthesized in the 7-process
but have since decayed. Nucleosynthesis mod-
els have predicted that transuranic elements
can be produced in 7-process events if the ejecta
contain very neutron-rich material (16-18). In
this scenario, the synthesis of heavy elements
terminates at some maximum mass, above

8 December 2023

which transuranic nuclei undergo fission and
increase the abundances of r-process elements
at lower masses (19).

Fission fragments would reduce any varia-
tions in the initial abundances of 7-process
seed nuclei. Natural variations in conditions at
nucleosynthesis sites would produce varia-
tions in the abundances, but fission fragment
deposition could overcome those variations
(20), leading to fixed relative abundances be-
tween the fission products (such as Ag and Eu).
Fixed abundance ratios have previously been
proposed as a potential signature of fission,
according to theoretical calculations and a
smaller sample of stars (21). Shown in Fig. 3
are theoretical models of neutron star merger
dynamical ejecta (13), which produce similar
log £(Ag/Eu) ratios [defined as 10g;o(N e/ Ngw)]
when fission is included. Models that do not
include a fission component near A4 = 110 (Fig.
3A) are sensitive to differences in initial con-
ditions, such as neutron star mass, so predict
variable log £(Ag/Eu) ratios in the ejecta. We
refer specifically to fission products near 4 =
110, because all these models include some
level of fission in their calculations.

After a neutron star merger event, an ac-
cretion disk can temporarily form around the
remnant object. Material ejected from this
disk is expected to contain few or no nuclei
that undergo fission (22), so additional ejecta
from the disk could produce even larger var-
iations between events. The neutron richness
and relative amounts of ejecta from different
parts of a neutron star merger event are not
well constrained, so there is an unknown con-
tribution of r-process synthesis in the disk to
elements beyond Sr (Z = 38), such as Ag and
Pd. We used previous dynamical ejecta simula-
tions (23) to investigate the predictions of mod-
els that include a fission component for the
mass-weighted log £(Ag/Eu) ratios. We found
that they are approximately constant when fis-
sion is included (Fig. 3B), which is consistent
with the observed stellar ratios. We expect
similar results for models of other potential
r-process sites. For example, the predicted
neutron richness of the ejecta of supernovae
produced by magnetized and rapidly rotat-
ing stars (magneto-rotational supernovae) de-
pends on the strength of the magnetic field
(24). If fission occurs in any r-process site, it
acts to reduce the variation in abundance ratios.

We show in Fig. 1 the baseline abundance
pattern calculated above, which we assume
contains minimal contributions from fission.
To illustrate different fission contributions, we
also show in Fig. 1 abundance patterns with
additional transuranic fission fragments en-
hanced by factors of 1, 2, and 4 times the base-
line (Z3). These enhancement factors were chosen
to span the range of abundance excesses we
found for elements with 44 < Z < 47 and 63 <
Z < 78 in the stars with the highest levels of

3 of 4

$202 ‘60 1oquaydog uo AJsioAru() 03e)S ueSIyoIAl Je S10°00UdI0S MMM //:sd)Y WOILJ POPEOTUMO(]



RESEARCH | RESEARCH ARTICLE

[Eu/Fe]. We found that fission fragmentation
could explain the elements with the largest
observed excesses, including Pd, Ag, Gd, and
Yb (13). We estimate that up to half of stars
known to have -3.0 < [Fe/H] < -1.5 could
have contributions from fission fragments (73).
Because the stars in our sample are old, this
rate of fission-affected abundances is a prop-
erty of the dominant r-process site in the early
Universe.

We conclude that fission fragments of trans-
uranic nuclei can explain the correlations we
found between elements with 44 < Z < 47 and
63 < Z < 78. We investigated whether the ob-
served behavior could be reproduced by other
known nucleosynthesis processes—including
the weak or main s-process, intermediate
neutron-capture process, or weak r-process—
but found that it cannot (supplementary text).
Nor can it be explained by the actinide-boost
phenomenon, which has previously been ob-
served in some 7-process-enhanced stars (sup-
plementary text and fig. S6).

Many of the radioactive, neutron-rich nuclei
produced during the r-process are inaccessible
to laboratory experiments, so theoretical mod-
els are necessary to estimate their properties
by extrapolating from more stable isotopes.
Models predict that many of these nuclei have
asymmetric fission fragment distributions,
with a lighter peak and a heavier peak (13, 25).
We propose that the lighter fragments likely
contribute to the Ru, Rh, Pd, and Ag abun-
dances in our dataset. Neutron-rich nuclei
with mass numbers 99 < A < 110, produced
directly through fission, are expected to ex-
perience B decay until they become the ob-
served elements (26). If we assume that the
heavier fragments contribute to the Eu and
heavier elements (4 > 150) in our sample, then

Roederer et al., Science 382, 1177-1180 (2023)

nuclei with 4 > 260 (110 + 150) were produced
in the r-process.
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