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ABSTRACT

Aims. Various nucleosynthesis studies have pointed out that the r-process elements in very metal-poor (VMP) halo stars might have
different origins. By means of familiar concepts from statistics (correlations, cluster analysis, and rank tests of elemental abundances),
we look for causally correlated elemental abundance patterns and attempt to link them to astrophysical events. Some of these events
produce the r-process elements jointly with iron, while others do not have any significant iron contribution. We try to (a) characterize
these different types of events by their abundance patterns and (b) identify them among the existing set of suggested r-process sites.
Methods. The Pearson and Spearman correlation coefficients were used in order to investigate correlations among r-process elements
(X,Y) as well as their relation to iron (Fe) in VMP halo stars. We gradually tracked the evolution of those coefficients in terms of the
element enrichments [X/Fe] or [X/Y] and the metallicity [Fe/H]. This approach, aided by cluster analysis to find different structures
of abundance patterns and rank tests to identify whether several events contributed to the observed pattern, is new and provides deeper
insights into the abundances of VMP stars.

Results. In the early stage of our Galaxy, at least three r-process nucleosynthesis sites have been active. The first two produce and eject
iron and the majority of the lighter r-process elements. We assign them to two different types of core-collapse events, not identical
to regular core-collapse supernovae (CCSNe), which produce only light trans-Fe elements. The third category is characterized by a
strong r-process and is responsible for the major fraction of the heavy main r-process elements without a significant coproduction
of Fe. It does not appear to be connected to CCSNe, in fact most of the Fe found in the related r-process enriched stars must come
from previously occurring CCSNe. The existence of actinide boost stars indicates a further division among strong r-process sites. We
assign these two strong r-process sites to neutron star mergers without fast black hole formation and to events where the ejecta are
dominated by black hole accretion disk outflows. Indications from the lowest-metallicity stars hint at a connection with massive single

stars (collapsars) forming black holes in the early Galaxy.
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1. Introduction

The origin of the heavy elements beyond iron and up to the
actinides is still one of the not clearly answered questions
of modern physics. Since the early geochemical abundance
determinations of Suess & Urey (1956), the seminal works of
Burbidge et al. (1957) and Cameron (1957), and the neutron
shell-structure investigations of the nuclear chemistry community
(Coryell 1953, 1961), much effort has been made to understand
the mechanisms and the sites that forge the chemical elements.
Much progress has been made since then for the light and
intermediate mass elements (e.g., Matteucci & Greggio 1986;
Timmes et al. 1995; Kobayashi et al. 2006, 2020; Nomoto et al.
2013). While the pioneering papers of Burbidge et al. (1957) and
Cameron (1957) laid out the underlying nuclear physics of the
rapid neutron capture r-process responsible for the heaviest ele-
ments in the Universe, the site was still unclear. Many years
of improving nuclear input, astrophysical modeling, observa-
tional efforts, and interpreting the isotopic composition of mete-
oritic grains followed (see e.g., Seeger et al. 1965; Hillebrandt

1978; Kratz 1988; Cowan etal. 1991, 1999, 2021; Kratz et al.
1993, 2007; Hoffmanetal. 1997; Freiburghausetal. 1999a;
Pellin et al. 1999, 2006, Pfeiffer et al. 2001; Arnould et al. 2007,
Mbller et al. 2003; Qian & Wasserburg 2007; Farouqi et al. 2010;
Roederer et al. 2010; Thielemann et al. 2011; Kratz et al. 2014;
Hill et al. 2017; Ott 2017). Only in recent years have a num-
ber of concrete proposals for producing the heaviest nuclei in
nature come forward. These include neutron star mergers (e.g.,
Freiburghaus et al. 1999b; Rosswog et al. 1999, 2018; Just et al.
2015; Bauswein et al. 2017; Thielemann et al. 2017), magneto-
rotational and other jet supernovae (e.g., Winteler et al. 2012;
Mosta et al. 2015, 2018; Nishimura et al. 2017; Reichert et al.
2021; Grichener et al. 2022), and collapsars (e.g., Siegel et al.
2019; Siegel 2019). The first site is related to stellar evolution
(and explosions) in binary systems', while the latter two options
are both related to the final collapse of massive stars. The original

! Compact binaries can also be assembled dynamically

(Benacquista & Downing 2013), but recent studies (Ye et al. 2020)
conclude that the contribution to the overall merger rate is very small.
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idea was that regular core collapse supernovae could be respon-
sible for a strong r-process, that is to say reproducing solar
r-process abundances (e.g., Woosley et al. 1994; Takahashi et al.
1994), also up to the heaviest nuclei, within a high-entropy wind
(e.g., Farouqi et al. 2010). Recent supernova simulations, how-
ever, do not support such high entropies and it seems that, if at all,
supernovae could only lead to a weak r-process, not producing the
heavy r-process nuclei in solar proportions (Roberts et al. 2012;
Martinez-Pinedo et al. 2012, 2014; Wu et al. 2014; Mirizzi et al.
2015; Fischer et al. 2020a). Other options for a weak r-process
include so-called electron capture (EC) supernovae (Wanajo et al.
2011) that originate from progenitor stars in the mass range from
8—10 M, (but see recent investigations arguing for their possi-
ble nonexistence, e.g., Jones et al. 2016; Kirsebom et al. 2019a).
Very recently, quark-deconfinement (QD) supernovae have been
suggested (Fischeretal. 2020b) as another weak r-process
scenario.

While most of the suggested sites are based on modeling
alone (possibly permitting indirect identifications in low metal-
licity stars), only neutron star mergers are robustly, and by direct
observations of the event itself, connected to r-process produc-
tion. The follow-up of the gravitational wave event GW170817
(Abbott et al. 2017) revealed strong electromagnetic emission in
the aftermath of the merger (Kasliwal et al. 2017; Evans et al.
2017; Villar et al. 2017; Kilpatrick et al. 2017) and showed,
in particular, the expected signatures of an r-process pow-
ered kilonova. The decay of its bolometric light curve agreed
well with the expectations for radioactive heating rates from
a broad range of r-process elements (e.g., Metzger et al. 2010;
Rosswog et al. 2018; Zhu et al. 2018; Metzger 2019); therefore,
there cannot be a reasonable doubt that neutron star mergers
are indeed a major r-process source. The blue emission, which
was observed after one day, points to the production of a light
(lanthanide-free) r-process (Evans et al. 2017), while the late
(~1 week) red emission is the natural expectation for heavy
(lanthanides and beyond) r-process ejecta. This heavy r-process
is the unavoidable result of decompressing neutron star mat-
ter from its initial, very low (Y. < 0.1) B-equilibrium elec-
tron fraction (Lattimer et al. 1977; Freiburghaus et al. 1999b;
Korobkin et al. 2012) and it is also supported by observational
evidence from late-time near-infrared observations (Wu et al.
2019; Kasliwal et al. 2022). The early blue emission, in turn,
shows that a substantial fraction of the ejecta has been repro-
cessed via weak interactions to larger Y. values, which resulted
in a light, lanthanide-free r-process (for the variation in nucle-
osynthesis conditions, see e.g., Wanajo et al. 2014; Just et al.
2015; Martin et al. 2015; Wu et al. 2016; Bauswein et al. 2017,
Miller et al. 2019). This is also supported by the identification
of the light r-process element strontium (Watson et al. 2019). In
summary, there is strong evidence that this neutron star merger
event has produced at least a broad, and maybe the whole,
r-process range. However, based on the observed lanthanide
fraction Xp,, Jiet al. (2019) found that, at least for the neutron
star merger GW170817, this does not represent a typical solar
r-process pattern.

Observations of low metallicity stars indicate the exis-
tence of a weak r-process site (see e.g., Honda et al. 2006,
2007; Hansen et al. 2012), while most r-process enhanced
stars show a solar r-process pattern (e.g., Sneden et al. 2008;
Hansen et al. 2018). This goes together with a variation in the
Sr/Eu ratio, for example, ranging from about 1120 down to
0.5 (Hansen et al. 2018), and indicating the different decline
in the abundance curve as a function of A. (This led to sug-
gestions for the contribution from different r-process sites,

A70, page 2 of 43

explaining abundance features of light r-process elements such
as Sr, Y, Zr, Mo, Ru, Ag, and Pd, see e.g., Cowan et al.
1999; Kratz et al. 2007; Montes et al. 2007; Qian & Wasserburg
2007; Farougqi et al. 2009; Hansen & Primas 2011; Hansen et al.
2014a,b; Mishenina et al. 2019.) Some of the r-process enriched
stars show an ““actinide boost”, that is their Th or U to Eu ratio
is supersolar (e.g., Roederer et al. 2010; Holmbeck et al. 2018,
2019). If interpreted as having been born with a solar-type 7-
process pattern, their age determination would lead to absurd
results (Cowan et al. 1999; Schatz et al. 2002; Hill et al. 2002,
2017; Kratz et al. 2004; Roederer et al. 2009; Hayek et al. 2009;
Mashonkina et al. 2014; Holmbeck et al. 2019). Another result
from the observation of low metallicity stars is that especially
Eu, with reasonably easy to detect spectroscopic features, shows
a large scatter in comparison to Fe, which is much larger than
the alpha elements (from O to Ti) which go back to core-collapse
supernova nucleosynthesis (e.g., Hansen et al. 2018). This points
to the strong r-process being a very rare event, occurring with
a frequency smaller than that of supernovae by a factor of 100
to 1000. This is also underlined by the detection and nondetec-
tion of 2*Pu in deep-sea sediments (e.g., Wallner et al. 2015;
Hotokezaka et al. 2015).

Summarizing the discussion above: we have a number of
suggested r-process sites, but only one of them is proven by
a direct observation of the explosive event. Observations of
low metallicity stars show essentially three types of patterns,
a weak or limited r-process, a strong solar-type r-process, and
an actinide-boosted r-process (in some publications, this is also
referred to as a weak, main, and strong r-process). Whether
the latter two types are produced in different sites or a result
of variations within the same site (e.g., neutron star mergers)
is still debated. The question is now how such observations
can point back to the r-process sites, and whether it is possi-
ble to identify features which can provide additional insight. A
promising approach is to look for correlations among different
elements, which might directly identify the nucleosynthesis of a
specific site (see e.g., Barklem et al. 2005; Francois et al. 2007;
Mashonkina et al. 2007; Kratz et al. 2008). Cowan et al. (2005)
compared the abundances of Fe, Ge, Zr, and r-process Eu in low
metallicity stars. They found a strong correlation of Ge with Fe,
indicating the same nucleosynthesis origin (core-collapse super-
novae), a weak correlation of Zr with Fe — indicating that other
sites than regular core-collapse supernovae (without or low Fe-
ejection) contribute as well —, and no correlation between Eu
and Fe, essentially pointing to a pure r-process origin with neg-
ligible Fe-ejection. More recent data from the SAGA and JINA
databases (Suda et al. 2008; Abohalima & Frebel 2018) permit a
correlation between Eu and Fe for [Eu/Fe] < 0.3, that is for stars
with lower than average r-process enrichment. If interpreted in a
straightforward way, this would point to a negligible Fe/Eu ratio
(in comparison to solar ratios) in the major r-process sources,
while a noticeable coproduction of Fe with Eu is possible in less
strong r-process sources, for example with a weak r-process.
Such cases could again be identified with the limited-r entry in
observations (Hansen et al. 2018).

In the upcoming sections, we concentrate on studying cor-
relations among different r-process elements, as well as the
relation to Fe (a supernova product), with the aim to obtain
additional indicators for the responsible r-process sites. In the
Appendices A-C, we briefly summarize basic statistical con-
cepts, such as the Pearson and Spearman correlation coeffi-
cients, the coefficients of determination of a linear regressions,
the effects of superpositions of data sources via rank tests that
we use to analyze such correlations, and tests for a clustering
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of correlations. Sections 2—5 apply these tools to low metallicity
star observations from light trans-Fe elements via the lanthanides
to elements of the third r-process peak and up to actinides. In
Sect. 6 we summarize these findings and attempt to link the
observational features to the suggested sites via their predicted
abundance features from existing models. We further use statis-
tical tools to estimate the frequencies of these individual event
sites, before presenting our conclusions in Sect. 7. Appendix D
presents an analysis on how the galactic evolution of alpha ele-
ments, often addressed in chemical evolution studies, differs
from the behavior of r-process elements in low metallicity stars.

2. Observed r-process abundance patterns in very
metal-poor halo stars and the use of statistical
methods to test for correlations

2.1. The early evolution of galaxies

Before starting to analyze abundance patterns in very low-
metallicity (VMP) stars, we would like to provide a rough
overview of galactic evolution, especially whether one has to look
at different phases (in time and metallicity) in order to interpret
observed features correctly (see Fig. 1). The production of Fe
in the early Galaxy goes back to the explosions of fast evolving
massive stars, dominated by core-collapse supernovae (CCSNe).
Signs of Fe can be found already in the metallicity range [Fe/H]
down to —5:--—4 and below. At higher metallicities, closer
to —1, also explosions of thermonuclear supernovae (SNe Ia)
start to contribute with a delay due to the longer evolution
of low and intermediate mass stars, potentially combined with
effects from mass transfer in binary systems once a white dwarf
has formed (Matteucci & Greggio 1986; Dan et al. 2011, 2012;
Matteucci 2012; Timmes et al. 1995; Kobayashi et al. 2006,
2020; Nomoto et al. 2013; Seitenzahl et al. 2014; Maoz et al.
2014). Many of these analyses were obtained with classical chem-
ical evolution methods, often utilizing the instantaneous mixing
approximation (IMA). In such a well mixed interstellar medium
the metallicity evolution [Fe/H] is a clear function of time, that is
a direct mapping between [Fe/H] and time exists. This, however,
is very likely not an appropriate description in the very early evo-
lution of galaxies when only pockets of the ISM are polluted by
explosions (of possibly different types of events). The early evo-
lution of the Galaxy has been discussed since the 1990s by a num-
ber of authors (see e.g., Audouze & Silk 1995; McWilliam et al.
1995a,b), pointing to the breakdown of the instantaneous mix-
ing approximation IMA below [Fe/H] ~ —2.5 when the imprint
of individual explosive events can be seen.

The well established field of inhomogeneous galactic evo-
lution simulations, developed for these very early phases,
draws a clear picture how to follow the evolution of ele-
ment abundances in the Galaxy (see e.g., Wehmeyer et al.
2015; Cescutti et al. 2015; van de Voort et al. 2020; Kobayashi
2016; Kobayashi et al. 2020), generalized, for example, by
Ishimaru et al. (2015) and Ojima et al. (2018) for faint dwarf
galaxies as building blocks of galactic evolution with varying
star formation histories and outflows due to weak gravity (see
for latest improvements also van de Voort et al. 2022). After a
pristine gaseous medium in galaxies is inherited from the big
bang, the first explosive events from stellar sources contribute in
polluting the gas. This is different from simplified IMA galactic
evolution approaches, that assume the immediate mixing of the
ejecta with the whole galaxy. The paper by Ryan et al. (1996)
suggests that a supernova blast wave mixes with the surrounding
medium until the ram pressure stops the shock wave. For typical

ISM densities, an explosion energy of a supernova of 1 Bethe
(10°! erg), and 0.2 M, of Fe ejecta this led to [Fe/H] =-2.7 in
the mixed supernova remnant (of about 7 x 10* M), for 0.1 M,
of Fe this comes close to —3. This is the metallicity in the super-
nova remnant and can of course vary somewhat with the local
environment conditions. Assuming that such events trigger new
star formation, these newly born stars come with a pollution. The
remnant value (i.e., a star born completely out of remnant matter)
would be the extreme (highest) metallicity case with which the
next generation of stars would be born, a 10% pollution would
lead to [Fe/H] = —4 and a 1% pollution to —5. This general pic-
ture led to the interpretation of such low metallicity stars as
pointing back to the abundance pattern of the specific event that
polluted the related protostellar cloud. This is also the approach
that we initially follow in our analysis, similar to many other
efforts (see e.g., Norris et al. 2007, 2012; Frebel & Norris 2015;
Frebel 2018; Yong et al. 2021). Of course, not only supernovae
take place in galaxies, after SN explosions in a binary system
neutron star mergers can occur, ejecting their r-process material.
Montes et al. (2016) came to the conclusion that the neutron star
merger ejecta are mixed with similar amounts of the ISM as in
the case for CCSNe. The question which remains is whether the
merger ejection takes place in the region where the previous SNe
took place (i.e., inheriting already Fe from these SNe) or neutron
star kicks from the SN explosion pushed the system into a pris-
tine place (excellently analyzed by van de Voort et al. (2022);
see also Fig. 23 below). Macias & Ramirez-Ruiz (2019) ana-
lyzed collapsars in this respect. There has been a debate when (in
terms of metallicity) the impact of neutron star mergers shows
up. In general, the above mentioned early literature for inho-
mogeneous galactic evolution models saw their imprint only at
metallicities of about —2.5. The inclusion of faint dwarf galax-
ies as building blocks with varying star formation rates and out-
flows (of for instance Fe) in low gravity environments could also
push their imprint back to about —3 (see Ishimaru et al. 2015;
Ojima et al. 2018; van de Voort et al. 2022).

But to make a long story short, one will first have pockets in
the ISM (involving also new star formation) polluted by specific
events. If all these events would be of the same type, one would
find different levels of pollution (admixtures) in newly formed
stars by only one category of events with a specific abundance
pattern, leading to the same element ratios in all of these pockets
(within the relatively small variations for each event type). This
causes strong correlations, that is linear relations between the
different elements. If one has (more realistically) different types
of events, there would be different “clusters” of element abun-
dance patterns, which, however, individually could be analyzed
in a similar way by correlations. This behavior will experience a
transition to an averaging over all types of events when (a) the
total number of all different types of events in a given region per-
mits an overall averaging or (b) this averaging is caused by gas
mixing or (c) a combination of both cases (a) and (b). In between
there will be a transition region where several events contributed,
but no complete mixing or averaging has taken place yet. Rank
tests for the observed element abundances permit to analyze
whether one or more categories of events have contributed to
the individual elements.

In the case that a well mixed phase has been approached,
constant ratios among element abundances, even for those stem-
ming from different types of events, will be obtained and look
like a correlation. However, these are spurious correlations
which should not be confused with real correlations as found
in abundances patterns originating from the coproduction of ele-
ments in one type of events. As already pointed out in the last
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Fig. 1. Nucleosynthesis at very low metallicities. Sketch of various nucleosynthesis and potential r-process sources within the early galactic
interstellar medium, when only a few of such events have occurred. New star formation sites, inheriting the local interstellar medium composition,
which is polluted to varying degrees by the remnant sites, are displayed as yellow stars. The figure also takes into account that neutron stars,
produced in CCSN explosions, are in many cases kicked out of their supernova remnants (see also our Fig. 23).

paragraph of the introduction, the Appendices A—C summarize
the basic statistical concepts which we utilize with respect to cor-
relations, cluster analysis, and rank test, to identify the behavior
discussed above during different phases of galactic evolution.
After we discuss the statistical analysis of many r-process ele-
ments up to Sect. 5, the implementation of the related find-
ings with existing model predictions for ejecta are the focus of
Sect. 6. We also present in Appendix D an analysis how the
galactic evolution of alpha elements, often addressed in chem-
ical evolution studies, differs from the behavior of r-process ele-
ments in low-metallicity stars.

2.2. The variety of r-process abundance patterns in
low-metallicity stars

In this paper, we want to investigate whether and how the abun-
dances of different elements in very metal-poor (VMP) and
extremely metal-poor (EMP) halo stars can point back toward
their originating astrophysical site. Here, we compare abun-
dance patterns, similar attempts with the aim to identify key
components and nucleosynthesis sites contributing to galactic
evolution have been undertaken before with different methods
(e.g., Ting etal. 2012). In addition, we want to use correla-
tions between elements to interpret whether they originate from
identical or different sources. But before addressing these ques-
tions with statistical methods we want to first have a look at
these patterns and identify elemental features which can help in
these investigations. Over the past decades, thousands of VMP
(and EMP) halo stars with [Fe/H] < —2 have been detected in
the galactic halo and several dwarf galaxies by a number of
large-scale surveys, for example, a series of papers resulting
from the HK survey (Bonifacio et al. 2000; Roederer et al. 2014,
and references therein), the Hamburg-ESO survey (Hill et al.
2017, and references therein), up to the r-process Alliance sur-
veys (Hansen et al. 2018; Sakari et al. 2018; Ezzeddine et al.
2020; Holmbeck et al. 2020). For the further discussion it is
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important to consider that the so-called solar r-process abun-
dances, obtained by subtracting solar s-process abundances from
solar abundances (see e.g., Arlandini et al. 1999; Képpeler et al.
2011; Prantzos et al. 2020), might combine a number of differ-
ent contributions. Especially the light trans-Fe elements such
as Sr, Y, Zr, and possibly beyond seem to have also other
origins aside from the typical r-process (Travaglio et al. 2004;
Frohlich et al. 2006; Farouqi et al. 2009; Hansen et al. 2012,
2014a; Eichler et al. 2018; Akram et al. 2020) which might be
attributed to regular core-collapse supernovae. When looking at
the SAGA database (only for Milky Way stars) in this metallic-
ity window, one recognizes that one finds Fe and Sr detections in
1264 of them, but Fe and Eu detections only in 520 stars (com-
bined with a strong scatter in the Eu abundances). While this is
not a proof that Eu could not have been detected in all stars, it is
an indication that an r-process, producing the typical r-process
element Eu in detectable quantities, is less frequent than the
majority of light trans-Fe element producing events (including
Sr). However, from GW170817 we know that strong r-process
events such as neutron star mergers produce light r-process ele-
ments such as Sr as well (Watson et al. 2019).

For stars with a clear r-process contribution the [Eu/Fe]
ratio is an important indicator. Hansenetal. (2018) and
Roederer et al. (2014) introduced different ranges, [Eu/Fe] <0.3
for so-called incomplete or limited-r stars, which show appar-
ently a weak r-process (we discuss this below, also whether an
upper limit close to [Eu/Fe] =0-0.1 is more appropriate). Fur-
thermore so-called complete r-process stars (also called r-rich)
with subdivisions in r-I (0.3 < [Eu/Fe] < 1) and r-II ([Eu/Fe] > 1)
were introduced with these different r-process enrichments. One
very striking aspect of the incomplete stars is the nonobserva-
tion (among existing data) of the third r-process peak elements
(Z > 72), including also Pb and the actinides such as Th and U.
Another feature of those stars is the gradual depletion of the ele-
ments beyond Zr (Z = 40). The ratio of Sr and Eu in those stars
is at least ten times higher than in the complete stars, whereas
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Fig. 2. Abundance ratio scatter with metallicity and r-process enrichment. Left panel: [Eu/Fe] ratios of all Milky Way and several dwarf galaxy
stars with Eu detections from the SAGA Database as a function of metallicity [Fe/H]. An enormous scatter of more than two orders of magnitude
exists for [Fe/H] < —2. Right panel: individual linear Sr/Eu ratios for all stars with [Fe/H] < —2.5 as a function of [Eu/Fe], which represents the

r-process enrichment. A drastic reduction is seen for [Eu/Fe] > 0-0.3.

the ratio of Sr, Y and Zr among each other is roughly the same in
both categories (Mashonkina et al. 2007; Kratz et al. 2008). This
behavior will later be discussed in more detail in comparison to
the complete r-process stars.

The whole sample of observed [Eu/Fe] values is plotted in
Fig. 2 (left panel) based on the SAGA database (Suda et al.
2008). We see at low metallicities a huge scatter before at about
[Fe/H] ~ -2 an averaging over possibly many different events
sets in. This has been discussed widely as an indication for a
rare r-process site (e.g., Wehmeyer et al. 2015; Cescutti et al.
2015; Haynes & Kobayashi 2019; van de Voort et al. 2020) with
a highly efficient ejection of r-process matter in order to repro-
duce in total the overall solar r-process abundances, which deter-
mine the product of ejected mass and event frequency (e.g.,
Hotokezaka et al. 2015; Rosswog et al. 2017). We see below that
this argument applies surely for the strong or complete r-process
stars (r-I and r-II), while the limited-r stars could go back to more
frequent and less efficient events (for a detailed discussion of
these considerations see e.g., Hansen et al. 2012; Cowan et al.
2021). However, the situation is likely more complex than just a
division in limited-r and rare complete r-process events.

Based on the discussion in the previous subsection, in the
further analysis, we concentrate on the low-metallicity stars with
[Fe/H] < -2.5, with the initial hypothesis that they experienced
probably only one prior r-process pollution. If only one event
contributed to the heavy r-process pattern, one can thus iden-
tify correlations as coproduction of the observed elements in the
same site. Whether this hypothesis can be kept throughout our
analysis will be tested in a continuous fashion. What can be real-
ized is that in addition to the observed scatter at low metallici-
ties, there seems to exist also a change of abundance patterns as
a function of [Eu/Fe], as seen in Table 1 which provides the aver-
age Sr/Eu ratio as a function of observed [Eu/Fe]. From limited-r
stars to complete r-process stars there exists a drastic change in
the Sr/Eu ratio, indicating a real change in the r-process strength.

This important indicator for the strength of the r-process
is also shown in Fig. 2 (right panel) for individual stars (with
metallicity [Fe/H] <—-2.5). Table 1 shows a strong division
between limited-r stars and complete r-process stars, a ratio of
St/Eu > 300 is found in stars with [Eu/Fe] up to 0-0.1, a ratio
>150 up to 0.3 (coinciding with early definitions of the above
mentioned division between limited-r and r-I stars), a ratio of

Table 1. Trend of St/Eu with r-process enrichment [Eu/Fe].

[Eu/Fe] -Range #Stars Mean
from to (Sr/Eu)
-0.64 -0.44 4 550
-043 -0.23 13 291
-0.22 -0.02 24 331
-0.01 0.19 45 212
0.20 0.40 34 144
0.41 0.61 42 114
0.62 0.82 28 124
0.83 1.03 18 59
1.04 1.24 17 79
1.25 1.45 10 40
1.46 1.66 11 29
1.67 1.92 11 34

Notes. Available star data from the SAGA database in selected [Eu/Fe]-
ranges and their mean of the corresponding (Sr/Eu)-ratios.

>100 up to 0.6, and a ratio >60 up to 0.8 (close to the previously
mentioned division between r-I and r-II-stars). These changes
in Sr/Eu as a function of [Eu/Fe] (but also for Y, Zr, and with
some indications also for Pd and Ag) have been reported previ-
ously in Montes et al. (2007). The linear scale of Fig. 2, right
panel, shows a decline by almost three orders of magnitude.
Given this strong change of Sr/Eu from limited-r to complete
r-process stars and the additional fact that in the limited-r stars
no elements from the third r-process peak as well as no actinides
have been detected, that is to say, if existing, their abundances are
below the detection limit, this underlines that the weak r-process
pattern requires different processing conditions. This argues for
a different stellar site in comparison to the pattern in complete
r-process stars. We return to the issue later as to why an appar-
ently continuous decline across limited-r, r-I, and r-II stars, if
plotted as an logarithm of [Sr/Eu], is found in Montes et al.
(2007). That for the lowest metallicities in Fig. 2 (left panel) one
finds low [Eu/Fe] <0.1, that is weak r-process stars could also
indicate that these events might already occur earlier or more
frequently in galactic evolution. When taking a careful look at
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Fig. 2 (right panel) even two subgroups of limited-r stars could
possibly be identified. For the complete r-process stars only a
gradual decline can be observed. It indicates a continuous, but
not that drastic, change in r-process strength, and whether the
division in r-I and r-II stars is actually related to different sites
or only a range of possible conditions in the same site seems not
that clear.

Before going into further details about the variations
observed in elemental r-process abundances in very metal-poor
stars, we present an overview plot in Fig. 3 (left panel), show-
ing the abundance pattern of four typical stars: an incomplete
(also termed r-poor or limited-r) star, and three r-enriched stars
of different magnitude (with the above definitions including one
r-I and two r-II stars, the second also with an actinide boost).
The figure is normalized to Fe. It is interesting to see that, with
the exception of the lighter elements up to N, they show a very
similar abundance pattern up to Fe and Ge, before diverging
strongly for the heavy elements. While the different behavior of
the limited-r star in comparison to the complete stars is striking,
we can also recognize variations in the r-process strength for the
three complete r-process stars. In the remainder of the paper, we
discuss the possible origins of the observed abundance patterns.
In the following subsection, we first examine statistical correla-
tions and concentrate on the correlations of Fe with Eu before
extending this analysis across the nuclear chart.

2.3. Afirst look at correlations

In order to understand the difference between the variety of
observed abundance patterns, we tracked the linear correlations
between two arbitrarily chosen chemical elements, X and Y.
Appendix A describes how to determine Pearson and Spearman
correlation coefficients (PCCs and SCCs). They both range from
(a) negative values (—1), over (b) 0, to (c) positive values (+1).
Case (a) describes a strong anticorrelation, that is, decreasing
values combined with increasing values of either X or Y, (c)
stands for a strong correlation, that is, changes with the same
sign for variables X and Y, and a value of (close to) 0 indicates
that there is (essentially) no correlation (case b). A PCC tests
a linear relationship of both elements, that is, a positive value
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indicates that a straight line with positive slope can be plot-
ted through the data points. A negative value indicates a neg-
ative slope. A small absolute value indicates a large scatter of
the data points around this straight line, an absolute value of 1
indicates that all data points are located on this line, that is, a
perfect linear relationship. This means that for +1 the ratio for
the two element abundances X and Y is constant, arguing for the
pollution by a nucleosynthesis site with these fixed abundance
ratios. An overall variation, scaling X and Y, however keeping
the same ratio, would just indicate a different amount of pollu-
tion by that specific site. The SCC tests only if there is a mono-
tonic change (increase or decrease) among both elements, which
does not have to be linear. It is also based on ranks (the inte-
ger numbers in the sequence of increasing values), which judges
absolute distances of a data point from a fit in a milder fashion.
Therefore, SCCs appear typically to indicate a better correlation
than PCCs. Such correlation tests can provide a deeper insight,
in general or within selected metallicity ranges [Fe/H] or ele-
ment enrichment intervals [X/Fe], if one wants to analyze, for
example, the relation of element X with Fe at different metal-
licities. For the reasons discussed in Sect. 2.1 it is most helpful
to analyze such correlations at very low metallicities, where we
expect that the nucleosynthesis additions to protostellar clouds,
out of which the next stellar generation is born, go only back to
one or very few events. As an example we choose Fe and Eu
and calculate the PCCs for different [Fe/H] and [Eu/Fe] ranges.
Selected results are given in Tables 2—4 (see also Fig. 3, right
panel), which also indicate the strengths and weaknesses of uti-
lizing correlations and how to apply them intelligently.

In Table 2 we analyze the (Pearson) correlation between Fe
and Eu for all stars with low metallicities ([Fe/H] < —2.5), depen-
dent on intervals of [Eu/Fe] bounded by a given upper value but
open to low values. It seems that we first see a very high correla-
tion which decreases continuously down to a value of 0.14, that
is, a very weak or negligible (or essentially no) correlation. This
behavior can be easily explained. If we have a look at Fig. 2
(left panel) one can see that choosing initially quite low upper
limits for the [Eu/Fe] interval means that only a small range of
Eu/Fe ratios is considered, as there exist essentially no stars with
[Eu/Fe] < —0.65. This results in a narrow range of Eu/Fe ratios
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Table 2. Trend of Pearson correlation coefficients with r-process
enrichment.

[Eu/Fe] < PCC Assoc. strength  #Stars

-0.50 0.99 Very strong 7
0.00 0.88 Very strong 52
0.30 0.81 Strong 116
1.00 0.55 Moderate 230
1.50 0.35 Weak 258
2.70 0.14 Very weak 282

Notes. Selected PCCs for Fe and Eu in different [Eu/Fe] ranges for stars
with [Fe/H] < -2.5.

Table 3. Trend of Pearson correlation coefficients within given star
regimes.

Star type PCC Assoc. strength  #Stars
lim.-r [Eu/Fe] <0.0 0.88 Very strong 52
lim.-r [Eu/Fe] <0.3 0.81 Very strong 116
r-1 0.65 Moderate 115
r-11 0.34 Weak 51
r-1 & r-11 0.15 Very weak 166
All stars 0.14 Very weak 282

Notes. Selected PCCs for Fe and Eu in different [Eu/Fe] ranges for stars
with [Fe/H] < 2.5.

for stars in this selected [Eu/Fe] interval and therefore an almost
linear relationship between these two elemental abundances. If
one increases the upper [Eu/Fe]-limit, the interval considered
becomes continuously larger, up to the point where the full scat-
ter of more than three orders of magnitude is covered (for the
same [Fe/H]-range <—2.5). This means that essentially no cor-
relation is found, consistent with the old finding that Eu and Fe
are not correlated and the main r-process site produces r-process
elements efficiently but no or only negligible amounts of Fe.
Only if we have a reasonable argument that different sub-
groups can be considered separately could we treat these indi-
vidually. This is, for example, the case for limited-r stars
([Eu/Fe] < 0) with the very high and quite different Sr/Eu ratios
as well as nondetected third r-process peak elements. This
behavior points to a distinct astrophysical site and we can ana-
lyze their Eu and Fe correlations separately. Table 3 indicates a
strong correlation of Eu and Fe, that is, a coproduction of Eu and
Fe in limited-r stars (and when considering Fig. 2, right panel,
one can even argue for a subdivision among stars below and
above [Eu/Fe] =-0.3). We also provide correlation values for
the [Eu/Fel-intervals of r-1, r-II, and r-I & r-II stars. However,
beyond the kind of schematic interval division for r-I, r-II stars,
it is not yet clear whether there exist convincing arguments that
they are related to separate sites, rather than being variations of
r-process strength in a typical strong r-process site. Thus, for the
moment, we regard the separate table entries for r-I and r-II as
not conclusive and treat the whole set of r-process enriched stars
as a site that is essentially not correlated with Fe production.
Table 4 and also Fig. 2 (left panel) highlight a different aspect
of interpreting low-metallicity star observations. The window in
[Fe/H], where we can analyze the abundance patterns (and their
correlations) of individual (r-process) polluters or nucleosynthe-
sis sites, is probably limited to the interval <—2.8 or at most —2.5
(see our discussion of inhomogeneous galactic chemical evolu-

Table 4. Trend of Pearson correlation coefficients within metallicity
regimes.

[Fe/H] < PCC Assoc. strength  #Stars
-2.8 0.17 Very weak 109
-2.5 0.22 Weak 213
-2.0 0.22 Weak 362
-1.0 0.57 Moderate 552

0.0 0.84 Very strong 1549

Notes. Selected PCCs of Fe and Eu in different [Fe/H] ranges (for all
[Eu/Fe]-values).

tion in Sect. 2.1). For larger [Fe/H] values we see the averaging
contributions of many nucleosynthesis sites with a decreasing
scatter of Eu/Fe, while Fe/H is enriched mainly by supernovae
(early on by massive stars resulting in CCSNe, later on also
by type Ia supernovae originating from binary systems). In the
metallicity ranges [Fe/H] > -2, the metallicity starts to become
a measure of the time over which galactic evolution has taken
place. In parallel to the enhancing [Fe/H] ratios, due to super-
novae contributing to galactic evolution, also r-process sites con-
tribute heavy elements, for example Eu, as a function of time. In
a well mixed interstellar medium, occurring after a while due
to many different contributors as well as mixing mechanisms
in the Galaxy, an averaged Eu/Fe ratio (with decreasing scat-
ter) emerges, which is close to constant for metallicities rang-
ing from [Fe/H] = -2 up to —1 (see e.g., Cowan & Thielemann
2004; Hansen et al. 2018). This constant Eu/Fe ratio is not due to
coproduction in one specific site with that ratio, it is just a mean
measure of what different sources contribute during galactic evo-
lution. Therefore, Eu increases linearly with Fe (and galactic
evolution time) under these circumstances, and we see an appar-
ently stronger correlation emerging with increasing metallicity.
For [Fe/H] > —1 type la supernovae start to contribute strongly to
the Fe production (and with less coproduced alpha elements than
in CCSNe). This has in chemical evolution the effect that [a/Fe]
decreases by about a factor of three with increasing [Fe/H]. The
same effect causes decreasing [Eu/Fe] observations in that metal-
licity interval. But while Eu/Fe is decreasing, because type la
supernovae lead to a stronger Fe-production, Eu is still also
increasing as a function of time or metallicity. The relation
between Eu and Fe has a different gradient, but is almost per-
fectly linear. In principle, this different gradient in the Eu/Fe ratio
above [Fe/H] = —1 would lead to a worse linear fit over the whole
metallicity range [Fe/H] <0 when data points would be equally
distributed. But as can be seen from the last entry in Table 4, two
thirds of the data points are located in the range —1 < [Fe/H] <0,
where a strong linear relation exists. For this reason we see also
here a continuing increase in linear correlations, which are, how-
ever, spurious correlations, not indicating at all the coproduction
in a specific site with a constant abundance ratio, but rather an
overall constant abundance ratio averaged over many contribut-
ing sites.

Figure 4 provides an additional examination of the [Eu/Fe]
observations in terms of correlation clusters (see Appendix C),
which leads to a further understanding of the results of Tables 2—
4. This method includes the possibility to look at correlations
as a function of [Fe/H] (as in Table 4) as well as a function of
[Eu/Fe] (see Tables 2 and 3) in a combined way. It can be noticed
that the 3-cluster correlation provides an identical analysis as
discussed in Table 4, the 7-cluster correlation also exhibits the
division into limited-r, r-I, and r-1I stars, combined with showing
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transition regions for the values in Table 4. This supports the
view that not only limited-r stars point to an independent weak
r-process source, but also that r-I and r-II stars seem to point to
different astrophysical origins of their abundance patterns. We
discuss these issues in more detail and with more elements in
the next sections. It is worth keeping in mind that a correlation
does not necessarily — in general — imply causality between two
entities, as was already outlined in the discussion of Table 4 and
the discussion at the end of the last paragraph, when looking at
Eu and Fe at higher metallicities. In a similar way Tables 2 and 3
have to be treated with care when only arbitrarily small [Eu/Fe]
ranges are considered. But with additional means, such as the
cluster analysis, convincing reasons can be obtained to relate
them to a category of stars with pronounced features, support-
ing to treat them separately. While the dominant astrophysical
origin of Fe is well-understood, the origin of r-process elements
such as Eu is still a matter of debate. This paper attempts to bring
more clarity to this issue. Table 4 and the discussion in Sect. 2.1
made clear that the method of trying to link correlations to copro-
duction of elements only works at lowest metallicities, where we
can look at patterns originating from only one (or at most a few)
site(s). With this constraint, the method outlined above clearly
enables the analysis of correlated abundance patterns, pointing
back to the nucleosynthesis processes of the contributing or pol-
luting site.

3. Correlations between Fe, Ni, Eu, and Th in very
metal-poor halo stars

In the following subsections, we first concentrate on the origin(s)
of Fe and Eu in the observed low-metallicity stars where both
elements are detected. This includes tests for correlations among
these elements, before analyzing a different behavior of the Fe-
group element Ni, and finally having a look at Th, a representa-
tive of the heaviest elements.

3.1. The degree of Eu correlation with Fe for the variety of
limited-r, r-I as well as r-Il stars

As discussed in Sect. 2, we utilize statistical correlation coefli-
cients to understand the origin of the different observed stellar
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abundance patterns with known Fe and Eu abundances. The lin-
ear elemental abundances of X and Y track linear correlations
such as the Pearson correlations better than log €(X) and log €(Y),
because the logarithm intrinsically distorts a true linear relation-
ship. Similar to Table 2, when analyzing correlations among Eu
and Fe, we pass through the list of stars from the smallest to the
largest [Eu/Fe] values, plotting the correlation values versus the
upper bounds of the corresponding [Eu/Fe]-intervals (which have
no lower bounds). Only stars with [Fe/H] < —2.5 are considered,
in order to (a) discard the Fe originating from type Ia supernovae,
to (b) avoid significant s-process contamination, and (c) pref-
erentially select stars which, according to the utilized hypothe-
sis outlined in Sect. 2.1, were born with the contamination from
only a single (or at most very few) nucleosynthesis site(s). The
abundances are taken from the Stellar Abundances for Galactic
Archaeology (SAGA?) database compilation of stars in the Milky
Way (Suda et al. 2008) or JINAbase® of the Joint Institute for
Nuclear Astrophysics (Abohalima & Frebel 2018). In each plot,
wherever possible, we indicate the positions of the following stan-
dard incomplete and complete stars (HD 122563, HD 115444,
(CS22892-052, and CS31082-001). These were already shown
with their abundance patterns in Fig. 3 and cover the range from
limited-r to r-enriched stars, via the r-I and r-II ranges, up to an
actinide boost.

The SAGA as well as JINA database contain more than 200
stars with [Fe/H] < —2.5 where Eu has been measured (avoiding
cases where only upper limits are given). Figure 3 (right panel)
shows the PCC and SCC curves for the correlation of the ele-
ments Fe and Eu in those stars, being equivalent to the entries
in Table 2, which, however, contained only the Pearson corre-
lation. As discussed already before, the correlation coefficients
obtained in such a way can include the danger of misinterpre-
tations, because starting with small [Eu/Fe]-intervals (resulting
therefore in a close to constant Eu/Fe ratio) leads naturally to
high linear correlations, while utilizing the whole [Eu/Fe] range
points clearly to vanishing correlations. Only clear knowledge
that a certain subgroup, such as the limited-r stars with their high
St/Eu ratios (see Fig. 2, right panel) must have a different stel-
lar origin than complete r-process stars, permits one to employ

2 http://sagadatabase.jp
3 http://jinabase.pythonanywhere.com


http://sagadatabase.jp
http://jinabase.pythonanywhere.com

K. Farougqi et al.: Correlation of the r-process elements

Table 5. Regression analysis of star data.

Regime Fepax/Femin  Eumax/Eumin ~ (Bu/Fe)min  (Eu/Fe)nax  Growth rate r # of stars
1 18 13 24x107% 501x1078 2.1 96% 9

2 36 46 51x10°8 2% 1077 3.9 70% 107

3 16 240 21x107  14x107 65 3% 170

Notes. Linear ratios, the growth rates, and the coefficients of determination (r?) of the linear regression of Eu and Fe within the three regimes

defined above.

a PCC analysis in the corresponding [Eu/Fe]-interval. Having
this precaution in mind, we utilize this method also for detect-
ing groupings or clusters among the higher [Eu/Fe] values. For
low, but increasing, [Eu/Fe]-values the correlation coefficients
remain initially at a high level in the limited-r stars regime. In
fact, we see very high PCCs (~0.98) until [Eu/Fe] ~ —0.32. This
regime corresponds to the first subgroup already noticed in Fig. 2
(right panel) with high Sr/Eu abundance ratios, and the relation
between Fe and Eu is still almost perfectly linear. Both curves
(PCCs and SCCs) are essentially identical and remain approxi-
mately also constant at a high level close to 0.8 for the second
subgroup up to [Eu/Fe] =0.0 (or even 0.3), with a slight change
in the trend around [Eu/Fe] = 0. However, beyond that limit they
start to diverge. Both coefficients show clearly that the correla-
tion between Fe and Eu decreases with increasing upper [Eu/Fe]
limits. Thus, generally three distinct regimes can be deduced
from Fig. 3 (right panel):

— The first regime with [Eu/Fe] <—-0.32 exhibits a constant
high correlation at roughly 1.

— The second regime with [Eu/Fe] between —0.3 and 0.3 (with
slight change in slope around 0) exhibits also a relatively
constant and still quite high correlation at roughly 0.80. In
regime 1 and regime 2 PCCs and SCCs coincide very well
with each other.

— The third regime with [Eu/Fe]>0.3 is characterized
by steadily decreasing and diverging PCC and SCC
values.

For all stars in the limited-r regime (i.e., for regimes 1 and 2)
Eu is increasing in a linear fashion with increasing Fe, while
for the complete stars Eu becomes (with strongly decreasing
correlations) not related to the Fe abundance, that is to say for
that regime 3 Eu and Fe seem to come from different sources
which both contributed already at these low metallicites of
[Fe/H] < -2.5. We want to address in more detail this striking
decrease of the PCC curve in the third regime at [Eu/Fe] >0.3.
In order to better understand the strong decrease of the (lin-
ear correlations measuring) PCCs in the third regime, we show
in Table 5 the ratios of maximum and minimum values within
the boundaries of the three regimes in [Eu/Fe], that is, Fenax
and Fepi,, Eupax and Eup;,, the minimum and maximum of
(Eu/Fe), the growth rates, and the coefficients of determination
(r%, the square of of the PCCs) of the linear regression (see
Appendix A.2 for a brief summary) for both elements within the
three regimes defined above.

The growth rate stands for the ratio of the maximum and
minimum value of the ratio of Eu and Fe, and r> quantifies the
quality of the linear fit of Eu as a function of Fe. It can also
be explained as the proportion of the variation of Eu that can
be explained by the variation of Fe in %. While in the first
and second regime (containing limited-r stars) the growth rate is
moderate with factors of 2.1 and 3.9 respectively (i.e., changing
the linear slope only slightly), it is very pronounced in the third

regime and forces the correlation coefficients to dramatically fall
from 0.8 to below 0.2. The corresponding 2 is only 3%, which
means that the relationship of both elements in that regime is
barely linear. Furthermore, the ratio of Euy,,x and Euy,, is more
than one order of magnitude higher than in the first two regimes,
whereas that of Fe,x and Fey,, is similar throughout the three
regimes. In summary, while for the limited-r stars of regimes 1
and 2 a high correlation between Eu and Fe exists, pointing to
a coproduction of both elements in the same event with a close
to constant ratio, it seems that an additional and very productive
source of Eu is contributing in the third regime, which produces
huge amounts of Eu and negligible amounts of Fe.

3.2. A correlation test related to Fe and Ni abundances for all
limited-r, r-1, and r-l stars

Similar to our analysis of Fe and Eu abundances we have also
calculated the PCC and SCC curves of Fe and Ni, with the result
shown in Fig. 5 (left panel). The relationship of Fe and Ni is very
different from that of Fe and Eu. Firstly, both correlation coeffi-
cients remain at a high level (>0.8), and secondly the divergence
of PCCs and SCCs for higher [Ni/Fe] values is very small in
comparison to the case of Fe and Eu. The linear relationship of
Fe and Ni is quite strong for all (i.e., the incomplete as well as the
complete) stars. Thus, for all stars at these low metallicities we
find in the SAGA Database an average [Ni/Fe] ratio of 0 (with
a scatter of up to a factor of three in comparison to three orders
of magnitude in [Eu/Fe]). This means that Ni increases close to
linearly with Fe. This different behavior of Eu/Fe versus Ni/Fe
requires an understanding.

The ratio Ni/Fe, displayed in Fig. 5 (right panel), shows a
variation or scatter of about a factor of three around the solar
value. This means that it does not reflect a perfectly linear rela-
tion with a constant ratio (as also indicated by the PCC of
0.8 over the whole range). But for both elements we expect at
low metallicities a dominant origin from explosive Si-burning
in core-collapse events, while for the high Eu/Fe values one
requires additional highly productive r-process sources with no
or negligible Fe production. This is underlined by the k-means
three cluster plot, which realizes for stars with [Fe/H] <-2.5
three clusters within the observed [Eu/Fe] variations, limited-
1, r-1, and r-1I stars, similar to the 7-cluster analysis of Fig. 4
(right panel) for the same metallicity range. This points once
more to different sites for Eu production, while the observed
variations in Ni/Fe for all these clusters need to be explained
by variations in the ejecta of core-collapse events of a similar
nature. Based on recent predictions by Curtis et al. (2019) and
Ebinger et al. (2020) (see their Fig. 9), for example, we expect
such variations within a factor of 2.65 around the solar value for
CCSNe, if we take into account that elemental Fe is essentially
determined by “Fe (decay product of *°Ni) and Ni is dominated
by *8Ni. The amount of °Ni varies directly with the supernovae
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Fig. 5. Correlation methods against clustering. Left panel: PCCs and SCCs of Fe and Ni in stars with [Fe/H] < —2.5. We see a high correlation for
the whole Ni/Fe range, including limited-r as well a r-I and r-1I stars, as indicated by the four sample stars. Right panel: Eu/Fe, ranging over three
orders of magnitude for all Milky Way stars with [Fe/H] < —2.5. While we see the [Eu/Fe] values grouped in three clusters in a (k-means) three
cluster plot, divided in limited-r stars, r-1, and r-1I stars, the Ni/Fe ratios display no correlation with [Eu/Fe].

explosion energy. The whole Fe-group, that is, also stable Ni iso-
topes, should vary in sync with the explosion energy and there-
fore also with °Ni, causing a correlation between Ni and Fe.
However, *®Ni shows a slightly erratic behavior and is also vary-
ing with the metallicity of the progenitor and might also reflect
slightly varying Y. values, due to weak interaction in the inner-
most ejecta. Thus, overall we expect the observed variation of
Ni/Fe as a result of the range of possible core-collapse progen-
itors with varying initial mass (which determines the explosion
mechanism) and metallicity. The relatively high values of the
PCCs and SCCs across the observed [Ni/Fe] range, underline
that for all stars a close to linear relation exists between the Ni
and Fe abundances, which is, however, not perfect, as the pro-
duction sites (core-collapse events) come with (although rela-
tively small) variations in the Ni/Fe ratio.

3.3. Strong and weak Eu contributions

The left panel of Fig. 6 shows the behavior of the Fe abundance,
when being plotted against [Eu/Fe]. The Fe abundances come
with a scatter between 10 and 100, apparently due to the lin-
ear scatter in Fe/H for the observed stars in the metallicity range
—4 <[Fe/H] < —-2.5. They do not show a measurable trend with
[Eu/Fe], being almost equally distributed throughout the three
regimes or equivalently limited-r, r-I, and r-II stars. Thus, the
abundance scatter in Fe covers the metallicity range of the sam-
ple stars, while the large variations in [Eu/Fe] exist for all values
of the Fe abundance in the still quite inhomogeneous early galac-
tic environment at low metallicities.

The right panel of Fig. 6 shows the behavior of the Eu
abundances when being plotted against [Eu/Fe] (see also Fig. 2,
left panel). The Eu abundances exhibit an increasing trend with
[Eu/Fe], especially strong for the third regime. While for the first
and second regime we notice a small, but varying Eu abundance,
Eu increases very strongly as a function of [Eu/Fe] in the third
regime. This indicates a strong Eu source with a negligible cor-
relation of Eu and Fe in this regime (see the discussion related to
Fig. 3, right panel). The scatter at each [Eu/Fe] value is partially
due to the fact that we look at all stars with metallicities smaller
than —2.5. If Fe abundances change independently of Eu in the
interval —3.5 < [Fe/H] < —2.5, this would already explain up to a
factor of 10 for a constant [Eu/Fe]-ratio, but in addition Eu from
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the independent strong r-process source causes strong variations,
dependent on the level of mixed in contributions from the related
production sites and their relative locations with respect to the
stellar progenitor clouds.

So far we found a remarkable decrease of the correlation
coefficients for Eu and Fe in regime 3 (r-enriched stars with
[Eu/Fe] > 0-0.3, as shown in Fig. 3, right panel), consistent with
the overall r-I & r-II entry for regime 3 in Table 3. This can be
attributed to a very productive Eu source, producing itself no
significant amounts of Fe. In order to support this claim of an
additional strong Eu source, we plot the observed Eu abundances
versus their corresponding rank, see Appendix B. This tool pro-
vides the opportunity to analyze abundance patterns also for stars
which have, even at low metallicities, already experienced the
pollution from different nucleosynthesis events. As discussed in
the appendix, a linear relationship between an abundance X and
its rank means, that the production of X is uniform and happens
in the same manner by a single type of astrophysical source. If
this uniformity is disturbed by a superposition of another source,
the linear relationship between the abundances and their ranks
are destroyed. This behavior is shown in its generality in Fig. B.1
for a superposition of two random variables. Figure 7 (left panel)
displays such a plot of the Eu abundance versus its rank, pro-
viding with the strong nonlinear trend for high ranks a further
indication for an additional contribution from a strong Eu source
in regime 3, that is, for [Eu/Fe] > 0-0.3, after an initial close to
linear relation for small ranks points to a single weak r-process
source.

Opposite to the behavior of Eu versus its rank, Fig. 7 (right
panel) gives an almost linear relation between the observed Fe
abundances and their ranks, supporting a dominating unique
source of Fe, supposedly related to core-collapse supernovae.
The small offset, visible at low ranks, could suggest a super-
position of another Fe source, contributing only insignificant
amounts of Fe (possibly magneto-rotational supernovae). The
deviation at high ranks could point to an additional source with
higher Fe production than in regular CCSNe (possibly hyper-
novae). In general, these rank tests provide an additional unique
tool to investigate whether several types of events have already
contributed also at the lowest metallicities. This could include
the fact, as mentioned in Sect. 2.1, that several pockets of differ-
ent abundance patterns exist, still all of them due to only one
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— but possibly different — event type. But this can also cover
cases where already several polluters contributed to individual
stars. The different behavior of Eu and Fe, when both are already
detected, seems to point to this type of scenario, and needs to be
investigated further together with the possible sources character-
ized by the mentioned properties.

When restricting the analysis of Fig. 7 (left panel) only to
regimes 1 and 2 (limited r-stars with [Eu/Fe] <0-0.3), Fig. 8
shows initially a close to linear Eu abundance increase with its
rank, but develops a slight quadratic modification. This points
to similar types of Eu sources for these stars, but indicates also
a superposition of two sources with similar, but slightly differ-
ent, correlations between regime 1 and 2. Thus, this subsection
underlined that while Fe has a dominating astrophysical source
(core-collapse events, where possibly a second version — hyper-
novae — contributes higher Fe ejecta), Eu has clearly quite differ-
ent sources. The latter is based on the fact that Fe and Eu change
at highly different rates in regime 3, while in regimes 1 and 2
they change with similar but also slightly different rates.

3.4. The weak Eu contribution in limited-r stars and its origin
in more than one source

The previous subsections came to the main conclusion that the
complete stars (regime 3) require a highly productive Eu source
with negligible Fe production, while for the limited-r stars (in
regime 1 and 2) the Eu production source is correlated with
Fe. However, a more detailed look showed already a slightly
changing correlation behavior between regimes 1 and 2 (see
also Fig. 3, right panel). This leads to the question whether
limited-r stars go back to a single type of source or whether fur-
ther events of a different type might contribute.

Figure 8 seemed to indicate a close to linear relation between
Eu abundances and their ranks for regimes 1 and 2 (with
slight quadratic modifications when extending regime 2 up to
[Eu/Fe] <0.3). This is in line with the occurrence of the two
plateaus in regimes 1 and 2 as seen in Fig. 3 (right panel). Both
SCC and PCC curves are identical for the two plateaus and indi-
cate similar changing rates of Fe and Eu. The SCC and PCC
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values are roughly 1 in the first plateau and the 7 is 96%. This
means, both elements are in a virtually perfect linear relation-
ship. As was shown in Table 5, the growth rate is about 2 and the
number of the considered stars is nine. Therefore, in regime 1
the same astrophysical type of event contributes Fe and Eu with
the same ratio. We refer to this source as category I in the fol-
lowing. In regime 2, the SCC and PCC curves are also identical
and their value is about 0.8. The growth rate is about four, which
is twice as high as in the first regime. Fe and Eu change at simi-
lar rates but the coproduction is not perfectly linear as shown in
Fig. 8, indicating a superposition.

For this reason we plot the abundances of Eu versus Fe in
Fig. 9 for the first two regimes separately (left and right panel).
While stars of regime 1 are perfectly aligned, the stars of regime
2 exhibit a larger scatter, already indicated by the smaller corre-
lation coefficients of approximately 0.8. This can be interpreted
as a superposition of a second source, as suggested already above
in the discussion of Fig. 8. If we also apply a linear fit, the slope
of the fit in the second regime is five times higher than in the
first regime, leading to the conclusion that the production of Eu
is more efficient in the second regime. This suggests that we are
dealing with a second astrophysical event, which similar to the
first one produces Fe, but is more efficient in coproducing Eu. In
the following we refer to it as a category II event.

3.5. Th, a strong r-process element and the question of a
very early source in the galactic evolution

The production of Fe in the Universe goes back to the early evo-
lution of galaxies via the explosion of massive stars. Signs of Fe
produced by CCSNe can already be found at low metallicites,
even for the [Fe/H] range below —5 to —4, possibly due to an
only 1% to 10% admixture of a nearby CCSN remnant (see the
discussion in Sect. 2.1). At higher metallicities, closer to —1, also
thermonuclear SNe Ia start to contribute. At solar metallicity, the
fraction of Fe that originated from CCSNe is estimated to be on
the order of 40%.

Up to now, all detailed analyses presented in this section uti-
lized stars in the metallicity range [Fe/H] <—2.5. Section 3.4
showed that in regime 1 and 2 (for limited-r stars) Eu is probably
coproduced with Fe in core-collapse events. We have introduced
them as category I and II events. However, in regime 3 (for com-
plete r-process stars) a highly productive Eu source, with no or
only negligible Fe production, had to be added, which we give
the label of category III events. The regime 3 stars could be pol-
luted by core-collapse events of possibly different types, produc-
ing Fe, but additionally a strong r-process event had to contribute
as well, characterized by a negligible correlation with Fe. The
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question arises which one of the events discussed in the introduc-
tion is responsible, and whether they occur with a delay after the
Fe-contribution from core-collapse events. A general discussion
of r-process contributions in the early Galaxy (with extended
literature) can be found in Cowan et al. (2021). The main ques-
tion with respect to these sources is related to their (massive)
single or binary star origin and a possible delay in their appear-
ance as a function of metallicity. Dependent to some degree on
the refinement of the method to perform inhomogeneous galactic
chemical evolution simulations (see e.g., Wehmeyer et al. 2015;
Cescutti et al. 2015; van de Voort et al. 2020), which does not
assume immediate extended mixing of ejecta with the interstel-
lar medium on galactic scales, it has also been discussed that
a massive star related source is required in order to reproduce
the very early appearance of strong r-process elements, while
neutron star mergers (NSMs) would appear later (at metallicties
[Fe/H] > -3 to —2.5). This conclusion could possibly be circum-
vented by the existence of extensive mixing of matter or ejecta
mass lost in dwarf galaxies, if all lowest metallicity observa-
tions relate to stars which originated in these early substructures
and building blocks of galactic evolution (see e.g., Ojima et al.
2018).

In order to test whether different events contributed to these
regime 3 stars, that is, whether category III events relate to one
or more than one site, we select the actinide element Th which
can only be produced in strong r-process events and thus reduces
uncertainties introduced by weak r-process components. Before
discussing this further, we want to point to an interesting addi-
tional fact, related to Th observations. Limited-r stars have been
initially defined as those with [Eu/Fe] <0.3, this comes typ-
ically with a nondetection of elements of the third r-process
peak as well as actinides. When having a look at Fig. 10 (left
panel), one recognizes that Th can be observed already in stars
with [Eu/Fe] > 0-0.1. Therefore an upper limit for limited-r or
a lower limit for complete r-process stars of [Eu/Fe] =~ 0 seems
more appropriate than the up to now utilized value of 0.3.

After having identified regime 3 more clearly, that is already
starting at [Eu/Fe] =~ 0, the question to be answered is whether
this strong r-process regime with Th production is related to
one or more astrophysical sites. A superposition of sources
would be indicated by a nonlinear behavior of Th abundances
(taken from regime 3 observations) as a function of their rank.
In Fig. 10 (right panel) we show this relation for Th and see
clearly a nonlinear behavior. Thus, it is obvious that the Th
observed in regime 3 stars requires a superposition of (at least)
two different category III sources (category Illa and IIIb, see
below). We have neutron stars mergers as a clear candidate
for a complete r-process, the question arises which additional
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site(s) could be responsible, having in mind our earlier discus-
sion related to delays of ejecta from binary stellar systems, while
those essentially vanish for collapsing massive stellar sites. In
Fig. 11 we show observations of [Th/Fe] with respect to metallic-
ity [Fe/H] (with the present-day solar Th abundance taken from
Asplund et al. 2009), indicating quite a number of high values at
very low metallicities around [Fe/H] = 3.

If a strong r-process site related to the core-collapse
of massive stars can be considered (e.g., collapsars or also
magnetorotational supernova, Siegel et al. 2019; Siegel 2019;
Winteler et al. 2012; Mdsta et al. 2015, 2018; Nishimura et al.
2017; Reichertetal. 2021), it would be accompanied by
observed high [Th/Fe]-values at lowest metallicities. This behav-
ior, shown in Fig. 11, might potentially be identified with the
contribution of such a site. Although one should be careful with
interpretations, this could point to one of the (possibly more
than) two strong r-process — and therefore Th (and also Eu)
— sources, this one appearing already at lowest metallicities.
One option for this source would be collapsars, that is stars
with masses even higher than those of regular CCSNe, which
explode very early in galactic evolution (Siegel et al. 2019). For

higher metallicities between [Fe/H] = —3 and —2 NSMs will set
in (Wehmeyer et al. 2015; van de Voort et al. 2020). This would
consistently lead to a superposition of sources with a nonlinear
behavior of Th abundances as a function of their rank, as dis-
cussed above. Regime 3 (or r-process enriched) stars requiring
a superposition of (at least) two different sources, have already
been introduced above as category Illa and IIIb. Whether there
is room for another source in this superposition (e.g., magne-
torotational supernovae Winteler et al. 2012; Mosta et al. 2014,
2015, 2018; Reichert et al. 2021) has to be left open at this point.
In such an interpretation a subclass of category III events, con-
tributing already at lowest metallicities and producing a strong
r-process, would come with a not necessarily small, but neg-
ligible Fe-production in comparison to solar Eu/Fe abundance
ratios. On the other hand, those events of category III which
contribute with a delay are dominated by sites of a delayed
stellar origin, for example probably compact binary systems,
leading to NSMs and NS-BH mergers with essentially no Fe
production at all. We subsequently discuss how both types of
events relate to the onset of high [Eu/Fe] values in Fig. 2 (left
panel).
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Summarizing the results of Sect. 3, compared to the ini-
tial overview of chemical evolution in Sect. 2.1, we find the
following situation. The initial approach started out with the
ansatz that abundance patterns in low-metallicity stars with
[Fe/H] < —2.5 can be interpreted as the outcome of a single con-
tributing r-process source (based on the analysis of Ryan et al.
1996). This would, in the case of only one type of contribut-
ing nucleosynthesis event, lead to an overall (almost) identical
abundance ratio between two elements (i.e., a perfect correlation
with PCC = +1), independent of whether the total admixtures to
the individual stars vary. If different types of events with dif-
ferent abundance patterns occurred, this would lead to separate
classes of observations, that is so-called clusters. Combining all
of these observations within a global data set would lead to no
or only a very low correlation, but if one finds a way to separate
the classes into clusters, one can see for each of them individ-
ual correlations, caused by coproduction in the events responsi-
ble for that class or cluster. In this way we could separate the
Eu observations in limited-r stars, related to weak-r production
sites and r-enriched stars with strong r-process production sites.
Among the weak-r production sites we have identified two cat-
egories of events (I and II) with strong correlations between Eu
and Fe, suggesting a coproduction in these events. If we have a
look at the complete (r-enriched) stars, we find a very weak cor-
relation between Eu and Fe, that is separate types of events must
have contributed to these two elements and overall no or only
a negligible coproduction of Eu and Fe seems to have occurred.
Because we find Fe in all these observations, indicating its origin
from a different site than that for most of the Eu, points to regu-
lar core-collapse supernovae as the likely site. This leads to the
complication that one is already at the stage in galactic evolu-
tion where not only one single event is responsible for the abun-
dance observations in a low-metallicity star, but at least two or
several events contributed already. This can in principle weaken
the interpretation of coproduction to explain all elements in such
low-metallicity stars by the imprint of a single nucleosynthesis
source. Nevertheless, detecting strong correlations within clus-
ters can still give powerful hints for the analysis of a set of stel-
lar abundance observations. Fortunately, with the rank method
explained in Appendix B we found a powerful tool that has been
utilized in Figs. 7 and 8. It underlines that Fe goes back to essen-
tially one dominating origin (core-collapse events), while Eu
must have several origins (related to weak and strong r-process
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sites). In Fig. 10 we could see that even the strong r-process ele-
ment Th must have two contributing sites.

Making use of these insights we could point to the two types
of category I and II events (due to the correlated Fe production,
probably related to specific types of CCSNe) with different effi-
ciencies for producing r-process elements such as Eu, as out-
lined in Sect. 3.4. The discussion related to the Th abundance
led to the question whether a second category III subsource is
required, which is connected to core-collapse of massive stars,
and would also produce Th and U, while category III in total
(ITTa and IIIb) is responsible for the complete (r-enriched) stars
of regime 3 with [Eu/Fe] > 0. We later return to the question of
whether the subsets of category III type events discussed above,
which in total are responsible for complete r-process enriched
stars of regime 3, also produce Th and Eu in similar or different
ratios for the majority of complete 7-process stars.

4. The Fe-group and light trans-Fe elements:
Asking for a variety of core collapse events

In regime 1 and 2 we found a clear correlation between Eu and
Fe, indicating a coproduction in a weak r-process by a specific
kind of core-collapse supernovae. We also noticed before that all
the stars of regime 3 contain Fe as well. Thus, the question arises
whether it was produced in preceding supernovae before NSMs
set in with strong r-process contributions, resulting this way in
a small or negligible correlation to Fe. However, a further ques-
tion needs to be posed, whether some of these r-process enriched
stars also go back to sources which coproduced Fe combined
with enriched Eu (in comparison to the solar Fe/Eu ratio in negli-
gible proporation), as alluded to already in the preceding section.
For this reason we revisit the correlation of Ni and Fe, shown
already in Fig. 5 for metallicities [Fe/H] < —2.5, and extend this
analysis also to Zn and other trans-Fe elements.

4.1. Correlations of Fe with Ni and Zn

Figure 5 showed that the Ni/Fe ratio varies for these low metal-
licities about a factor of three around solar ratios. The SAGA
database finds a relatively stable behavior with a mean value
close to solar as a function of metallicity [Fe/H]. A decline of the
scatter toward higher metallicities is due to averaging out of indi-
vidual contributing event characteristics and mixing of the ISM.
We note that [Ni/Fe] in (simplified) spherical explosion models
of CCSNe, for example by Curtis et al. (2019) and Ebinger et al.
(2020), covers a range from about —0.35 to +0.4. In case there
would be a superposition of CCSNe and other Fe and Ni pro-
ducing sources at low metallicities, and both sources contribute
Ni and Fe in (slightly) different ways, one would expect a super-
position in the [Ni/Fe] range. The predicted CCSN ratios seem
to be consistent with the observations within their error bars,
however, a larger spread of values due to other sources cannot
be excluded at this point. In the Sect. 3.2 we discussed the Fe
and Ni contributions from explosive Si-burning. Fe is dominated
by ®Fe, a decay product of °Ni. Ni has a significant contri-
bution from 3Ni, being produced under slightly neutron-rich
conditions, that is Y. < 0.5, which can be due to weak inter-
actions during core collapse or also to due metallicity (CNO
turns to '“N in H-burning and via two alpha-captures and one
B*-decay to slightly neutron-rich 2*Ne). Thus, **Ni is a measure
of slightly neutron-rich conditions. ®*Ni, on the other hand, is a
product of alpha-rich freeze-out of explosive Si-burning, a decay
product of ®Zn, resulting from a further alpha-capture on Ni.
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Therefore, larger variations of [Ni/Fe] can be due to (a) a slight
neutron-richness, and (b) higher entropy explosions, leading to
a stronger alpha-rich freeze-out. While probably (a) dominates
for regular CCSNe, not leading to too extreme [Ni/Fe]-values,
hypernovae and collapsars experience the conditions related to
(b) and could be responsible for the highest [Ni/Fe] observa-
tions. Such conclusions could be underlined if one sees an
accompanying Zn/Fe enhancement, with ®*Zn being the decay
product of %Ge, resulting also from a very strong alpha-rich
freeze-out and discussed often in galactic evolution research as
going back to hypernovae and collapsars (Nomoto et al. 2006;
Nomoto 2017; Kobayashi et al. 2020). For this reason we now
have a look at [Zn/Fe] as a possible indication for hypernovae
and collapsars, which are also considered as a strong r-process
source (Siegel et al. 2019; Siegel 2019) at the lowest metallici-
ties [Fe/H] < -3.

As has been discussed above, Zn (via the decay prod-
uct of %*Ge) provides a test for a strong alpha-rich freeze-
out. The average of [Zn/Fe] observations at metallicities from
[Fe/H]=0 down to —2 are of the order O (i.e., solar). This
is dominated by type la supernovae down to —1, and due to
a combination from normal freeze-out of explosive Si-burning
in Chandrasekhar mass explosions (e.g., Thielemann et al.
1986; Iwamoto et al. 1999; Maeda et al. 2010) and an alpha-
rich freeze-out in sub-Chandrasekhar He-detonations (e.g.,
Seitenzahl & Townsley 2017). For an overview that a combi-
nation of both subtypes of SNe Ia is needed see, for example,
Maoz et al. (2014), Goldstein & Kasen (2018), Livio & Mazzali
(2018), and Seitenzahl et al. (2019). Below such metallicities
the Zn/Fe ratio is determined by core-collapse events. Down to
[Fe/H] = -2 to —2.5 the average [Zn/Fe] is still O (solar) and
given by a superposition of CCSNe over the whole mass range
of an initial mass function (Tsujimoto & Nishimura 2018). The
average rises from [Fe/H] = —2.5 to —3 up to [Zn/Fe] = 0.5 with
a large scatter and stays at that value for even lower metallicities.

In Fig. 12 (left panel) one can see that for [Fe/H] <-2.5
still [Zn/Fe] <0 entries occur. At lower metallicities the nega-
tive values for [Zn/Fe] disappear, underlining an increasingly
alpha-rich freeze-out, which could be interpreted via the fact
that at such low metallicities the average mass of exploding
CCSNe is shifted to more massive progenitor stars. This leads
to increasing compactness and increasing explosion energies.
The range of [Zn/Fe]~ 0.5 seems to belong to such massive
CCSNe (Grimmett et al. 2020). Figure 12 (right panel) shows
the Pearson and Spearman correlations of Zn and Fe, based
on upper limits of the considered [Zn/Fe] intervals for all stars

with [Fe/H] < —2.5. The entries including [Zn/Fe] intervals over
the whole range up to values given on the abscissa lead to a
divergence of PCCs and SCCs and to lower correlations above
[Zn/Fe] of 0.4 to 0.5. This goes along with a larger scatter in the
Zn/Fe ratios and could be interpreted as a sign of larger vari-
ations in the Zn and Fe ejecta of highest mass core-collapse
sources. Tsujimoto & Nishimura (2018) interpret the rise of
[Zn/Fe] being due to magneto-rotational supernovae of the type
described in Nishimura et al. (2017), with varying strength of
precollapse magnetic fields and rotation, while Nomoto et al.
(2006), Nomoto (2017), and Grimmett et al. (2020) contribute
the high levels of Zn/Fe at lowest metallicities to hypernovae and
collapsars. If we follow our earlier discussion related to Th/Fe
and its possible source in such events (Siegel et al. 2019; Siegel
2019), these high Zn/Fe ratios at very low metallicities would
provide a connection between these abundance features of a high
Zn/Fe ratio and a strong (Th and actinide producing) r-process.

4.2. The light trans-Fe elements, Sr, Y, Zr and correlations
with Fe

Next we also analyze how the light trans-Fe elements Sr,
Y, and Zr behave in this respect. It is well known that
for higher metallicities, when low and intermediate mass
stars started to contribute to galactic evolution, these ele-
ments are produced in an s-process. However, observations at
low metallicities required a different source, initially dubbed
the LEPP (light — heavy — element primary process, see
Travaglio et al. 2004). There exist possible explanations related
to core-collapse supernovae with mildly proton-rich and (or)
neutron-rich conditions (Frohlich et al. 2006; Pruet et al. 2006;
Kratz et al. 2008; Farougqi et al. 2008, 2009; Roederer et al.
2010; Arcones & Montes 2011; Arcones & Thielemann 2013;
Akram et al. 2020). In fact, recent core-collapse supernova
investigations by Ghosh et al. (2022) find across the mass spec-
trum of CCSNe a superposition of vp-process contributions up
to A ~ 60-70 and a (very) weak r-process contribution up
to the second r-process peak at A = 130, but not beyond.
On the other hand Sr has also recently been identified in the
kilonova event following the neutron star merger GW170817
(Watson et al. 2019). Thus, probably weak and strong r-process
(and other) sources can contribute and this will be discussed in
the following, based on correlations with Fe, in a similar way as
performed before in Sect. 3 and in the previous subsection.
Similar to Fig. 3 (right panel), we display in Fig. 13 the cor-
relations of these elements with Fe as a function of [Sr/Fe] and
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Fig. 13. Comparison of correlation methods for Sr and Zr. Left panel: PCCs and SCCs of Fe with Sr in stars with [Fe/H] < —2.5. Right panel:
PCCs and SCCs of Fe with Zr in stars with [Fe/H] < —-2.5. Y (not shown here) behaves in a similar way. Contrary to Fig. 3 (right panel) also stars
with lower [Sr,Y,Zr/Fe] values than those with a weak r-process signature, such as HD 122563, are observed. HD 115444, CS22892-052, and
CS31082-001 appear in the same order as seen in their increasing r-process strength.

[Zr/Fe] ([Y/Fe] behaves in a similar way). This extends our PCC
and SCC analyses for these correlations, making use of exactly
the same method as applied before for Fe, Eu, Ni, and Zn. As
in the Fe and Eu case, we see similar (although not identical)
features, starting out with two (or better three) kinds of plateaus
with correlation coefficients close to 1 and 0.8, and declining
correlations toward higher [Sr/Fe], [Y/Fe], and [Zr/Fe] values,
combined with a divergence of the PCC and SCC curves. The
PCCs go down to 0.2, that is they indicate a vanishing correla-
tion, while the SCCs can stay as high as 0.4—-0.5 for reasons we
discussed earlier, based on metric or rank deviations from the
relation between the abundances. At first glance it is not obvi-
ous how this behavior relates to limited or weak r-process stars
and complete or enriched r-process stars, but the location of the
four well-known stars HD 122563, HD 115444, CS22892-052,
and CS331082-001 in these plots shows that the increase in
[Sr/Fe], [Y/Fe], and [Zr/Fe] goes in parallel with the increase
in [Eu/Fe]. While details might be different, the tendency is the
same. However, the appearance of additional plateau phases to
the left of HD 122563, which stands for an extreme limited-r
star in these plots (see also Fig. 3, right panel), can be inter-
preted as stemming from additional sources, not related to an
r-process producing Eu. These must be core-collapse super-
nova events without Eu r-process production, which we pos-
tulate as category O events. Such sources that lead to a very
weak r-process have been discussed above, ranging from con-
tributions of a vp-process to explosive Si-burning with moderate
entropies and (or) very modest variations of Y, around 0.5, down
to 0.43. These plateaus at low [X/Fe] values could not have been
noted as a function of [Eu/Fe], as such category 0 events do not
produce Eu.

The low values for the Pearson and Spearman correlation
coefficients, when considering the whole range of observed
[Sr,Y,Zr/Fe] values and their scatter, including the higher ones
shown in Fig. 13, also make it clear that they require additional
rare sources of events not correlated with Fe (category III). How-
ever, the stars also in the plateaus for the lower [Sr,Y,Zr/Fe]
values below HD 115444, which show a high correlation with
Fe, require a superposition of different sources, as the plots of
their abundances versus their ranks in Fig. 14 indicate. It can
be noted that Sr shows in Fig. 13 an extension to lower [X/Fe]
values and an earlier and stronger deviation from the linear fit
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in Fig. 14. As discussed in Appendix B, the deviation from a
linear relationship points to a superposition of sources in this
regime. This would be explainable with a superposition of cat-
egory 0, I, and II events. We have seen such patterns also in
Figs. 7 and 8 for the relation between Eu abundances versus
their rank, with a strong nonlinear behavior in the first case, and
a close to (with exceptions at low and high ranks) linear behav-
ior in the second case for Fe. Thus, these limited-r or weak r-
process regimes 1 and 2 required a superposition (of possibly
two sources), as shown in Fig. 9. For Sr, Y, and Zr we come
to the same conclusions, but requiring an additional category 0
source, which does not produce Eu. This leads to the conclu-
sion that there exists a strong source (category III) with no (or
a negligible correlation) to Fe, and there exist (possibly more
than) three sources which are correlated with Fe (category O,
I, and II). The strengths with which these sources affect dif-
ferent mass ranges (i.e., trans-Fe versus Eu) seem different, but
the principle effect is similar. It needs to be examined further
whether the slightly stronger effect for Sr points to additional
subcategories.

Similar to the last paragraph in the previous Sect. 3, one
should point to more extended interpretations of correlations,
even at low metallicities <—2.5. Globally among all VMP stars,
one does not see only the imprint of one nucleosynthesis event,
where a correlation between two elements means automatically
their coproduction. We have rather seen different subclasses
(clusters) of stars, where each of them still shows only the
imprint of one type of nucleosynthesis event. In this case correla-
tions, restricted only to these subclasses, can still be interpreted
as coproduction. A further extension is that in certain VMP stars
we see the superposition of several nucleosynthesis contribu-
tions. In that case the rank analysis for each element of interest
made it possible to test whether one or several types of events
contributed. We noticed that this is the case for Sr, Y, Zr, Eu, and
Th (and possibly even for Fe, when considering the lowest and
highest ranks, i.e., very small as well as large Fe contributions).
For Th we came to the conclusion that two types of events had
to exist among regime 3 (r-process enriched) stars (category Illa
and b), for Eu we noticed three types of events, category I and II
for limited-r stars and category III for r-process enriched stars.
Now for Sr, Y, Zr we noticed four types of events, category III
for r-process enriched stars, category I and II for limited r-stars,
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starts later at the r-1II stars (CS22829-052 and CS31082—001).

and also category O (representing regular supernovae) for low
metallicity stars which do not even have Eu detected, but show
these three elements.

If we summarize these issues with respect to Fe production,
we see three types of sources: category O (regular CCSNe, pro-
ducing Fe and light trans-Fe elements, e.g., Sr, Y, Zr and possi-
bly elements up to the second r-process peak, but not beyond),
and category I and II (special core-collapse supernovae with Fe
production accompanied by weak r-processing up to the lan-
thanides, such as Eu). Category IIIb events might also produce
Fe, even more than regular CCSNe, but according to our exist-
ing analysis still in negligible proportions in comparison to Eu.
This behavior and the appropriate analysis tools has been dis-
cussed in Sect. 2.1. During the course of the present paper,
we have by now identified quite a number of low-metallicity
observations which point to the pollution by several preceding
events. This is not really a surprise, as the metallicity of the
ISM in a remnant of one CCSN (close to [Fe/H] = -3, as dis-
cussed in detail in Sect. 2.1), does not have to coincide with the
metallicity of a new-born star, possibly triggered by a nearby
supernova. The next stellar generation will form (after turbu-
lent mixing triggered e.g., by the motion of galactic spiral arms)
with a probably small contribution of a few percent or even
less from this supernova remnant. Therefore one expects lowest-
metallicity stars, affected by these first CCSNe, to possess values
of about [Fe/H] ~ -5 or even less (e.g., Norris et al. 2007, 2012;
Frebel & Norris 2015; Nordlander et al. 2017). For events which
occur with 1/10 of the frequency of regular CCSNe one might
then expect the first appearance at [Fe/H] ~ —4 (after typically 10
supernovae enriched the ISM) and events which take only place
after about 100 regular CCSNe polluted the ISM, are expected
to show their impact at [Fe/H]~ —3. This seems to be what
we observe in Fig. 2 for weak and strong r-process events,
and one should therefore expect that we find already contribu-
tions from several events at such low metallicities. This reduces
somewhat the significance of correlations, especially with Fe,
originating dominantly from high-frequency CCSNe, however,
the rank tool applies independently and permits such interpre-
tations. We test this framework in Sect. 6 with existing model
predictions.

5. Correlations of actinides with lanthanides and
third r-process peak elements

Before entering the subject of this section in detail, we want to
mention beforehand that our work for it included an extended
analysis with a closer look at the entire range of elements in the
mass vicinity of Eu, that is from atomic numbers in the range
56—-66. These elements are here only considered with respect to
their observational abundance determinations. It should, never-
theless, be mentioned at this point that modeling of astrophysical
conditions, combined with nuclear properties in order to obtain
good fits to solar r-abundances, has led in the past to quite a
number of publications with different approaches to (and inter-
pretations for) the r-process production of these rare earth ele-
ments or lanthanides, especially related to the understanding of
the so-called pigmy peak between the second and third r-process
peak. This is, however, not the focus of this paper, here we want
to focus on the interpretation of abundance observations and
correlations.

Following the earlier detailed analysis of the Eu behavior,
in its extension to the rare earth (or lanthanide) elements we
realized that they behave similarly with respect to Fe. The cor-
relation coefficients follow similar trends: two plateau phases
for regimes 1 and 2 of limited-r or weak r-process stars, and
a strongly declining correlation when considering the whole
[X/Fe]-range, including the complete or strong r-process stars
of regime 3. These trends exist in general, although they can be
more or less pronounced for the different elements. The over-
all low correlation with Fe (PCCs around 0.2) for the complete
[X/Fe] range, including regime 3 stars, is again a strong indica-
tion for no or a negligible (in comparison to solar [X/Fe]) copro-
duction of Fe in the responsible category III events. Whether
and how the lanthanides correlate with the third r-process peak
and the actinides will now be analyzed more extensively in this
section.

5.1. Th and rare earths elements (lanthanides)

The large scatter of [Th/Fe] (see Fig. 11), extending over more
than two orders of magnitude (if considering that at lowest
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metallicities the real Th/Fe ratio was higher due to the Th-decay
since then), is comparable to the [Eu/Fe] scatter in Fig. 2. Thus,
considering also that Th is only detected in regime 3 stars, that
is stemming only from category III events, where we find no
or a negligible coproduction of Eu and Fe, we also find very
small global correlations of Th with Fe (PCC <0.2). We have
linked these events dominantly to NSMs, an exception could be
due to very massive stars turning into hypernovae and collap-
sars or magneto-rotational supernovae with existing, but negli-
gible in (comparison to solar) Fe/Th and Fe/Eu production, as
discussed in the previous Sects. 3.5 and 4.1. Figure 11 indicated
that such objects might dominate the Th production at very low
metallicities and Fig. 10 (right panel) showed that a superposi-
tion of Th-producing sites (in addition to NSMs) has to exist.
Here we examine the differences in Eu and Th productions and
their correlation (which go either back to category I, II, and III
for Eu or only category III events for Th). Independent of this,
the Fe in Eu as well as Th containing stars originates from core-
collapse events with a dominant fraction stemming from prior
CCSN types of the categories 0, I, and II.

Figure 15 (left panel) shows the PCC and SCC curves
of Th and Eu as a function of [Eu/Th]. The linear relation-
ship of Th and Eu is quite strong for the whole set of stars
in the database utilized (PCC ~0.86 and SCC ~0.91). Only a
small divergence between the two statistical methods appears
at [Eu/Th] > 0, unlike in the case of Fe and Eu, which shows a
pronounced discrepancy between the two methods when includ-
ing category III events. This is due to a much smaller scatter in
Th/Eu than in Eu/Fe, leading to smaller deviations for fits based
on metric or rank displacements (see e.g., Mashonkina et al.
2014; Holmbeck et al. 2018). Furthermore, two subgroups of
stars seem to occur, the first one in the regime [Eu/Th] <0,
where the PCCs and the SCCs are identical and almost equal
to 1. This subgroup makes up for the so-called actinde-boost
stars (where [Eu/Th] is subsolar) and includes the best known
star CS31082-001 with [Eu/Fe]=~1.62, [Fe/H]~-2.92 and
[Eu/Th] ~ —0.23. In the second subgroup, with [Eu/Th] >0, the
PCCs and SCCs diverge slightly. This is probably an indi-
cation that among the r-enhanced stars two slightly different
sets of strong r-process conditions prevail, leading to more
or less actinide production. The best known star of this cate-
gory is CS22892-052 with [Eu/Fe] ~1.53, [Fe/H]~-3.1 and
[Eu/Th] ~0.17. Plotting the figure as a function of [Th/Eu]
instead of [Eu/Th] would lead to a very similar result, just revers-
ing the slightly different behavior in the sub versus super-solar
regime. Figure 15 (right panel) shows the plot of Th versus Eu
for the two subgroups and the corresponding linear fits. The
slope of the regression line in the subgroup of the actinide boost
stars is twice as high as for the other subgroup. The correspond-
ing r? in both fits are very high and almost equal to 1.

Before entering a more detailed discussion how actinide
boosts relate to the different regimes of complete r-process stars,
that is r-I and r-II stars, we want to first have a look at the Th
abundances alone. Figure 10 (right panel) had shown that the
observed Th abundances are due to a superposition of (at least)
two different types of complete r-process sources, which we
introduced as category Illa and IIIb (only category III produces
detectable amounts of elements in the third peak and beyond).
In Fig. 16 it is shown that one finds linear relationships between
Th abundances and their the ranks, if one separates them into r-I
and r-II stars, that is in each of these r-1 and r-II subsets Th is
apparently only polluted by one of the two IIla or IIIb sources.
One should keep in mind, this is a relation of the Th abundance
with [Eu/Fe] ranges (different for r-I and r-II stars), pointing
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to the fact that high Th abundances caused by IIIb events are
also linked to high [Eu/Fe] values of r-II stars. One can explain
this behavior if one assumes that category IIIb events produce
more main r-process elements than Illa events by a large factor
(possibly ten, separating r-I with [Eu/Fe] >0 and r-II star with
[Eu/Fe] > 1). Then, if IIIb stands for an actinide boost (and thus
a higher Th/Eu ratio than in actinide-normal IIla events), one
finds in ISM regions polluted by such an event high Th abun-
dances, but combined with high Eu abundances or [Eu/Fe] val-
ues as well. This then leads exactly to the linear relation between
Th abundances and their ranks for r-II stars. In the same way, if
II1a events produce smaller Th amounts by a large factor in com-
parison to IIIb events, they will also produce small amounts of
Eu (although the Eu/Th ratio is higher than in IIIb events, but by
a relatively small factor), and lead to a smaller [Eu/Fe], that is
the composition of r-I stars. Therefore, it looks that category IIIb
events are linked predominantly to r-II stars, while categories
[I1a events are linked predominantly to r-I stars.

Outliers from this behavior, as also found in Fig. 16, can
occur due to a two phase or inhomogeneous pollution in the
early Galaxy. The ISM which eventually formed the low metal-
licity star we observe, can have experienced subsequent pollu-
tions. If a IIla event is followed by a category I or II event with
a strong nearby contribution, it can lift the [Eu/Fe] highly and
causes the star, which carries an actinide-normal behavior, to dis-
play an r-II [Eu/Fe] pattern. On the other hand, if a category IIIb
event took place quite remotely from the ISM cloud, which led
to the observed low metallicity star, it will implant the actinide-
boost pattern for Th/Eu, but the mixed in Eu is relatively small in
comparison to the preexisting Fe of prior CCSNe, this causes an
r-1 [Eu/Fe] pattern. This way, especially in two phase pollution
events r-1 stars can also carry an actinide-boost pattern and r-II
stars an actinide-normal pattern.

At this point we list a number of low-metallicity stars with
actinide-boost and actinide-normal patterns in combination with
their r-II and r-I nature. Before doing so, one should reflect about
what is really meant by a regular (actinide-normal) r-abundance
pattern and an actinide boost, considering also that >*Th has
a half-life of 1.405 x 10'° yr. Lodders et al. (2009) and Lodders
(2020) give a solar ratio of Th/Eu=0.45 or 0.42 (log,, = —0.347
or —0.377), dated back to the beginning of the solar system
4.57 Gyr ago. This value resulted from Th contributions to the
ISM out of which the solar system formed, which requires also
to consider the (long) Th half-life since these events took place
(e.g., Hotokezaka et al. 2015; Co6té et al. 2019). The present ter-
minology puts a star with observed Th/Eu > 0.42 (the value in
the solar system at the date of its birth) in the actinide boost
slot. Stars were born with higher Th/Eu ratios before Th-decay
than listed in Table 6, this difference is actually utilized for age
determinations. When applying the actinide-boost definition of
Th/Eu > 0.42, we see ten actinide-boost stars with six of them
being r-II stars. If relaxing the limit between r-I and r-II stars
from [Eu/Fe]=1 to 0.9 we find seven of them being of r-II
stars. This goes in line with the previous finding from Fig. 16
that actinide-boost stars belong dominantly to the r-II class,
but inhomogeneous pollution in the early Galaxy by several
overlying events can also lead to high [Eu/Fe] values for stars
being born with actinide-normal patterns, as well as low [Eu/Fe]
values for an actinide-boost pattern. However, the apparently
dominating coincidence of joint r-II and actinide-boost charac-
teristics seems to point to the fact that events responsible for
an actinide-boost eject also much more r-process matter in total
(determining [Eu/Fe]) than those responsible for actinide-normal
characteristics.
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Fig. 16. Th behavior with ranks. Left panel: Th abundances plotted versus their ranks for r-I stars. Right panel: Th abundances plotted versus their
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global plot of Th abundances versus their ranks in Fig. 10 (right panel) indicated a superposition of events.

For comparison we have also done the same analysis for
other lanthanide elements in addition to Eu, that is La, Dy,
Er, and Yb. They all behave similar to Eu/Th, for the subsolar
[X/Th] cases the stars belong to the actinide-boost stars with
[Eu/Th] <0, for the supersolar cases to the regular r-process
enriched actinide-normal stars.

5.2. Th and (close to) third r-process peak elements

In the previous subsection we discussed a clear correlation of the
lanthanide elements with Th, varying, however, slightly between
the actinide boost stars and the regular r-enhanced stars, point-
ing to very similar but slightly different strong r-process con-
ditions for those elements. Figure 15 had shown this small but
measurable difference between actinide boost stars and the reg-
ular r-enhanced stars via deviations of the PCC and SCC val-
ues, measuring the scatter in different ways. In Fig. 17 we
display these correlations with Th for elements being part of
or close to the third r-process peak. We find that opposite to
Fig. 15 the slight divergence between PCCs and SCCs becomes
almost negligible, indicating that the pathway to the actinides
passes through the third r-process peak. This can be interpreted
in such a way that if r-process environments manage to reach

the third peak, they also lead up to the actinides with similar
results.

However, there remain still small variations between ele-
ments at the (low mass) slope of the third r-process peak for
actinide boost and regular r-process enriched stars, as we can see
in Fig. 18 for Os (average A = 190) and Ir (average A = 192).
This can again be noticed in the correlation plot versus [Os/Ir],
where the PCCs and SCCs display a small divergence for the
higher (Os/Ir) values, belonging to regular r-process enriched
stars, and the linear correlation seems slightly smaller. When
testing the Os and Ir abundances versus their ranks, the relation
appears almost linear, that is as expected from a single source.
However, small deviations from a linear relation are visible, indi-
cating a possible superposition of similar but slightly different
conditions. When the abundances of Os versus Ir are plotted, but
split for two different regimes ([Os/Ir] < 0.02 or [Os/Ir] > 0.02),
the slope changes by almost a factor of 2 between these two
groups, corresponding to actinide boost and regular r-processed
enriched stars. This behavior (not shown here in a plot) under-
lines, that the lower mass slope of the third r-process peak is still
sensitive to such similar but slightly different conditions. On the
other hand, when matter has reached the peak, the flow up to the
actinides seems unchanged.
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Table 6. Trend of Th/Eu with r-process enrichment.

Star Eu Th (Th/Eu) Regime 3 [Eu/Fe]
(complete r-process) subclass
TYC5329-1927-1 -1 -1.91 0.12 r-1 0.89
J0858-0809 -241 -=3.07 0.22 r-1 0.23
HD 108317 -1.37 -1.99 0.24 r-1 0.64
HD 110184 -191 =25 0.26 r-1 0.08
HE1523-0901 -0.62 -12 0.26 r-1I 1.86
CS22892-052 -0.86 —1.42 0.28 r-11 1.53
HD 186478 -134 -1.85 0.31 r-I 0.63
CS29491-069 -0.96 -1.46 0.32 r-1I 1.12
RAVEJ203843.2-002333 -0.75 -1.24 0.32 r-11 1.64
CS29497-004 -0.68 -1.17 0.32 r-11 1.44
J1432-4125 -1.01 -1.47 0.35 r-1I 1.44
HE0240-0807 -144 -19 0.35 r-1 0.55
BD-155781 -228 =273 0.35 r-1 0.12
HE2224+0143 -1.02 -147 0.35 r-1 0.87
HE2327-5642*) -1.29 -1.67 0.42 r-11 1.07
HD 6268 -1.56 -1.93 0.43 r-1 0.54
HD 115444 -1.64 -197 0.47 r-1 0.68
HE2252-4225®) -13  -1.63 0.47 r-1I 1.12
CS22953-003*) -1.69 -1.92 0.59 r-I or r-1I 0.92
CS31082-001 -0.76  -0.98 0.60 r-11 1.62
CS30315-029%) -224 245 0.62 r-1 0.67
HE1219-0312% -098 -1.19 0.62 r-11 1.47
redCS31078-018*) -1.17 -1.35 0.66 r-1I 1.15
2MASSI09544277+5246414%)  —-1.19 -1.31 0.76 r-11 1.28

Notes. (Present day) Observed Eu and Th abundances in log e(X) = log(Nx/Nug + 12) values in low metallicity stars ([Fe/H] < —2.4). The corre-
sponding solar system ratio at the time of its birth (representing the ISM when the solar system got detached) is 0.45 or 0.42 (Lodders et al. 2009;
Lodders 2020). Based on their present Th/Eu ratios, the stars with an asterisk would be considered as an actinde-boost stars with Th/Eu > 0.42.
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6. Interpreting the observational trends in the
framework of possible r-process sites

6.1. Our findings from the analysis of observational data

In the preceding sections we have gone through a large set of
elements at low metallicities with [Fe/H] < -2 or —2.5, initially
focusing on Eu, but in addition analyzing Sr, Y, Zr, (Ba, La,
Nd, Dy, Er, Yb), Hf, Os, Ir, Pt, and Th, which (at least) at
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low metallicities are dominated by (weak or strong) r-process
contributions. The results for the elements in brackets from
Z = 56 to Z = 72 have not been presented here, but we
found them to lead to similar results as discussed for Eu. Sr,
Y, and Zr have at low metallicities also contributions from reg-
ular CCSNe and not only from r-process sites. If not consider-
ing any selection bias in the SAGA database (Suda et al. 2008),
we can find in total 665 stars with [Fe/H] <-2.5, for 379 of
them only upper limits with respect to the Eu abundance are
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known, that is they do not contain a substantial r-process con-
tribution beyond the A = 130 peak and only upper limits are
known. Of the remaining 286 stars, for which direct detections
of the Eu abundance exist, 76 belong to the r-poor or limited-
r stars with [Eu/Fe] <0-0.1 and 210 to the r-rich or complete
r-process stars with [Eu/Fe] > 0—0.1. Thus, a sizable fraction of
these low-metallicity stars is carrying the imprint of one or sev-
eral r-process site(s). For all of the ones with [Eu/Fe] <0-0.1
we found Eu to be strongly correlated with Fe, that is a copro-
duction of Fe and Eu was indicated. This was also seen for Sr,
Y, Zr, as well as Ba and the lanthanide elements La, Nd, Dy, Er,
and Yb.

Typically, we found two kinds of plateaus in the correlation
patterns among limited-r stars with Fe, seeing for the first one (a)
a clear linear relation with the Fe-abundance, and in the slightly
less correlated region (b) an apparently also linear relation with
Fe, but with a larger slope and also a larger scatter. The second
case, could point to a further r-process source, also displaying a
high correlation with Fe. These limited-r or weak r-process stars
with a high correlation to Fe (a core-collapse product) made the
connection to core-collapse events, occurring early on in galactic
evolution. They seem to produce Fe and r-process matter, but not
(in detectable amounts) elements up to the third r-process peak.
We have introduced them as category I and category II events.
Therefore, we concluded that category I and II components
coproduce Fe and the r-process elements up to the lanthanides,
however, category II in a stronger (but more scattered) fashion.
For Sr, Y, Zr the (two) plateaus seem to appear a bit more fuzzy
or can, if plotted versus [X = Sr,Y,Zr/Fe] rather than [Eu/Fe],
even be interpreted as a three plateau behavior. For this behav-
ior, one can introduce an additional category 0, coproducing with

Fe also light trans-Fe elements, possibly even up to the second
r-process peak (see e.g., Fig. 10 in Ghosh etal. 2022), but
not contributing up to Eu. Therefore, regular CCSNe are clear
candidates.

Thus, we have now introduced three categories of nucleosyn-
thesis sites which coproduce Fe with heavier elements (category
0 with trans-Fe elements and possibly even up to the second r-
process peak, categories I and II containing also weak r-process
element up to the lanthanides, that is including Eu, but no third
peak elements and actinides). The question is how this enters
into chemical evolution (Fig. 1) and how it affects the original
hypothesis that low-metallicity stars with [Fe/H] <—-2.5 carry
only the imprint of one nucleosynthesis site. In such a case a cor-
relation, that is a close to constant ratio of two elements, would
point clearly to a coproduction in that specific site. This would
also apply for the case if one has different pockets, related each
to one nucleosynthesis site with separate clusters of abundance
patterns, where each of them points only to one contributing site.
Having introduced category 0, regular CCSNe with high fre-
quency which can show up already at [Fe/H] = -5, see Sect. 2.1,
leads to the question whether a VMP star can already carry the
imprint of several nucleosynthesis events. We should keep in
mind that this might endanger the interpretation of correlation as
coproduction. We encountered such situation first when looking
at r-process enriched stars which also contain Fe in addition to
r-process elements. The strong advantage was that because of a
clearly missing correlation, this underlined separate independent
contributions and thus made clear that the contributing r-process
site(s) must come with no or negligible Fe production.

As was discussed earlier, the remnant matter of a single
CCSN should have a [Fe/H] value between —2.5 and -3.
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However, most probably the star formation triggered by such a
nearby supernova did not lead to a more than 10% pollution of
the protostellar cloud, if not less. This would point to the lowest
metallicity stars in the range [Fe/H] =~ —4 or less (we see them
already at —6). Thus, at [Fe/H] = -3, already contributions by
10 to 100 CCSNe could exist. The question is how often cate-
gory I or II events would have contributed as well. If one starts
with a suggested site, magnetorotational supernovae — possi-
bly related to magnetar-producing events (e.g., Beniamini et al.
2019) —, one would expect that about 10% of CCSNe fall into the
class of magnetorotational supernovae. Taking present-day mod-
els with the ejection of about 107® M, of Eu (e.g., Winteler et al.
2012; Nishimura et al. 2017; Reichert et al. 2021), and ten reg-
ular CCSNe with about 0.1 M of Fe, would lead to an Eu/Fe
mass ratio of about 10~® and an abundance ratio of about 3x 1077
(the Fe-gjecta of the order 2—4 x 1072 M, of one such category
II event do not change this ratio strongly, see Sect. 6.3.1). This
compares reasonably well with what can be seen in Fig. 9, right
panel, where we see a scatter of a factor of 2 (up and down),
allowing for variations in the Fe contributions from CCSNe as
well as the Eu contribution from a magnetorotational supernova.
This could explain the only moderately strong correlation found
in PCC values in Fig. 3 and Table 3. The overall combined CCSN
(category 0) and magnetorotational supernova (category II) Eu
and Fe ejecta are consistent with these observations, but the Fe
contribution of the latter would only play a minor role. This
might put doubts on a proof for coproduction based on the found
correlations, although a close to constant about 10% contribu-
tion by those events could still be realized as a correlation. We
should keep this in mind for the further analysis in this section.
For the moment we keep the idea of such category I and II events
with a coproduction of Fe and Eu, leaving direct tests of model
predictions for them in Sect. 6.3.1. Fortunately, the tool of the
abundance versus rank analysis, utilized by now in a number of
cases, is not affected by the uncertainties which we described
above. This clearly permits to identify several r-process contri-
butions for a number of elements in limited-r as well as 7-process
enriched stars.

Among the totality of r-process enriched stars with
[Eu/Fe] > 0-0.1, we noticed up to now a vanishing or at most
negligible correlation of r-process elements with Fe (see Fig. 3,
right panel and Table 2). Their abundances must have originated
from events with a strong r-process and negligible Fe produc-
tion (in comparison to solar Fe/Eu) which we introduced as cat-
egory III events. The existence of Fe, if not correlated with an
r-process, points to an almost pure r-process site, polluting mat-
ter which had previous Fe contributions from CCSNe. We also
noticed a nonlinear behavior of abundances versus their ranks
for Eu and Th among r-I and r-II stars combined, (i.e., with
[Eu/Fe] > 0-0.1), when considering all stars with [Fe/H] < —-2.5.
Thus, also category III events include superpositions for these
elements (see Figs. 7, left panel and 10, right panel).

We have noticed in the case of Th, that this superposition
led to a clear division into two types of events, displaying within
regime 3 of r-process enriched stars a linear relation for each of
the two subregimes of r-I and r-1I stars (see Fig. 16). This finding
relates to r-I and r-1I stars which exhibit Th detections. If we try
the same approach for Eu separately for r-I and r-II stars, we do
not see clear linear relations in regime 3, as displayed in Fig. 19.
The Eu contributions to r-I as well as r-II stars must, in addi-
tion to category Illa and IIIb sources, experience also a feeding
in from category I/II events which dominate in regimes 1 and 2.
Thus, subcategories I1la/b are the only ones responsible for pro-
ducing elements in and beyond the third r-process peak (such
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as Th), but the lanthanide element Eu displays also in regime
3 contributions from category I and II events. We know from
our earlier analysis that such category I and II events produce
Eu. Here we see that these types of events provide also a con-
tribution to regime 3 and not only to limited-r regime 1 and 2
stars. We attempt to estimate this contribution in the following
subsection.

If we attempt a linear fit of Eu versus Fe abundances, sep-
arately for r-I and r-II stars (although knowing from our earlier
analysis that over the whole regime of complete r-stars Eu and
Fe are uncorrelated), we obtain the following results displayed
in Fig. 20. The r* value of 0.44 for r-I stars corresponds to a
PCC of 0.66 while 0.42 for r-1I stars corresponds to 0.62, under-
lining the moderate correlation. But the linear Eu/Fe ratios deter-
mined, provide averages for the two samples, equivalent to mean
[Eu/Fe] values for the two subregimes. We apply these means
later when trying to identify the origin of the observed abun-
dance patterns.

6.2. Attempts to link event categories to contributions in
observational regimes and to determine their
occurrence rate

We have discussed in the preceding subsection that the inter-
pretation of abundance correlations among elements X and Y
becomes more complicated if several events have contributed
to these elements, as we know that already at low metallici-
ties supernovae contribute via Fe ejecta (and possibly Sr, Y,
Zr), but not necessarily to true r-process elements. Fortunately,
the rank tests permitted to identify whether multiple nucleosyn-
thesis sites caused this behavior. In the following we test these
options in order to see which kind of events (i.e., which of the
categories 0, I, II, and IIT) contributed, and whether it is possi-
ble to give an idea of the respective role they play in the overall
patterns of r-process elements found in regimes 1, 2, and 3.

6.2.1. An estimate for the fraction of the elements Sr, Y, Zr,
and Eu made by non-CCSNe events

As already shown in the previous sections, in stars with
[Eu/Fe] < 0—0.3 the rare earth (RE) or lanthanide element Eu can
be produced by events of category I and (or) II, which we have
attributed to specific CCSNe scenarios. For [Eu/Fe] > 0-0.3, that
is complete r-process stars of regime 3 (corresponding to r-I and
r-1I stars), the Eu production has been predominantly assigned to
category III events with no or negligible (in comparison to solar
Fe/Eu) Fe coproduction. The latter could still be divided in cat-
egories IIla and IIIb, but we leave them together for the moment
in order to simplify things. We discuss the astrophysical origin
of all these categories later. In order to estimate the respective Eu
fraction from weak r-process sites (category I and II) and highly
efficient r-process sites of category III, we utilize the relationship
between the Eu abundances and their ranks.

As we discovered earlier, also shown in Fig. 7 (right panel),
for Fe this type of relationship seems to be close to linear with
a possible deviation at the highest ranks. This speaks for a dom-
inant production site (core-collapse supernovae, possibly with
higher Fe yields for the most massive star collapses, i.e., hyper-
novae and collapsar). In contrast, for Eu such a linearity is close
to solid only for regimes 1 and 2 (see Fig. 8), correspond-
ing to category I and II events, that is events which we inter-
preted also to result from core collapse via a special kind of
supernova which coproduces Fe and Eu. As we have shown in
Fig. 16, we have for Th a clear sign of unique contributions from
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category Illa and IIIb events and no detectable superpositions
from supernova-type events which produce a weak r-process.
Opposite to this, Eu seems in all regimes to indicate superpo-
sitions (see Figs. 7, 8, and 19), that is also contributions from
category I and II events. It is therefore important to also estimate
for regime 3 the contributions from weak r-process (category
I and II specific CCSN) events, leaving the remaining fraction
for category III events. The assumption is that the trend found
before for weak r-process events continues. One option is to uti-
lize Fig. 8 which permits to predict the Eu abundance (calibrated
for weak r-process stars with a coefficient of the order 10™) as
a function of the Eu rank. This method is utilized for the third
entry in Table 7. For the rank method we use the following rela-
tion, Eu(category I + II) = 9 x 10~ x Rank(Eu), and the amount
of Eu which then needs to be attributed to events of category III
is given by Eu(IIl) = Eu(tot) — Eu(category I + II).

Table 7 summarizes for a number of selected regime 3 stars
the fraction of Eu predicted this way by weak r-process CCSNe.
When utilizing these estimates and integrating over the total
number of VMP stars with —0.64 < [Eu/Fe] < 1.92 in the
SAGA database, this results in an amount of Eu, originating from
weak r-process CCSNe of the order 20%. Thus, the major part of
Eu (and very likely the whole RE element or lanthanide region)
should be due to category III events, but the category I and II
contribution is substantial.

We have utilized a similar approach for the three adjacent light
trans-Fe elements Sr (Z = 38), Y (Z = 39) and Zr (Z = 40).
Here we show Zr as representative case for the neighboring trans-
Fe elements and extend our PCC and SCC analyses also for the
correlation of Fe with Zr, utilizing exactly the same method as
before for Fe and Eu, applicable here, because Fe as well as

Table 7. Eu amount estimation based on rank analysis.

Star [Eu/Fe] Eu (CCSNe category I and IT).ank
HD 107752 0.31 22.2
BS16543-097 04 14
HEO0105-6141 0.51 12.6
HE2206-2245 0.6 14.1
HD 115444 0.68 14.9
HEO0315+0000 0.7 9.9
(CS29499-003 0.79 7.3
CS22882-001 0.81 8.7
HE1127-1143 0.9 6.6
HE2138-3336 1.09 7.1
CS22183-015 1.36 4.6
HE2208-1239 1.52 3.6
(CS22892-052 1.53 3.7
CS31082-001 1.62 3
CS31062-012  1.65 1.3
HE2258-6358 1.68 1.6
HE0010-3422 1.72 1.8
LP625-44 1.74 1.5
CS29497-034 1.79 2
HE0243-3044 1.9 0.8

Notes. Estimate of the Eu amount (in %) stemming from weak r-process
CCSNe (category [+11) in selected stars with [Eu/Fe] > 0.3.

St, Y, Zr come from the same dominating event, regular CCSNe.
Figure 13 showed the resulting curves for the correlation coef-
ficients versus [Zr/Fe]. As in the Fe and Eu case (Fig. 3, right
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Table 8. Zr amount estimation based on rank analysis.

Star [Zr/Fe] Zr (CCSN events),ank
HD 107752 0.05 70
BS16543-097 0.31 45
HEO0105-6141 0.19 55
HE2206-2245

HD 115444 0.2 66
HE0315+0000 0.3 49
CS29499-003 0.45 36
CS22882-001 0.44 43
HE1127-1143

HE2138-3336 0.81 30
CS22183-015 0.76 37
HE2208-1239 0.84 34
CS22892—-052 0.62 49
CS31082-001 0.75 41
CS31062-012

HE2258-6358 0.69 31
HEO0010-3422 1.08 17
LP625-44 1.52 5.4
CS29497-034

HE0243-3044 1.06 11

Notes. Estimate of the Zr amount (in %) originating from CCSN events
in selected stars with [Zr/Fe] > 0.05 and Zr detections.

panel), we observe a divergence of the PCC and SCC curves,
here for a value of [Zr/Fe] ~ 0.3. The relation between Zr and its
ranks is shown in Fig. 14. Similar to the case of Eu, the best fit
between Zr and its ranks is close to linear for the low rank values
of regime 1 and 2 stars. For a first order estimate we utilize the
linear relationship shown in Fig. 14 to obtain the results shown in
Table 8 (containing the same stars as Table 7 but showing gaps
when Zr detections are not known). When integrating over the
total number of the VMP stars with —0.5 < [Zr/Fe] < 1.91 in
the SAGA database, the amount of Zr originating from CCSN-
type events is about 33%. The chemical element Y (Z = 39)
has only one stable isotope (3’Y). It shows the same behavior as
[St/Fe] and [Zr/Fe], concerning the divergence between the PCC
and SCC curves. This happens at [Y/Fe] ~ —0.15 and Y is also the
product of different astrophysical sources. When integrating over
the total number of the VMP stars with —1.49 < [Y/Fe] < 1.41
in the SAGA database, the amount of Y originating from CCSNe
is about 37%. Concerning the chemical element Sr (Z = 38),
the divergence between the PCC and SCC curves takes place at
roughly [Sr/Fe] ~ 0.2 (see Fig. 13). Following the same procedure
as for Zr and Y, when integrating over the whole VMP stars with
—2 < [Sr/Fe] < 1.32 in the SAGA database, the amount of Sr
originating from CCSN-type events is about 50% and the remain-
ing part of about 50% is originating from category III events. In
the case of an observational bias (number of observed r-poor ver-
sus r-enriched stars in comparison to a different real distribution)
these fractions could increase significantly.

6.2.2. The frequency of category Ill events based on the
Eu-Fe correlation pattern

In the previous sections we discussed the ratio of two ele-
ments X/Y imprinted by explosive events into the interstellar
medium, being then inherited in new star formation environ-
ments. We want to address here once more Eu/Fe. If different
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categories of r-process environments would always come with
an Fe coproduction and a specific ratio of Eu/Fe, one would see
this directly in observations. Instead in reality, one finds cer-
tain ranges for r-poor (regimes 1 and 2), and r-enriched stars
(regime 3). In order to test realistically how certain classes of
event categories contribute to galactic evolution, one should
know defined abundance production patterns for all categories,
inject them with the appropriate event frequencies with the delay
of stellar (or system) lifetimes before injection, plus treating the
whole system inhomogeneously in a 3D approach during the
early phases of the galaxy. And all of this should preferably
also be done as a function of metallicity. Such approaches have
been developed (Wehmeyer et al. 2015; Cescutti et al. 2015;
van de Voort et al. 2020, 2022) but are nevertheless still in their
infancy. In addition, the required abundance pattern predictions
for all events are still highly uncertain. Therefore, we have tried
here a reverse engineering approach, based on observations and
correlations.

Let us in a first simple approach assume that the observed
abundance ratios in the three regimes are consistent with appro-
priate variations within the different event categories (i.e.,
production sites) and that these observations indicate the copro-
duction of the observed elements. In this case each of the
low-metallicity stars carries the imprint of one explosive nucle-
osynthesis site. However, our introductory words in Sect. 2.1 left
also the option, supported by the findings in Sect. 6.1 that this
might not necessarily be true in certain phases of galactic evo-
lution and that several events could have already contributed to
the abundance pattern of VMP stars. Here we want to verify in a
first test whether the general assumption of an overall Fe and Eu
coproduction would be consistent with the correlation pattern of
Fe and Eu as shown in Fig. 3 (right panel). The method consists
of:

1. Randomly generating equally distributed Fe values (20 000)
between log € ~ 3.4 and log € =~ 5 (log € = log(Ng./Ny) +
12), which corresponds to metallicities [Fe/H] between —4
and —2.5 of our data.

2. Randomly generating for each of these metallicity values
equally distributed (Eu/Fe) values (20 000) between 2.4 % 108
and 1.4 X 107> to mimic the ratio of Eu and Fe throughout the
three regimes (see Table 5 for more details).

3. Calculating for each of these entries the corresponding Eu
values by multiplying the (Eu/Fe) ratios in the list of item
two with corresponding Fe values in item one.

4. Items one through three result in a list of Eu and Fe abundance

pairs of sample stars for which one can test correlations via

PCCs and SCCs as a function of [Eu/Fe].
This procedure was repeated many times, in order to test how
robust the calculated PCC and SCC curves are. It results in the
following behavior (not shown here in a figure): When Fe and
Eu were always coproduced throughout the three categories with
the ratios chosen in item 2, the correlation of Fe and Eu remains
at a relatively high level throughout the whole [Eu/Fe]-range at
about 0.65 instead of 0.2 for the real case. One finds a linear
relation between Eu and Fe abundances with a moderately broad
scatter. Furthermore, the PCC and SCC curves do not diverge at
all. Thus, two interesting features emerge from these tests: (1)
Despite largely varying individual Fe and Eu abundances for the
sample stars, the correlations between Eu and Fe remain mod-
erately high, as long as Fe and Eu are added jointly to a stellar
composition, and (2) PCCs and SCCs do not diverge, contrary
to the case when utilizing observational data. In that case we
saw a strong decline for increasing [Eu/Fe]-values and a diver-
gence between PCCs and SCCs. Thus, adding jointly Eu and Fe
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over the whole observed [Eu/Fe]-interval, which represents the

three regimes, is not consistent with reality. This agrees with our

previous findings that category III stands for a strong r-process
contributor with no or negligible Fe production (in comparison
to solar Fe/Eu ratios).

Therefore, we performed an additional test, assuming that

Fe and Eu are only coproduced in categories I and II, which

should be responsible for reproducing data in regimes 1 and 2

with [Eu/Fe] <0-0.3. A fraction A (0 < A < 1) of Eu (here

defined as Eu*) is produced in addition without Fe in category

III. This stands for an independent r-process source with no (or

negligible) coproduction of Fe. The question is how this repro-

duces regime 3 stars, as we know from the previous analysis

(see Table 7) that also category I and II stars contribute to the

Eu in regime 3. This means that we do not necessarily find

r-process Eu from only a single event which contributed to a

proto-stellar cloud of the ISM before star formation, but we

might need to determine Eu* by subtracting the category I/II con-
tribution. Therefore, the second test consists of:

1. Asin test 1 choosing the metallicity, that is the Fe abundance
of a sample star by randomly generating equally distributed
Fe values between loge ~ 3.4 and loge ~ 5, which corre-
sponds to metallicities between —4 and —2.5 of our data.

2. Adding Eu from category I and II stars for the same metallic-
ity via randomly generating equally distributed (Eu/Fe) val-
ues between 2.4 x 1078 and 2 x 1077 to mimic the ratio of Eu
and Fe in the first two regimes (see Table 5 for more details).

3. Adding Eu* from category III stars. This is obtained (in
an approximation) in two steps: (a) Randomly generating
equally distributed (Eu/Fe) values between 2.1 x 1077 and
1.4 x 107> to mimic the ratio of Fe and Eu in regime 3 (see
Table 5 for more details). (b) However, Eu* in a regime 3 sam-
ple star should be obtained by subtracting the category I and
II contribution.

4. Thus, we utilize the Eu/!" (multiplying the (Eu/Fe) values
of item 2 with the Fe value for this chosen metallicity of
item 1) and subtract it from the Eu, as obtained in item 3(a) for
the same chosen metallicity. This results in Eu* in regime 3,
which is only stemming from category III events without Fe
coproduction.

5. The remaining question is how frequent category III events
are in comparison to category I and II events. Therefore, we
multiply Eu* with a free factor A4 in the range from zero to
one. The total Eu of the sample star is then Eu = Eu"/"" + 1 x
Eu’, providing at the end the pair of Fe and Eu values of this
sample star and also its Eu/Fe ratio.

6. This permits to calculate the PCCs and SCCs of the overall
Eu and Fe correlation as a function of [Eu/Fe].

The procedure described above is clearly an approximate one

and should in principle be followed at some point by a large-

scale inhomogeneous chemodynamical evolution simulation that
takes into account the contribution of all discussed sources, their
frequency and the individual time evolution. On the other hand,
it also includes the simplification that one only talks about cat-

egory I and II events and category III events, rather than divid-

ing also into I and II as well as IIla and IIIb. The procedure

also assumes that each regime 3 star contains also contributions
from category I and II sources. This, however, is strongly sup-

ported by the findings of the previous subsection (see Table 7)

which actually analyzed the Eu contributions from category I

and II events to regime 3 stars. Keeping this in mind, and fol-

lowing the outlined procedure of test 2, Fig. 21 results. We uti-

lized two choices for the division between limited-r (regime 1

and 2) stars and r-process enriched stars (regime 3). The top

figure shows observational PCC-values and selected results of
PCC-values for the test cases with 4 = 0.01 (1%), 0.02 2%),
0.03 (3%), 0.04 (4%) and 0.1 (10%) when utilizing [Eu/Fe] < 0.3
for the upper limit of limited-r or r-poor stars. We realize, how-
ever, in the bottom figure that a break at [Eu/Fe] = 0 rather than
at 0.3 would be a better choice for dividing among limited-r and
r-process enriched stars. This is in line with our previous find-
ing that Th, a strong r-process product, is found already in stars
with [Eu/Fe] >0 (see Fig. 10). We see that the best agreement
with the correlation pattern of observational data is achieved for
values of A close to 0.02. This means that only about 2% of all
events contributing Eu (without Fe) via r-process sites are suffi-
cient, in order to explain the Eu and Fe correlation pattern. This
exercise does not yet point to concrete scenarios for category
IIT events and does not make a difference between IIla and IIIb
events, as long as the Fe coproduction is negligible.

The two tests performed above simplify somewhat reality,
but they come with the result that the strong r-process events
of category III, producing Eu without Fe, stand for only a 2%
fraction in comparison to Fe and Eu coproducing core-collapse
events, which we introduced as category I and II events. What
does this finding say about the ratio of strong r-process events,
producing Eu without Fe, to regular CCSNe? In the SAGA
database there exist 932 stars with Fe and Sr detections. Out
of these 282 stars show Fe, Sr and Eu. These represent 30%
in comparison to the 650 stars which show Fe and Sr without
Eu. The latter could be identified with regular (i.e., category 0)
CCSNe which probably coproduce Fe and Sr. Thus, following
this interpretation that category III events represent 2% of the
whole sample of category I and II plus III events, and all these
represent only 30% of all category 0, I/Il, and III events (domi-
nated by regular CCSNe category 0 events), we find about 6 per
mil of category III events in comparison to the overall CCSN
events. This is within uncertainties (including possible astro-
nomical selection biases plus the chance that some CCSNe might
not produce Sr) close to the 2 per mil of compact binary merger
events in comparison to CCSNe found in Rosswog et al. (2017),
consistent with a neutron star merger rate of 3.7 x 107 yr~!
(Pol et al. 2020) and a CCSN rate in the Galaxy of 1.6x1072 yr~!
(Rozwadowska et al. 2021).

6.3. Identifying the suggested r-process sources/event
categories by comparison with observational regimes

In the preceding subsections, we have categorized r-process
sources in events of category I, II, and III (with the sub cat-
egories IIla and IIIb) without trying definitely, yet, to identify
them with stellar sites (although some of these discussions took
place, already). When focusing on the Fe-group elements we
tried to be already more concrete and pointed to stellar core col-
lapse with varying initial stellar masses. We also mentioned that
even in the case of regular (neutrino-driven) core-collapse super-
novae, due to Y.-variations in the ejecta (see e.g., Ghosh et al.
2022), light trans-Fe elements such as Sr, Y, and Zr and even
elements up to the second r-process peak can be produced. We
introduced for these sources category O events. In the follow-
ing we want to discuss possible production sites of the identified
r-process categories.

A minimal requirement for an r-process is a sufficiently large
neutron-to-seed-nuclei ratio, which depends on Y., the entropy,
and the expansion velocity of ejected matter. These conditions
have to be compared with possible scenarios for the different cat-
egories of events which we have concluded to exist from obser-
vational constraints and correlations.
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In the introduction we have discussed the following possi-
ble r-process sources: (a) regular core-collapse supernovae with
either no or only a very weak r-process and a vp-process, pos-
sibly producing in a combined fashion elements such as Sr, Y,
and Zr and beyond, (b) electron capture (EC) supernovae in the
8—10 M mass range (if they exist and are not disqualified by
their abundance pattern for realistic Y{s), (c) magneto-rotational
supernovae with a varying (dependent on initial magnetic fields
and rotation rates) weak to strong r-process (probably in most
cases weak), (d) quark-deconfinement supernovae of massive
stars that explode due a quark-hadron phase transition at supra-
nuclear densities (rather than the commonly assumed neutrino-
powered mechanism), (e) collapsars (observable as hypernovae)
that lead to a black hole plus torus configuration, and finally (f)
compact binary mergers (of both double neutron star and neutron
star — black hole systems) driven to coalescence by gravitational
wave (GW) emission.

Out of these sites (a) might provide the conditions for a
very weak r-process and vp-process, whether only up to Sr,
Y, Zr or up to (but not beyond) the A 130 peak is still
debated (Wanajo et al. 2018; Curtis et al. 2019; Fischer et al.
2020a; Ghosh et al. 2022). (b) is a class of supernovae whose
existence is put into question after recent re-determinations of
the electron capture rate of 20Ne (Kirsebom et al. 2019a,b), but
is not firmly excluded, however, leading to a too strong decline
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both cases a A of about 2% seems to provide the
best fit to the data.

in abundances as a function of A for realistic Y.-conditions
(Wanajo et al. 2011). (c) could plausibly lead to magnetars, neu-
tron stars with surface magnetic fields of the order 104G,
which form in ~1 out of 10 of core collapse supernovae (e.g.,
Beniamini et al. 2019). Dependent on the initial fields, vary-
ing weak (probably dominating) to strong r-process condi-
tions can be obtained, the latter, however, only for precollapse
fields beyond 10'2G (Winteler et al. 2012; Mosta et al. 2014,
2015, 2018; Halevi & Mosta 2018; Nishimura et al. 2015, 2017,
Bugli et al. 2020; Reichert et al. 2021). Case (d) has been pro-
posed for a while. Dependent on the nuclear equation of state for
massive core-collapse events, the collapse of the proto-neutron
star to a black hole can be avoided (in a narrow stellar mass
range) due to a quark-hadron phase transition with the right
properties. The ejecta would experience a weak r-process, but
populating even the actinides, however, with negligible abun-
dances (Fischer et al. 2020b). Case (e) has been extensively
discussed in the context of long-duration gamma-ray bursts
(Woosley 1993; MacFadyen & Woosley 1999; MacFadyen et al.
2001). They involve the collapse of massive stars that rotate
rapidly enough so that an accretion torus can form outside of the
last stable orbit of a forming black hole, and they go along with
relativistic polar and nonrelativistic torus outflows. This scenario
has been proposed by Cameron (2003) as an r-process site and
recently been examined in more detail by Siegel et al. (2019)
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and Siegel (2019). The remaining site, (f), is related to com-
pact binary mergers (see Thielemann et al. 2017; Rosswog et al.
2017; Cowan et al. 2021, for overviews).

In the literature one can find further suggestions for weak
r-process sites, that is predictions from neutrino winds of magne-
tized neutron stars (Vlasov et al. 2017) and from neutrino winds
of regular CCSNe following the explosions (e.g., Wanajo 2013).
However, there exist open questions about these yields and (or)
their importance. (i) Wanajo utilized a Y. = 0.4 for his pro-
toneutron star winds — presently it is not clear whether such low
values can be attained (Wanajo, priv. comm.) — and the effect
comes only for quite massive neutron stars. On the other hand
Bollig et al. (2021) show that a long-term accretion flow over
seconds hinders the neutrino-driven wind. They suggest that the
wind develops only in the lowest-mass cases. (ii) The above
mentioned investigations for magneto-rotational supernovae pre-
dict dynamical ejecta of the order 0.01—-0.1 M, while the wind
ejecta of Vlasov et al. (2017) for fast rotating magnetized pro-
toneutron stars (which should follow such dynamical ejecta) are
of the order 10™* to 1073 M. Here one might need to include
both such ejecta (the dynamical as well as the wind ejecta),
which we discuss when considering case (c).

All the sites from (a) to (e) relate to massive stars, and except
for (e) they are essentially candidates for a weak r-process.
(c) can possibly vary from a weak to (in rare cases) a strong
r-process, (e) is a convincing case for a strong r-process. All
of these events will coproduce Fe, but for the strong r-process
candidate (e) this amounts to a negligible level in comparison to
solar Fe/Eu ratios, for case (c) this depends on the strength of
magnetic fields and the rotation rate.

The progenitors for the cases (a) to (f) vary substantially
in their initial electron fractions: all sites apart from (f) start
with a pre-explosion Y.-value close to 0.5 and de-leptonize to
low Y.-values just prior to or during the collapse and explo-
sion (and they need to avoid reraising Y., for example via ve-
capture as in case (c) for low magnetic fields). Only the sites
related to (f) start at the opposite end with electron fractions
close to 0.05 (see Fig. 22) and the ejecta becoming releptonized
by positron- and v.-captures. Extremely low initial Y.-values
provide compelling environments for a strong r-process. During
the explosive event, which triggers an r-process, it is unlikely
to maintain a perfect S-equilibrium, but during the expansion a
transition from (close to) one B-equilibrium to (close to) another
one is possible. Matter may, for example, transition from cold,
catalyzed neutron star matter with a very low Y. to a higher-Y,
B-equilibrium state that is determined by the balance of electron
and positron as well as neutrino and antineutrino captures. Thus,
when assuming that the temperatures in the explosion are large
enough to drive matter (close to) S-equilibrium, this may pro-
vide us with some hints on the physical conditions at the pro-
duction site. To fix orders of magnitude, we show in Fig. 22
the S-equilibrium values (assuming vanishing neutrino chem-
ical potentials) for a broad range of physical conditions. The
concrete values have been calculated using the DD2 equation
of state (Hempel & Schaffner-Bielich 2010), but deviations for
other equations of state are only expected at the highest densities
(>10'* gcm™3) that are very unlikely to be ejected and therefore
are not relevant for our discussion here. Not too surprisingly, the
matter inside a neutron star is extremely neutron-rich (¥, < 0.1)
with Y.-values actually starting to dip down to close to zero when
approaching 10'* g cm™3. The figure also includes contour lines
of Y. values in the range 0.1-0.15, which have been identified as
optimal conditions for an r-process with an actinide boost (e.g.,
Holmbeck et al. 2019; Wu, priv. comm.; Thielemann et al. 2022;
Eichler et al. 2019).

6.3.1. Category 0, |, and Il events

Let us first try to make the connection to category 0, I, and II
events which are responsible for either producing only the trans-
Fe elements or are responsible for a weak r-process, including
Eu production but no (or negligible amounts of) third r-process
peak or actinide elements. They all showed apparently very
strong or strong correlations with Fe, as discussed in earlier sec-
tions. One major question is whether the nondetection of Eu in a
large fraction of stars means that (i) all such stars have not expe-
rienced any Eu or r-process pollution or (ii) whether this is just
due to observational uncertainties. (i) would be consistent with
the non-production of a weak r-process in regular CCSNe, being
in line with a strong debate about a full r-process occurrence in
such events. The production of Sr, Y, Zr, and even heavier ele-
ments below the A = 130 peak seems possible in a combination
of a vp-process (e.g., Frohlich et al. 2006; Eichler et al. 2018)
and a (very) weak r-process (Wanajo et al. 2018; Curtis et al.
2019), for the latter see also Kratz et al. (2007), Farougqi et al.
(2009), and Akram et al. (2020), but Eu seems not to be pro-
duced. An excellent update on this situation is recently pro-
vided by Ghosh et al. (2022). This would exclude within our
present understanding a weak r-process Eu production in reg-
ular CCSNe, opposite to category I or II events. Therefore, we
decided to call them category O events, underlined already to
some extent by an apparent three-plateau feature in the corre-
lations for Sr, Y, and Zr (Fig. 13). The remaining options for
category I and II events among the listed sources would be (b)
electron capture supernovae, (c) magneto-rotational supernovae
and (d) quark-deconfinement supernovae. All limited-r or weak
r-process stars are characterized by a high Sr/Eu ratio (see Fig. 2,
right panel) and a very strong to moderately strong correlation
of Eu with Fe, indicating a coproduction of Fe and Eu. This
was the reason to identify them with a type of core-collapse
supernovae. We have summarized presently available predic-
tions for EC supernovae (EC SNe, Wanajo et al. 2011), mag-
netorotational supernovae (MHD1 and MHD2, Nishimura et al.
2017; Reichert et al. 2021), and QD supernovae (Fischer et al.
2020a) in Table 9, taken from Fig. 5 in Wanajo et al. (2011),
Figs. 4 and 5 in Nishimura et al. (2017) (in a restricted range of
magnetic field strengths), Table 2 in Reichert et al. (2021) (one
out of 4 models), and Table 3 in Fischer et al. (2020a), in com-
parison to the observed ratios in low metallicity stars of regimes
1 and 2. If one would add late wind contributions of Vlasov et al.
(2017) to the magnetorotational models, they would at most add
10% to the Sr and Eu values presented in Table 9. The listed
sources are the ones expected to be explained via category I and
IT events. We note that some of these entries contain a range
of values due to a variety of models contained in these publi-
cations. For the EC supernova models we utilize the entries for
Y. between 0.2 and 0.25 instead of a more realistic Y. = 0.4.
This goes beyond uncertainty estimates permitting Y, values
only down to 0.3. However, for such values no Eu would be
produced, underlining that EC supernovae (if existing) probably
are not good candidates for category I or II events. The MHD1
results represent the range of 7 entries for intermediate magnetic
fields, the MHD?2 entries take the only model which produces
non-negligible amounts of Eu, but an average over the range of
magnetic field strengths and rotation rates would probably be
different. Sr ejecta could be lowered by a factor of 10 while Fe
ejecta can be higher by up to a factor of 10 than listed. The QD
supernova entry gives the range of two model predictions. The
observational entries for regime 1 and 2 are taken from Fig. 2
(right panel) for Sr/Eu, taking the full range of the observations,
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Fig. 22. B-equilibrium Y, for DD2 EoS. S-equilibrium values for a broad range of relevant densities and temperatures, employing the DD2 equation
of state. The colors indicate Y., contour lines in the range of 0.1 to 0.15 are also displayed.

for Sr/Fe the upper limits of the second and third plateau in
Fig. 13, and for Eu/Fe the average values based on the fits in
Fig. 9. The Eu/Fe ratios which we find in regime 1 and 2 stars
are on average of the order 2 x 1078 and 10~7. Thus, in case the
observed abundance ratios in those stars would reflect directly
the production ratios from the pollution by a single event, we
should find consistent and identical ratios in the responsible
event ejecta. The last line of Table 9 contains also the total
amount of Ni (decaying to Fe) ejected in the models/sites con-
sidered here for weak r-process events (but, as mentioned before,
this can vary strongly in the variety of models considered for
these types of events).

We see for all the candidates in Table 9 a reasonable agree-
ment between model predictions and observations for the Sr/Eu
ratios, representing a typical weak r-process pattern (maybe with
exception of the EC SNe which get close to the observed ratios
only with highly reduced Y. values, stretching the uncertain-
ties possibly beyond permitted limits). Generally, the Sr/Fe and
Eu/Fe ratios seem to be two to three orders of magnitude too
high. For magnetorotational SNe this might be due to the fact
that we included cases with too high magnetic fields, case i
from Nishimura et al. (2017) and 350C-Rs from Reichert et al.
(2021). When utilizing lower magnetic fields on average, the Sr
as well as Eu abundances will be reduced and the Fe abundances
enhanced. This can reduce St/Fe ratios by one to two orders of
magnitude (Reichert, priv. comm.), but a constraint would be that
on average the Eu/Fe ratios need to be reduced in similar pro-
portions as St/Fe, in order to obtain the same St/Eu ratio. This
depends on the distribution of such model properties (magnetic
field strength and rotation rates) in realistic samples, as the lan-
thanide fraction beyond the second r-process peak is much more
sensitive to such changes than the Sr abundance.

In all cases the St/Fe as well as Eu/Fe ratios produced in
these events are exceeding the ones observed in regime 1 and
regime 2 stars by a large factor. A solution to this, in line with
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our previous discussion, is that — already at these low metal-
licities — we do not see only a single event pollution, but that
for these regime 1 and regime 2 stars already many regular
supernovae contributed as well, adding essentially Fe, but only
affecting mildly the St/Eu ratio with existing but small Sr pro-
duction. Independent of these considerations, but in line with
what was just said, the magnetorotational supernovae (item c in
our list of possible sites) show a highly varying degree of the
r-process strength, dependent on the initial magnetic field and
rotation. Due to this they will come with a larger scatter which
we also see for regime 2 in Fig. 9. This might qualify them as
good candidates for category II. Weak r-process stars of regime
1 show a highly uniform behavior. Thus, such ejecta proper-
ties would also be required from category I events. Electron-
capture supernovae seemed ideal candidates in this respect, but
they have recently been put in question with respect to their
real existence (Kirsebom et al. 2019a,b). While the outcome is
still open (Jones et al. 2016), and they could possibly be con-
sidered as a well-defined event, being progenitors of low mass
neutron stars (Hiidepohl et al. 2010) with robust abundance fea-
tures (Wanajo et al. 2011), the probably much too high St/Eu
ratio puts them in question. It remains to be seen whether QD
supernovae (d) could be an alternative for category I events or
(with possibly improved physics input in future investigations)
also regular supernovae (a).

What remains to be said, while MHD1 and MHD2, as well
as the QD supernovae, show a reasonable Sr/Eu ratio consis-
tent with regime 1 and (or) regime 2 stars, the Sr/Fe and Eu/Fe
ratios are by orders of magnitude higher than what is seen in
observations. This argues for the additional Fe floor from prior
regular CCSNe mentioned above (but not producing Eu, and
possibly Sr only to a negligible extent) that has existed before
pollution with a category I or II event. This is in line with our
previous findings that category 0 supernova ejecta can already
be found at metallicities as low as [Fe/H] < —5. Comparing the
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Table 9. Observed element ratios versus astrophysical events.

Element ratio  Obs. Regime 1 ~ Obs. Regime 2 EC SNe MHDI1 MHD2 QD
Sr/Eu 200-750 200-800 300-10° 438-1300 340 142-468
St/Fe <2x107° <2.5%x 1073 33x1072 7x1073-5x1072 2.6x 1072 (5.1-5.8) x 1073
Eu/Fe 2x1078 1077 3x1077-107* 1.5-3.6x 107 75% 107 (1.1-4.1) x 107>
Fe [M;] 3x1073 3x1072 2x 1072 5.5x 1072

Notes. Candidates for category I and II events.

produced Fe from the simulations shown in Table 9 to the typical 10°]

Fe-production in CCSNe shows options for reducing the appar- BIS3412

ent overproduction. If we would link QD supernovae to category 10°] 117562251 BI913+16

o [ ]

I events (responsible for regime 1) and magnetorotational super-
novae to category II events (responsible for regime 2 with the
larger scatter), we find an overproduction of Sr/Fe and Eu/Fe by
a factor in excess of 1000 and 150-360 (or even up to 750) for
QD and magnetorotational supernovae, respectively. Thus, we
would need n additional supernovae with 0.1 M, of Fe to reduce
these ratios to the ones observed in regimes 1 and (or) 2. This
leads to 0.055 + n x 0.1 = 1000 x 0.055 for QD supernovae or
0.02+nx0.1 = 750x0.02 and 0.03+nx0.1 = (150t0 360)x0.03
for the MHD2 or MHD1 models of magnetorotational super-
novae. Taking this at face value would require the addition
of about 500 CCSNe with their Fe to each QD supernova in
order to reproduce the observations of regime 1 and 45 to 107
(for MHD1) and 150 (for MHD2) CCSNe in addition to each
magnetorotational supernova to reproduce the observations of
regime 2. But permitting Sr/Fe and Eu/Fe ratios for magnetoro-
tational supernovae, averaged over the full range of magnetic
field strengths and rotation rates (with decreased Sr and Eu and
increased Fe ejecta), could reduce these ratios by up to a factor of
10, resulting in n values around 10, consistent with the number
of supernovae from massive stars which lead to magnetar for-
mation. This result is consistent with the discussion in Sect. 6.1,
where we utilized ejected Eu masses of the order 107% M, from
magnetorotational supernovae, while the entries for MHD1 and
MHD?2 in Table 9 vary between 1 and 5 x 107%. To summarize:
about 500 CCSNe per QD supernovae, and possibly a number as
small as 10 regular CCSNe per magnetorotational supernova are
required to explain the observations for regime 1 and 2, respec-
tively. This has to be taken with care, requiring that these simula-
tion models are approaching reality. The number for the ratio of
regular CCSNe (with typically 0.1 M, Fe production) to the cat-
egory I as well as II events would make sense, as these are at the
higher end of the IMF and for QD supernovae in a very narrow
stellar mass range or require for magnetorotational supernovae
specific conditions for precollapse magnetic fields and rotation
rates (possibly consistent with the fraction of CCSNe resulting
in magnetars).

6.3.2. Category Il events

Finally, we have also to identify the astrophysical counterparts
of category Illa and b events. Let us begin with sites of type
(f) compact binary mergers, more specifically the mergers of
two neutron stars, since they are the only events that have
been directly observed to synthesize (both strong and lighter)
r-process nuclei, as discussed in the introduction. Fe could not
be detected, underlining a noncorrelation of the heavy r-process
elements with Fe. However, the two neutron stars originate
from earlier CCSN explosions which produced Fe. All r-process
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Fig. 23. Distance travelled by neutron star binaries until the merger. A
few neutron star binaries with sufficiently known details to determine
the gravitational wave inspiral time 7w and the distance travelled until
the merger, based on their kick velocities. The observational data are
taken from Table 3 in Tauris et al. (2017).

enriched stars in regime 3 contain Fe as well. The reason of that
is, these stars are polluted by the merger, but they could also
contain products from the preceding supernovae. Whether the Fe
stems from the two supernovae of the progenitor system or prior
frequent CCSNe needs to be discussed. It relates to the question
whether the neutron star mergers take place within the super-
nova remnant(s), spanned out after the preceding supernovae
explosions, or the merger might take place outside the remnants
due to neutron star kick velocities. Here we show those neutron
star binaries from the overview Table 3 in Tauris et al. (2017)
where gravitational wave inspiral times 7Tgw and system veloc-
ities are known. With this information we know which distance
each binary moves before the merger and we can compare this
distance to the typical size of a supernova remnant (SNR). Of
those systems none will merge near their supernova remnants. In
Fig. 23 even the closest one, the double pulsar J0737-3039, will
merge about 100 SNR radii from the site of the last supernova.
Thus, at least for these selected well-known systems the neutron
star merger ejecta will not easily mix on short time scales with
their prior supernova ejecta.

The question remains whether the cases presented in Fig. 23
are a representative sample for the whole merger population or
are affected by an observational bias. It is easier to detect long-
lived systems, as for higher eccentricities the merging event will
come much faster (see, e.g., Fig. 1 in Rosswog 2015a). Never-
theless, it needs a vy as small as 30km s~ (while these kick
velocities are typically as high as several hundreds of kms™')
in order to inspiral and merge after a short period of 10° years
within a range of about 30 pc (smaller than a typical super-
nova remnant). The presence of r-process-enriched ultra-faint
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dwarf galaxies (UFDs) with a shallow gravitational potential
suggests small natal kick velocities for binary neutron stars at
birth (<15kms~', Beniamini et al. 2016). In fact, the analysis of
observed binary neutron stars in the Milky Way suggests that
the majority of the systems receive small kicks of <30kms™!
(Beniamini & Piran 2016), although a high velocity population
of >150km s~! exists as well (about 20%, Behroozi et al. 2014).
Thus, to summarize: we expect a low-kick population, but even
such a population would need an extremely short inspiral time
of only 10 years in order to be able to permit mixing of the
merger ejecta with Fe from the preceding supernova remnants.
In addition, a high-kick population exists, which is very unlikely
to merge within the supernova remnant. In the second case the
question arises how enriched the ISM was already with Fe ejecta
of other independent supernovae at the point when the merger
takes place. This is independent of the preceding double super-
nova system, responsible for creating the binary neutron star sys-
tem. In all cases NSMs fulfill the requirements of category III
events, that is no or negligible correlation of r-process elements
with Fe. Nevertheless, as we know from observations, the ISM
around the merger apparently contains already preexisting Fe.

We have also discussed case (e), that is collapsars, as
contributors to category III, this way having two category III
subcategories: IIla (NSMs) and IIIb. In addition, those magneto-
rotational supernovae of case (c) with highest magnetic fields,
permitting a strong r-process, might also be possible contribu-
tors to category III events, although Mosta et al. (2018) argue
that the high fields required are unlikely, and in most cases (in
3D simulations) a kink instability prevents a strong r-process,
causing only a weak one. Both types of events, that is collap-
sars and extreme cases of magnetorotational supernovae, would
come with some coproduction of Fe (small in comparison to
solar Fe/Eu), displaying maybe a small but possibly negligible
correlation. Such explosions related to the most massive stars
occur already in the earliest phases of galactic evolution, that is
for sure at [Fe/H] < —3. A further analysis with respect to the
appearance of strong r-process events at very low metallicities
might also help to test whether not only core-collapse events
of massive stars can be responsible at such low metallicities,
see Fig. 11. Wehmeyer et al. (2019) investigated neutron star —
black hole mergers in chemical evolution studies, systems which
would also lead to a black hole torus, similar to collapsars. Also
neutron star mergers, with a large combined mass and fast black
hole formation, can lead to black hole torus systems. How in
those cases the prior binary evolution retards the merger event in
galactic evolution with respect to metallicity remains an impor-
tant issue. The above considerations lead to the questions of the
identification of category Illa and IIIb events, and the possible
relation to an actinide boost.

An interesting question is related to the division between
actinide boost stars and normal r-enriched stars which display
a strong r-process. In Fig. 10 (right panel) we have seen that
the actinide production (Th) is due to a superposition of events.
In Fig. 16 we saw a clear difference for two distinct subgroups
in regime 3, related to two subcategories of category III (Illa
and IIIb), explaining r-enriched stars responsible for solar-type
strong r-process abundances as well as actinide boosts. We could
also show that this division is somewhat related to the observa-
tional classes of r-I and r-II stars. Thus, two questions have to
be answered: (i) what are the environment conditions permit-
ting such an actinide boost, and (ii) which astrophysical objects
experience these physical conditions. (ii) could possibly lead to
further questions whether environments different from typical
neutron star mergers could be responsible, that is neutron star
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— black hole mergers or possibly collapsars. But let us first con-
centrate on (i), the required environment conditions.

Recent studies (Holmbeck et al. 2019) based on one hydro-
dynamic trajectory from tidal dynamical ejecta* conclude that
actinides are substantially overproduced relative to lanthanides
for Y.-values in the range 0.1-0.15, due to the influence
of fission cycling. This is consistent with Wu (priv. comm.)
Thielemann et al. (2022) and a recent study of Eichler et al.
(2019), which finds, with a variety of nuclear mass models, that
slightly larger electron fractions in the range of ~0.15 are most
favorable to explain actinide boost matter. Interestingly, the ini-
tial neutron stars, or also massive stars before core-collapse,
are practically free of such matter. In Fig. 24 (left panel) we
have binned the masses according to the Y.-values of initial neu-
tron stars. The models were calculated by solving the Tolman-
Oppenheimer-Volkoff equations together with realistic equations
of state (DD2 and SFho). We show the results for two masses,
1.4 M, representing the probably most common neutron star
mass, and 1.8 Mg, at the higher mass end but consistent with the
recent LIGO detection GW 190425 (Abbott et al. 2020), where at
least one neutron star was very heavy. Plotted is the mass fraction
inside the neutron star that has an electron fraction above the Y-
value given on the x-axis. To fix ideas, let us focus on the black
line (1.4 Mg and DD2-EOS): the curve starts trivially at a value
1, since all the matter has a nonzero Y.. The curve shows that
essentially the whole star has an electron fraction below ~0.08
and only a tiny mass fraction of ~10™* has a Y, above this value.
In other words: there exists hardly any matter in the original neu-
tron stars in the range that is required to produce actinide boost
stars. This result is rather robust against changes of the mass and
the EOS. Similarly, massive stars before becoming collapsars or
hypernovae do not contain matter with the required properties
before core-collapse.

Given that actinide boost stars contribute a substantial frac-
tion to the r-process enriched stars, requiring a dominant fraction
of the ejecta to originate from a very narrow Y.-range in order to
reproduce their observed abundance pattern, indicates that nature
robustly produces a restricted range of conditions where such Y.-
values occur. The question of how this in nature takes place, is
up to now not settled. We want to discuss here a new, admittedly
somewhat speculative possibility.

A binary merger, where a central neutron star survives,
drives, due to the intense neutrino irradiation, the electron frac-
tion of the secular ejecta values well beyond the upper limit of
0.15 for an actinide boost (Perego et al. 2014; Martin et al. 2015;
Sekiguchi et al. 2016). To corroborate this, we plot in Fig. 24,
right panel, the equilibrium electron fractions for neutrino-driven
winds (Qian & Woosley 1996)

Y~ |1+

L, (&, +2A +1.2A%/¢,) €

e

Ly, (& - 28+ 1.2A2/E%)}‘ [1 (fvs ) (L% )]_1
X + - :

Here, A = 1.293MeV is the neutron-proton mass difference,
€ = (E*)/(E) relates to neutrino energies, and L to their lumi-
nosities. In the approximation on the right we have assumed that
neutrino energies are large enough so that, to acceptable accu-
racy, the terms containing A can be neglected. This approxima-
tion is shown in the right panel of Fig. 24. We mark in the plot
the relevant contours Y, = 0.10 and 0.15, and we have indicated
the equilibrium Y, region that is expected, based on the neutrino

4 Trajectory from the simulations described in Rosswog et al. (2013).
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Fig. 24. Mass fraction in neutron stars above a given electron fraction and conditions for an actinde boost. Left panel: mass fractions in neutron
stars above the given electron fraction Y, of the x-axis. Rather insensitive to mass and equation of state, the bulk of a neutron star has an electron
fraction below ~0.08, only a tiny mass fraction of ~107* is above this value. Right panel: equilibrium Y, in a neutrino-driven wind as a function
of the ratio of (anti)neutrino energies and luminosities (see text for details). Marked is the Y.-range favorable for an actinide boost (0.1-0.15) and

the regions expected for neutron star mergers.

properties from neutron star merger simulations (Dessart et al.
2009; Rosswog et al. 2013; Perego et al. 2014; Sekiguchi et al.
2016; Foucart et al. 2016), assuming such neutrino-dominated
environments will also attain a weak equilibrium, which may
only be the case for long-lived central neutron stars. If so,
neutrino-driven winds from neutron star mergers with surviving
central remnants are not viable candidates for actinide boost mat-
ter. In reality simulations contain a spectrum of ejecta, starting
from ejected tidal tails of essentially pristine neutron star matter
up to the high Y.-values related to the discussed neutrino-driven
winds which reached a weak equilibrium. However, it is not
expected that in this spectrum the preferred narrow Y-interval
around 0.1-0.15 plays a dominant role.

If instead a black hole is present or forms, the neutrino irra-
diation is dramatically quenched and the gas flow around the BH
robustly regulates itself into a state of mild electron degeneracy.
Due to negative feedback between electron degeneracy and neu-
trino cooling (higher degeneracy leads to fewer electrons and
positrons, therefore reducing the neutrino emission, which leads
to a higher temperature and thus to a lowering of the degener-
acy), the disk midplane settles inside of the inner ~10 GMpy/ c?
to electron fractions of Y, ~ 0.1 (Beloborodov 2003). Interest-
ingly, this occurs once the accretion rates exceed an ignition
value (that depends on the BH spin, see Chen & Beloborodov
2007) and the corresponding accretion rates are those that are
needed to power (long or short) GRBs (Lee & Ramirez-Ruiz
2007). While discovered in semi-analytic models, this self-
regularization to low Y,-values in the disk midplane is also found
in full-fledged numerical (magneto-) hydrodynamic simulations,
see, for example, Siegel & Metzger (2018) and Ferndndez et al.
(2019).

The simulation of such neutrino-cooled accretion flows is
a major challenge since models should include the (poten-
tially self-gravitating) MHD flow around a rapidly spinning
black hole, (semi-transparent) neutrino transport and effects of
composition, degeneracy and nuclear recombination. To make
things even harder, one needs to resolve the small length
scales of the magneto-rotational instability (Chandrasekhar
1960; Balbus & Hawley 1998) and to evolve the black hole torus
system for a very large number of dynamical time scales (up
to several seconds, while the dynamical time scales are ~ms).

Therefore, it is not entirely surprising that the exploration of

this topic is still in initial stages, that large parts of the rele-

vant parameter space are not explored yet and, where parameters
are comparable, the results do not yet agree (at least not con-
cerning the ejecta composition). The currently existing GRMHD

explorations (Siegel & Metzger 2017, 2018; Miller et al. 2020;

Fernandez et al. 2019) agree that a large fraction (~40%) of

the initial torus mass becomes unbound, but to date there is no

agreement about the resulting ¥, and composition of the ejecta’.

Despite the current lack of consensus about the ejecta properties,

we find the black hole torus idea for the source of actinide boost

material compelling since

(a) it is the only convincing scenario that we are aware of that
regulates itself robustly into the needed Y. range,

(b) the progenitors are known to exist,

(c) there are good physical reasons why torus black hole sys-
tems form in this parameter range. For example, compact
binary mergers have, maybe within a factor ~3, total masses
of a few M. They start out with a huge orbital angular
momentum reservoir which is continuously diminished by
GWs until disruption occurs close to the last stable orbit.
The angular momentum left at this stage is still very large
and chances are good to form a substantial accretion torus.
In double neutron star merger cases where a black hole
forms, the large inherited angular momentum ensures that
the post-merger black hole has a substantial dimensionless
spin of y = 0.8 (Kiuchi et al. 2009; Rezzolla et al. 2010). If
the merging system consists of a neutron star and a black
hole, the latter cannot be too massive, otherwise the neutron
star is swallowed as a whole and no substantial torus forms
(for Schwarzschild black holes their mass must be <8 M,
see e.g., Fig. 18 in Rosswog 2015b). Substantially spinning
BHs (y > 0.8) are permitted to have larger masses. In any
case, the resulting BH-torus system has similar parameters.
Single stars have much less of a reason to form BH-torus
systems in the suitable parameter range. However, if they
really are the causes of long GRBs, they must accrete at rates

5 For example, Ferndndez et al. (2019) find Y, values around 0.12,
those of Siegel & Metzger (2018) peak around ~0.14 while Miller et al.
(2020) find a broad distribution between 0.2 and 0.4.
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in the range from ~5 x 1073 to ~0.1 My s~" and they could

therefore be in a similar parameter range (Siegel et al. 2019).

And last, but not least,

(d) they have additional signatures —gamma ray bursts— that are

regularly observed.

The progenitor systems of actinide boost material could then be
either neutron star binaries that form massive enough accretion
disks and black holes, or neutron star black hole systems that
form substantial tori (either from low mass black holes or large
BH spins) and, potentially, also collapsar accretion disks. There
are good reasons to believe that the relativistic jets needed for
GRBs are triggered when a black hole forms (McKinney et al.
2013, 2014; Ruizetal. 2016, 2019; Murguia-Berthier et al.
2017)°. If black hole torus systems indeed manage to eject mat-
ter with properties similar to what they produce robustly in their
inner torus regions, and a black hole is needed to launch an
(either long or short) GRB (rather than, say, a magnetized neu-
tron star), then it would be the GRB engines that produce the
actinide boost matter. Neutron star mergers, where instead a
central stable or meta-stable massive neutron star survives long
enough, eject very low Y. matter in tidal ejecta together with
matter that is characterized by a broad range of Y, conditions
due to the exposure to the intense neutrino field. Such remnants
may be responsible for the more regular r-process enriched stars.
In this picture, GW170817 could have produced the early blue
component by polar dynamical ejecta together with neutrino-
driven winds from initial stages where a massive neutron star
was still present. The ensuing collapse would have triggered the
GRB launch, the torus would regulate itself to Y. ~ 0.1, eject
a fair fraction of this material in the form of actinides which
would be consistent with the decay time scales inferred from late
time observations of AT2017gfo (Wu et al. 2019; Kasliwal et al.
2022). Opposite to the earlier discussed BH-torus systems (NS-
BH mergers, collapsars), here the early phases related to dynam-
ical ejecta and the neutrino-driven wind (during the period when
a meta-stable massive neutron star still existed, before turning
into a black hole) contribute sizable fractions of the ejecta and
lead to a broad range of Y.-values, less dominated by the narrow
interval responsible for an actinide boost.

Thus, after having gone through the options of category III
events, which lead to a strong r-process, it seems that we found
two types of subclasses: category Illa, probably including neu-
tron star mergers with combined masses which permit the forma-
tion of a stable or meta-stable massive neutron star for extended
times after the merger and during the matter ejection and neu-
trino wind phase. In addition, a subdivided subclass of category
IIIb events seems to include black hole torus systems (with mas-
sive neutron star binaries leading to fast black hole formation,
neutron star — black hole mergers, and collapsars or hypernovae
from very massive single stars). The latter would tend to be char-
acterized by an actinide boost, while IIla events would produce
a strong r-process as well, but no actinide boost.

After this attempt of trying to identify the possible astro-
physical sources for the different categories of events, deduced
from abundance observations of low metallicity stars, we address
more quantitative aspects with respect to linking the here dis-
cussed category Illa and IIIb events to the different subregimes
of r-process enriched stars of regime 3. This leads to the ques-
tion of the dominance of the abundances observed in r-I and r-II
stars due to category IIla and IIIb events.

It remains to be seen how the subregimes r-I and r-II of
regime 3 stars can be explained with category Illa and IlIb

6 But see for example Mosta et al. (2020) for a possible alternative.
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events. In Fig. 16 we have shown that Th in complete r-process
stars of regime 3 comes from two distinct event categories which
essentially coincide with regime r-I and r-II stars. Figure 19
underlined, in addition, that yet another superposition is neces-
sary to explain the Eu abundances in r-I and r-II stars, and we
concluded that the limited-r or weak r-process events of category
I/IT have to contribute as well. In Tables 7 and 8 we attempted
to quantify this contribution. While both category IIla and IIIb
events are expected to have either no coproduction of Fe at all or
a negligible coproduction (in comparison to solar Fe/Eu), never-
theless, we see a scattered relation between Eu and Fe in r-I and
r-11 stars (see Fig. 20). The average ratios for Eu/Fe of 3 x 1077
and 3x 107 determined from the sample of r-I and r-1I stars, cor-
respond to a mean [Eu/Fe] value for these subregimes. It is not
clear how such ratios could be obtained for example in collap-
sars and hypernovae, or how such values could be obtained with
the Eu input from neutron star mergers. We take these two cases:
(1) collapsar input from Siegel et al. (2019), (ii) the average Eu
ejecta from neutron star mergers Coté et al. (2017). They are
not necessarily accompanied by ejected Fe. We discussed before
whether neutron star kicks avoid that the merger ejecta are mixed
with the preceding supernova remnants (containing Fe) or the
merger takes place within the remnant material, polluted by the
Fe ejecta of 0.1 M, from the two preceding core-collapse super-
novae (producing the two neutron stars) (Ebinger et al. 2020;
Curtis et al. 2019).

The collapsar models of Siegeletal. (2019) predict
>107" My of r-process matter and typically about 0.5 M, of
Ni (decaying to Fe). This leads to about 10~* M, of Eu, an
Eu/Fe mass fraction ratio of 2 x 10~*, and an abundance ratio of
7.4 x 107>, For neutron star mergers the typical Eu ejecta mass
is 107> M, (Coté et al. 2017). If we would assume that this Eu
is ejected into the interstellar matter polluted already with the
ejecta of the preceding two supernovae, this would amount to
about 0.2 M, of Fe. In the opposite case the ISM, into which
the Eu is ejected, would not be polluted by the Fe of the prior
supernovae from the preceding binary system, but it could con-
tain Fe from other independent prior supernova events. Let us,
for the moment, just assume the mixing with 0.1 M, of Fe from
one supernova, independent of its origin, just to get an idea of
the Eu/Fe ratio resulting from such an assumption. This leads to
an Eu/Fe mass ratio of 10~ or an abundance ratio of 3.7 x 107>,
If we follow the previous discussion that r-II stars are related to
an actinide boost and an actinide boost is related to black hole
torus systems, then the r-II observations should be compared to
the collapsar case, which leaves the neutron star mergers to be
related to r-1 stars (but keeping in mind that according to Table 7
category II events, i.e., core-collapse with Fe coproduction con-
tribute as well, and are more frequent than compact binary
mergers).

If we take the resulting ratios at face value, the observed ratio
of Eu/Fe is 25 times smaller than in the produced ejecta for the
collapsar case and 123 times smaller than in the ejecta (if including
Fe from one supernova) for the neutron star merger case. Thus,
one would need to add additional Fe from other preceding core-
collapse supernovae. This would require n X 0.1 M, of Fe from
additional supernovae to obtain (0.5 + n x 0.1) = 25 x 0.5 for
the collapsar case and (0.1 + n x 0.1) = 123 x 0.1 for the neutron
star merger case. This results in n.oy = 120 and nxsm = 122 times
0.1 M, of additional Fe from preceding core-collapse supernovae
in order to arrive at the observed ratios. This would require in both
cases the Fe of about 120 additional supernovae.

Turning it around means that on average the ISM, out of
which r-I as well as r-II stars formed, experienced 1 category Illa
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Table 10. Observed element ratios versus astrophysical events.

Element ratio  Obs. average r-I ~ Obs. average r-1I Neutron star mergers Collapsars
(when including Fe from one SN)
Eu/Fe 3x 1077 3x107° 3.7x 1073 7.4x107

Notes. Candidates for category Illa and IIIb events for complete r-process stars of regime 3.

or IIIb event combined with about 120 core-collapse supernova
events, producing each 0.1 M, of Fe. This stands for about eight
per mil of either category Illa or IIIb events in comparison to
the number of core-collapse supernovae and is nicely consistent
with our previous considerations related to Fig. 21. On the one
hand the large scatter in the observed ratios of the order 10 to 20,
indicates the inhomogeneity of matter in the early galaxy. Never-
theless, the result also shows that at the low metallicities consid-
ered here, we apparently do see the imprint of about one category
IIT event mixed into an ISM containing already the pollution
of about 120 core-collapse supernovae. When looking at Fig. 2
from Rosswog et al. (2017), the ratio nysm = 122 is consistent
with the requirements for dominant r-process producing events
that eject about 1072 M, of r-process matter per event. On other
hand, if one would try to explain the strong r-process of solar
abundances only by collapsars the ratio of n.,; = 120 is some-
what on the low side for events which eject about 0.5 M, of r-
process matter per event. A number of about 500 would be rather
required. However, when considering that in total r-enriched
stars would result from a combination of compact binary merg-
ers and collapsars, and that the actinide-boost stars (r-1I) are only
a fraction of all r-enriched stars (~25%), this would fit perfectly.
We should notice that Fig. 2 from Rosswog et al. (2017) looks
at the overall statistics in order to explain solar system r-process
abundances. The attempt of identifying alternatively collapsars
with r-I stars and neutron star mergers with r-II stars would lead
to numbers which do not necessarily exclude these interpreta-
tions, but the taken choice looks more reasonable.

7. Concluding discussion

We have utilized statistical methods (correlations, cluster analy-
sis, and rank tests, see Appendices A—C) for r-process elemental
abundance patterns in low metallicity stars with [Fe/H] < —2.5.
They test the coproduction of elements in nucleosynthesis
events, whether certain patterns stem from different types
of events, and how many different events contributed to the
observed abundances of individual chemical elements. Our ini-
tial approach was based on the assumption that at such low
metallicities, only the imprint of a single nucleosynthesis event
can bee seen, coproducing elements in specific abundance ratios.
Such an analysis goes back to findings by Ryan et al. (1996),
for example, that already one core-collapse supernova leads to
a remnant metallicity of [Fe/H]=-2.7 in a previously pristine
interstellar medium. This sets the stage for the first generation of
stars, which, if going back to the pollution by the same type of
events, would lead to high correlations between element abun-
dances (see Appendix A). If at early stages already several (pos-
sibly different) explosive events have enriched the ISM locally,
and the ISM is not yet fully mixed, one would see pockets of
abundance features, also visible as clusters in abundance patterns
(Appendix C). Analyzing such pockets separately permits one
to also interpret correlations of two elements as a coproduction.
The situation is more complicated when already several explo-
sive events have contributed to the protostellar cloud of a single

newborn star, for instance several core-collapse supernovae have
enriched the gas, but also an additional r-process event. In such
situations, the relation between element abundances and their
ranks, described in Appendix B, can provide information on the
number of contributing sites and their element abundance fea-
tures. The analysis of observed abundance patterns by means of
such statistical tools has led us to suggest four to five different
r-process sites. In a slightly speculative, but promising, manner
we identify these with the following:

1. Category O events are regular core-collapse supernovae.
They can contribute, with a possible combination of a very
weak r-process and a vp-process, to trans-Fe elements (pos-
sibly not much beyond Sr, Y, and Zr, in any case ending
with the second r-process peak). This follows, for exam-
ple, from an analysis of Fig. 3 (right panel) in comparison
to Fig. 13. In the first case we see for Eu high or relatively
high correlations with Fe for [Eu/Fe] values in the range
between the stars HD 122563 and HD 115444, which indi-
cates a coproduction of Fe and Eu in specific and special
core-collapse supernova events where HD 122563 marks the
lowest observed Eu/Fe ratio. Opposite to this behavior, one
can notice in Fig. 13 Sr/Fe or Zr/Fe ratios with a high correla-
tion to Fe even below HD 122563, indicating an even weaker
r-process or alternative events which produce light trans-
Fe elements. We identified them with regular core-collapse
supernovae, that is category 0 events.

2. Category I events always coproduce Eu together with Fe in
an apparently unique way, but under weak r-process condi-
tions. Our initial idea was that EC supernovae would be a
good candidate, although their occurrence has been put into
question (but not definitely ruled out) with recent electron-
capture data on 2’Ne. However, they have problems in pro-
ducing sufficient amounts of Eu for realistic ¥, values. An
alternative site could be QD supernovae, which (if the chosen
equation of state properties are realistic) derive from a nar-
row initial mass region of massive stars and would thus lead
to a very narrow range of explosion conditions. This would
be consistent with the observed tight correlation between Eu
and Fe; for more details, readers can refer to Figs. 8a and 9
(left panel) and the discussions related to Table 9.

3. Category II events stand for another weak or limited r-
process site. A strong candidate are magnetorotational super-
novae which, dependent on precollapse rotation and mag-
netic fields, can produce quite varying r-process abundances,
but with average Sr/Eu ratios consistent with weak r-process
patterns. This would be in line with the observed large scatter
in Fig. 9 (right panel) and the rank relation in Fig. 8b. Both
category I and category II events are chiefly responsible for
limited-r or r-poor stars in regime 1 with [Eu/Fe] < —0.3 and
regime 2 with [Eu/Fe] <0 (see Fig. 3, right panel and the
high Sr/Fe ratios in Fig. 2, right panel).

4. Category III events consist of strong r-process sites which
produce all heavy elements up to the third 7-process peak and
the actinides. Neutron star mergers surely belong to this cat-
egory. Further options are neutron star — black hole mergers.
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-
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(c) magneto-rotational SN (Y.in~ 0.5)
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Fig. 25. Linking the star categories to their origins. Suggested event categories which are responsible for the observed limited-r (regime 1 and 2)
and r-process enriched (regime 3 with subregimes r-I and r-II) stars. There is a close connection to the event categories I, II, and IIla and IIIb,
although there is not a one-to-one connection. This is due to the fact that the observational regimes are determined by [Eu/Fe] intervals (<—0.3,
<0, <1, and >1, which are not only determined by the ejecta of event categories, but also due to inhomogeneous ejecta mixing with the ISM in the
early Galaxy. While the actinides (e.g., Th) are only found in r-I and r-II stars and only produced in category Illa and IIIb events, lanthanides and
rare earth elements also have various contributions from category I and II events. Among the compact binary mergers, all systems that contain a
black hole initially or lead to fast black hole formation with BH accretion tori fall into category I1Ib, while those that contain a stable or meta-stable
massive neutron star for a long duration fall into category Illa. The initial YI" (before collapse or merger) is indicated as well, but is altered due to

weak interactions during the explosive events.

Also, there exists evidence that at low metallicities, a site  four to five categories 0, I, II, and IIla and b of stellar explosive
related to massive single stars contributes as well. We catego- ~ events which contribute to weak and strong r-process nucleosyn-
rize the compact binary options as IIla and the massive col- thesis, we found further constraints for these events:

lapsing star option as IIIb. A further question exists astohow  — We found two good reasons to move the division between

actinide boost stars fit into this scheme. Our suggestion is
that those sites that quickly lead to a black hole accretion disk
system and are not too affected by neutrino winds (increasing
Y.) are the best candidates for actinide boost events which
can be largely found in observations of r-II stars. The moti-

vation behind this suggestion is that these events have a  —

good physical reason to preferentially produce matter in the
required electron fraction range of Y. = 0.10-0.15; readers
can refer to the discussion in Sect. 6.3.2 for more details.
Such events include collapsars and hypernovae, neutron star
— black hole mergers, and also neutron star mergers which
lead to an early black hole formation, rather than a stable or
meta-stable massive neutron star. The regular neutron star
mergers (category IIla) seem to be dominantly related to
r-I-stars, while r-1I stars are primarily related to category I1Ib

events, that is systems with black hole accretion disk tori (see -

Figs. 15, 16, and Table 6).
We combined all items, given above, in a display of all sug-
gested event categories that can provide an explanation for the
observed abundance patterns in low metallicity stars (Fig. 25).
This also includes category O regular core-collapse supernovae
which only contribute Fe and trans-Fe element events, but no
heavy r-process elements. Besides this attempt to identify the
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limited-r and r-enriched stars (in our terminology between
regime 2 and 3) down from [Eu/Fe] =0.3 to 0. This is based
(a) on the existence of Th in stars with [Eu/Fe] >0 (see
Fig. 11, left panel) and (b) the best reproduction of the Eu
versus Fe correlation curve in Fig. 21.

We also found that the category III strong r-process events
make up in number for about six per mil of all core-collapse
supernovae. This is consistent with findings for the frequency
of binary merger events in comparison to CCSNe, based on
Fig. 21. A similar result was obtained from Table 10, hint-
ing at the fact that r-I stars are dominated by neutron star
merger events, but the ISM out of which the stars formed
had already been previously polluted by =120 core-collapse
category 0 events, that is mergers would amount to an eight
per mil contribution.

In a similar way we analyzed the Eu and Fe contributions to
r-1I stars and their relation to collapsars, standing for cat-
egory IIIb. Here we found a similar result of about 120
core-collapse supernova (category 0) contributions to each
collapsar event (see also Table 10). This is a bit on the low
side to explain solar system r-abundances if such hyper-
novae, typically ejecting 10~' M, of r-process matter or
10~* M, of Eu, would be the only source of strong r-process
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elements (see Rosswog et al. 2017). In that case, a level of
about 500 would be needed. However, from our analysis with
respect to actinide-normal versus actinide-boost abundance
patterns (essentially related to observed r-I and r-1I stars), we
know that this contribution is not the dominant one in strong
r-process elements. Therefore, this constraint is not required
and the result is consistent with observations.

— Finally we found constraints for the limited-r stars of our
regimes 1 and 2 and the connection to category I and II con-
tributions. If one identifies category I events with QD super-
novae, which should occur in a very narrow mass range, we
find that their ejecta had to mix with those of about 500
prior supernovae in order to explain the very linear, that
is to say high correlations of Eu versus Fe in regime 1. If
one identifies category II events with highly variable mag-
netorotational supernova contributions, a mix with as low as
ten regular category O supernovae could be realistic, which
would be consistent with the fraction of magnetars resulting
from core-collapse events (see Table 9).

All these conclusions sound reasonable, supporting our “guided
speculations” to be quite convincing suggestions for possible,
different r-process contribution, giving a consistent explanation
of existing observations. Nevertheless, an important question has
been raised as to how, in low metallicity, star correlations support
the interpretation of a coproduction of elements and point to the
pollution by a single event. While, based on the early findings
of Ryan et al. (1996), a single supernova (our category 0 event)
would already lead to an [Fe/H] close to —2.5 to —3 in its remnant
(and if a neighboring star forming region is polluted, this would
probably lead to an even smaller Fe contribution), the early sug-
gestion was that for these lower metallicities one sees abun-
dance properties for elements X and Y which go back to a single
event, where they have been coproduced. Depending on vary-
ing degrees of admixtures to new-born stars, the total amounts
of X and Y might vary, but the ratios X/Y should stay the same,
which can be seen in strong correlations of these elements which
point to their coproduction in the same event. We started out with
this initial hypothesis (see also Frebel 2018; Yong et al. 2021),
but permitted a continuously evolving interpretation during our
analysis, based on emerging and more detailed knowledge, when
passing through Sects. 2.1, 3.1, 3.3, 3.5, 4.2, and 6. The aspect
is important since it provides the major argument for the copro-
duction of Fe and Eu in specific events (specific types of core-
collapse supernovae of category I and II, and probably about
one-tenth of the whole population which, via their magneto-
rotational origin, leads to magnetars). However, the question
of supporting the claim of correlation and coproduction of Fe
and Eu needs to be addressed, arguing for these specific events
independent of compact binary mergers or other rare events of
category III if more than 90% of the Fe originates from regu-
lar core-collapse supernovae of category O on average. This also
relates to another question of whether the occurrence of high cor-
relations in a narrow [Eu/Fe] range between —0.5 and 0—-0.3 (see
Fig. 3, right panel) is not automatically the result of considering
only this small range in [Eu/Fe], leading to very similar Eu/Fe
ratios and possibly appearing as a false correlation.

There are a number of arguments which, however, support
our claims: (a) with statistical means also the correlation of X
versus Y with a small fraction of Y being statistically sound.
(b) Following the lines above, Fe from the first regular core-
collapse supernovae (category 0) already leads to [Fe/H] close to
—3 in the remnant and in polluted nearby star forming regions,

possibly admixing 10, 1, or only 0.1%, and can go down to
[Fe/H] = -6, actually representing stars with the lowest found
metallicity. Then one can expect that close to —3, the Fe content
is already an average value due to regular core-collapse super-
novae. If an additional weak r-process event (rarer by at least a
factor of 10 for QD and magneto-rotational supernovae — cate-
gory I and II — than for regular core-collapse supernovae — cat-
egory 0) then contributes the first Eu jointly with Fe, this would
have a higher impact not only (and clearly) in Eu but also in
Fe. (c) The highly different behavior of limited-r stars due to
their vastly higher Sr/Fe ratios in comparison to r-I and r-II stars
(Fig. 2, right panel) points, without a doubt, to a clearly different
class of sources. (d) This can also be seen in the cluster analysis
of Fig. 4 (right panel). (¢) And finally, the rank test for Fe (Fig. 7,
right panel) shows a close to dominant linear behavior, under-
lining one major source (core-collapse supernovae, category 0).
However, the positive deviation at low Fe ranks points to an addi-
tional source with small Fe contributions (magneto-rotational
supernovae, our category II, a polluter for limited-r stars). On
the side, the positive deviation at high ranks points to a class
of heavy Fe polluters (potentially collapsars, our category IIIb),
which, due to their high Eu/Fe ratio in comparison to solar val-
ues, do nevertheless suppress a correlation of Fe and Eu (as was
also found for our categories IIla — neutron star mergers —as well
as IIIb — collapsars). Adding all these points from (a) to (e), we
think that they provide strong support for the interpretation we
give in the present paper. There is one exception: In the cluster
analysis of Fig. 4 (right panel), we could not identify separate
clusters among limited-r stars, which would relate to regimes 1
and 2 in Fig. 3 (right panel), which led to our introduction of
category I (QD supernovae) and II (magneto-rotational super-
novae). Therefore, the division into regimes 1 and 2 might still
be preliminary and it has to be explored further.

As opposed to the doubts raised above, which required a
more elaborate effort to be eliminated, the interpretation of com-
plete r-process stars (our regime 3 with subregimes r-I and r-II) is
much easier. First of all, they clearly show no correlation of Fe
and Eu (or other r-process elements), pointing to sources with
no or (negligible) Fe with respect to solar proportions for Fe/Eu,
our category IIl. The introduction of r-I and r-II regimes, ini-
tially introduced by observers, is not only a formal division, but
it relates to probably two different origins, as supported by the
cluster analysis of Fig. 4 (right panel), though it is also due to the
rank tests of Figs. 10 (right panel) and 16. There exist a number
of investigations which relate an actinide boost to nucleosynthe-
sis conditions with a specific Y, in the range of 0.1-0.15. These
prevail in the outflows of black hole accretion disks, while neu-
tron star mergers (our category IIla) experience a larger range
of variation (including higher Y. values in the neutrino wind
and also lower values in the ejected tails consisting of pristine
neutron star matter) providing a different, that is to say normal,
pattern. Such black hole accretion disk outflows occur in collap-
sars (our category IIIb) as well as massive neutron star mergers
where a black hole is formed almost instantaneously after the
merger, avoiding a long period of a stabilized central massive
neutron star (until its cooling and deleptonization). Thus, there is
ample evidence that r-I and r-II stars really have a different
origin.

These findings provided the motivation for further thorough
investigations to test them with model predictions for the nucle-
osynthesis of such sources in Sects. 6.3.1 and 6.3.2. These tests
led to a consistent picture with contributions of those sources
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Fig. 26. Properties of low metallicity limited-r, r-I, and r-1I stars with [Fe/H] < —2 with respect to [Eu/Fe] versus [Fe/H]. Bottom left: division into
the three subregimes. Top left: color-coded with [St/Eu]. Bottom right: color-coded with [Th/Eu] (for those stars with detected Th). Top right:
color-coded with respect to [Ba/Eu]. The recent observation of SMSS J200322.54—-114203.3 by Yong et al. (2021) is also included.

discussed in the literature (magnetorotational supernovae, com-
pact binary mergers, and collapsars), while the suggested
QD-supernovae might require further tests. Overall, these sug-
gestions are an attempt to bring some structure to the present
understanding of the role of different r-process sites with the
help of statistical methods and observed abundance patterns.
This analysis can be concluded with another interesting
graph, supporting our interpretations from Fig. 25. In Fig. 26
we include [Eu/H] versus [Fe/H] plots for low metallicity stars
from the SAGA database in the range [Fe/H] < —2, separating the
limited-r, r-1, and r-II stars with lines. The bottom left plot shows
only the separation into the three categories of stars, with the side
effect that apparently the metallicity at the time of first occur-
rence seems to delay in steps from limited-r to r-I and r-1I stars,
but it is still unclear whether these regimes are really related
to different nucleosynthesis contributing sources or not. The
limited-r stars, although showing the lowest (and thus hardest to
detect) Eu content, extend to the lowest metallicities, while the
higher Eu content baring r-I and r-II stars (which would be eas-
ier to detect at lowest metallicities) come in in a delayed fashion.
When looking at the St/Eu color-coded figure (top left), it indi-
cates that especially the limited-r stars show a highly supersolar
Sr/Eu ratio, while the r-1I stars show a strongly subsolar ratio and
the r-1 stars show a close to solar (or moderately subsolar) ratio,
permitting the later s-process contributions to Sr at higher metal-
licities to approach the solar ratio. This substantially different
behavior (also shown in Fig. 2, right panel, of this paper) points
to apparently different stellar nucleosynthesis sources (and not
only a formal division in Eu/Fe categories). The bottom right
insert displays color-coded Th/Eu ratios in those stars where
Th was detected. The supersolar (or actinide-boost) behavior
strongly prevails in the r-II stars and the upper end of the r-1
stars. This supports our interpretation, based on Table 6, Figs. 15
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and 16, and the comparison analysis of different model sources
given in Sects. 6.3.1 and 6.3.2. We also added a figure with
color-coding of Ba/Eu (top right). As Eu essentially originates
from the r-process while Ba has a strong s-process contribution,
solar Ba/Eu contains an s+ r/r comparison. In our figure we see,
especially above —2.5, an apparently strong Ba contribution, but
also to some extent at lower metallicities, which could be inter-
preted to result from an s-process origin. This might be due to
primary s-process sources of fast rotating and very massive “spin
stars” which, due to rotational mixing, produce primary '“N
and ?*Ne (Frischknecht et al. 2012, 2016; Cescutti et al. 2013;
Choplin & Hirschi 2020). Such objects are ideal candidates for
collapsars, further supporting our interpretation of r-II stars.
This leaves, however, also the interpretation open that Ba here
goes back to a strong r-process. The transition of r-process to
the dominant s-process contributions from low and intermedi-
ate mass stars seems to occur only around [Fe/H]=-1 to —1.5
from the figures in Battistini & Bensby (2016). We also added
new observational results of a recent observation by Yong et al.
(2021) for SMSSJ200322.54—-114203.3, which fits perfectly
into our interpretation scheme, identifying the r-process con-
tribution by a hypernova and collapsar; however, we would
interpret the Fe abundance differently, in line with the above
discussion.

As a final point, we would like to emphasize that all the
effects discussed in the paper can be explained with an early
inhomogeneous picture, where abundance patterns of low(est)
metallicity stars witness the ejecta composition of individual
events (with a scatter dependent on the variation in the ejecta
sources). Dependent on the number of different sources, this
scatter can be small (e.g., for an alpha element such as Mg,
essentially only CCSNe need to be considered; and even when
passing through the whole IMF, only a variation by about a fac-
tor of 5 applies). This scatter can, on the contrary, also be very
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extended (e.g., over two orders of magnitude for r-process Eu
from specific supernovae to neutron star mergers and collap-
sars). During the evolution of galaxies, one observes a converg-
ing behavior with a strongly decreasing scatter based on values
which result from a statistical mix of all combined sites. Only
if one site absolutely dominates the production of a specific ele-
ment is that converged line an extension of the average values for
that specific site at low metallicities. In general, this converged
line is located at a position determined by the statistical average
of all sites. This difference in the behavior of alpha elements and
r-process elements is discussed in detail in Appendix D.
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Appendix A: The Pearson and Spearman
correlation coefficients

We summarize here briefly concepts that we are applying fre-
quently throughout this paper. None of these concepts are our
original work, for more information we refer to statistics text
books (Tamhane & Dunlop 2000; Spiegelhalter 2019).

A.1. Pearson product moment correlation

Assume that we have two random variables X and Y that can
have discrete values {x;} and {y,}. If the value x; is found with
probability p;, the expectation value is

px = . pixi = EX). (A1)

The fluctuations around the mean value are characterized by the
variance

ol = Z pixi — ux)? = VAR(X). (A2)

Obviously, VAR(X) carries the dimension of X? and it may be
more convenient to deal with a quantity of the same dimension
as X which leads to the standard deviation

ox = /Z pi(xi = px)?.

The notion of variance can straight forwardly be generalized to
the covariance of two variables X and Y

Oxy = Z Pxvi (Xi — px)(yi — py) = COV(X, Y),

(A3)

(A.4)

where pyy; is the probability that x; and y; occur together. A
positive value indicates the tendency of one variable to increase
when the other variable does so, a negative value indicates that
one variable decreases when the other increases, therefore the
name co-variance. Obviously, VAR(X) = COV(X, X). From its
definition, Eq. (A.4), one can straight forwardly show that
COV(X,Y) = E(XY) — uxty (A.5)
and this implies that the covariance vanishes for independent
variables, that is for the case that E(XY) = E(X)E(Y). Since the
covariance vanishes when the variables are independent of each
other, it obviously describes how they are correlated. The dimen-
sion of COV(X,Y) is the same as the one of XY and one may
prefer to work with a dimensionless quantity. One can straight-
forwardly obtain a dimensionless version of the covariance by
normalizing it with ox and oy

COV(X,Y)  oxy
Ox Oy B Ox Oy
2 Pilxi — px)(yi — fy)

N2 Pi(x = ux)* Xk POk — py)? ’

which, for the case of equal probabilities, becomes the Pearson
correlation coefficient (PCC)

2i(xi = ux)(vi — Hy)

N2 = x)? N Ok — py)? -
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Pxy =

(A.6)

(A7)

rxy =

Table A.1. Guidelines for interpreting the Pearson Correlation Coeffi-
cient r.

Strength of Association PCC

Very weak 00<|r<02
Weak 02<|r<04
Moderate 04<|r<0.6
Strong 0.6<|r<0.8
Very strong 08<|r<1.0

Apart from de-dimensionalizing the covariance, the division by
ox oy in Eq. (A.6) has the additional consequence of restricting
the range of the Pearson correlation coefficient to values —1 <
r<l.

Some commonly used guidelines for the interpretation of
numerical values of ryy are summarized in Table A.1. It is worth
stressing under which conditions the PCC should be applied: a)
the data sets should approximate normal distributions, b) the
errors should be similar for different values of the indepen-
dent variable (so-called homoscedascity), ¢) the data should be
related linearly and d) it should be continuous within the consid-
ered interval and e) no outliers should be present in the data set.
In general, a data point that is more than + 3.29 standard devia-
tions away, is considered an outlier. Scatter plots are a reasonable
first step to inspect how well the assumptions are fulfilled.

A.2. Linear regression and the coefficient of determination

There is a close relation to linear regression, that is to fit the data
by a straight line, $(x) = ax + b, that is optimal in a least squares
sense. If one adopts as the error measure

X' = Z e = Z i = 5],

where the e; are the residuals between the data, y;, and the linear
model values y(x;), and minimizes it with respect to a and b,
Ax*/0a = 0 = Oy*/db, one finds

(A.8)

_ COV(X,Y)

VAR(X) (A9)

and b=y, —apy,

that is the least squares estimators are simple functions of
the means, variances and covariances. Straight forward algebra
shows that the slope can also be expressed in terms of the Pear-
son correlation coefficient ryy as

B VAR(Y)
4=\ VAR

which leads to the interpretation of the square of the correlation
coeflicient. If one uses the properties of the variance and covari-
ance, one finds that the variance of the deviation of the linear
model from the data is

(A.10)

VAR(e) = VAR(y — (ax + b)) = (1 — r%,)VAR(Y)

= VAR(Y) — r)z(YVAR(Y), (A.11)
or, turned around, we have
VAR
PRy =1 SARO (A.12)
VAR(Y)
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In other words, the square of the Pearson correlation coefficient
measures which proportion of the total variance of Y can be
explained by the linear regression. The quantity r)z(Y is often
called the coefficient of determination. For a correlation coef-
ficient of ryy = +1, the variance of the residuals vanishes. That
is the linear model is a perfect fit to the data.

A.3. Spearman rank-order correlation

At the end of section Al we had summarized the conditions
under which Pearson’s correlation coefficient should be applied.
If one of the conditions should be violated, in particular if the
relation is nonlinear, one can still apply the Spearman rank cor-
relation coeflicient (SCC). The idea is to rank the variables (i.e.,
sort them according to size and assign them the integer of their
position in the sorted list; use (noninteger) averages in the case of
ties) and apply Pearson’s formula, Eq. (A.7), to the ranks R(x;)
and R(y;) (rather than the data values)

2 i(R(x) = preo) (RO — prey))
VIR = im0 VERGD) — firan

Pxy = (A.13)

For a perfectly monotonic relation one obtains a value of +1
(highest value of X is associated with highest value of Y etc.
down to lowest values) or -1 (highest X-value associated with
lowest Y-value etc.). If high X values are not preferentially
related to high (or low) Y-values and instead the ranks are
not correlated, the contributions approximately cancel and one
obtains a value pyy = 0. If R(x;) and R(y;) are integers, the
Spearman rank correlation can also conveniently be expressed
as

6 3N, [R(x) — R(x)T*
N(N?2-1) '

oxy =1 - (A.14)

Apart from requiring fewer assumptions, the major difference
to the PCC is that the SCC measures the strength of a mono-
tonic association while the PCC measures the strength of a linear
association.

Appendix B: Relationship between a variable and
its rank

We can order continuous variables according to either rising or
decreasing values. If we list them in such an ordered sequence

and define the integer number in the list as its rank, this variable
can be plotted as a function of its rank. If one throws a dice for
a sufficient number of times (i.e., sufficient statistics), one will
find all numbers from one to six resulting for an equal amount of
times, and plotted as a function of their ranks, a step function will
result (in this case of an integer random variable). Switching over
to a random number generator for continuous variables, a linear
relationship results between the variable and its rank, which is
identical with the averaged straight line through the step function
for an integer variable.

In an astrophysical environment of stars being formed from
the local interstellar medium (ISM), the pollution with a sin-
gle element X from an (explosive) astrophysical site depends on
the question how much the ejecta of this event were mixed into
the gas cloud from which the star was formed. We can think of
the extreme case of no pollution in the early galaxy if no such
nearby event took place, yet, and otherwise of a strong pollu-
tion, if the proto-stellar cloud was fully mixed with the ejecta of
such an event. The amount of the contribution of element X from
one type of event can thus be represented by a random number
generator from zero to a maximum, which would be observed as
a linear relation between abundance and the related rank. There-
fore, a linear relationship between an abundance X and its rank
is expected if one type of an astrophysical source contributes.

If another astrophysical source contributes to the same ele-
ment X, this can be represented by a random number generator
as well for the amount of element X mixed into the protostellar
cloud by this second type of event. If we add these contributions
for each random event of type A and type B, we can - for the
extremes - have cases from negligible contributions of both types
of events to maximum contributions from both types of events,
and in general also many cases with varying and different con-
tributions from each event type. When ordering these summed
abundances according to their ranks, a different pattern appears,
and the linear relationship between the values and their ranks
is destroyed. We show this behavior in Fig. B.1 with two ran-
dom variables X and Y, where X is generated by only one and
Y = X; + X, by two random number generators.

As discussed above, the relationship between X and its rank
is perfectly linear, whereas Y, a superposition of two random
variables does not show this linearity. In the case displayed in
Fig. B.1 both variables lie in the interval [0,1], if the variables in
the superposition are of different size (or even a further source
is added), a deviation from a straight line will remain, but it can
experience further distortions.
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Fig. B.1. Linear value-rank-trend as a fingerprint of a single astrophysical source. Randomly generated variables X and Y. X is generated by a
single random generator in the interval [0,1] and Y = X; + X, by two random generators. Rank 1 indicates the smallest abundance in the whole

data. We see an overall nonlinear behavior for Y.

Appendix C: Cluster analysis

Cluster analysis, or clustering for short, is a method of unsu-
pervised learning where the aim is to identify patterns in data
without any predetermination. It is frequently used for statistical
data analysis in a variety of fields (see e.g., Everitt et al. 2011). It
allows one to identify groups of similar objects (clusters) that are
more related to each other than to objects in other groups. Clus-
tering algorithms can also provide valuable insights for the inter-
pretation of our data by identifying groups in our data points.
Several dozens of clustering algorithms have been published,
they can generally be divided into the following categories:

— connectivity-based clustering: it is based on the idea of
objects (with their parameters) being more related to objects
with similar or close-by parameter values than to objects
with more different parameter sets.

— centroid-based clustering: a central vector represents the
average properties of the whole cluster, which is with its
parameters not necessarily identical to a single member of
the data set.

— distribution-based clustering: clusters can be defined as
objects belonging most likely to the same distribution.

— density-based clustering: clusters are defined as areas of
higher density in the data space than surrounding regions of
the data set.
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— grid-based clustering: it is used for multidimensional data
set.

In this paper we used the probably best-known clustering algo-
rithm, k-means, which is centroid-based. It has the advantage
that it is algorithmically simple and computationally fast. k-
means is often referred to as Lloyd’s algorithm and it contains
three basic steps. One begins by choosing a predefined number
of initial guesses for the centroid positions and then iterates over
the remaining two steps:

— assign each sample to its nearest centroid

— update the centroid positions based on the mean value of the

samples assigned to the previous centroid

until convergence. The procedure is considered converged once
the distances between two subsequent updates drop below a
predefined tolerance, that is once the centroid positions have
stopped moving. k-means has the advantage of being compu-
tationally efficient, as all necessary steps consist of computing
the distances between points and group centers. But it has the
disadvantage that one needs to preselect the number of clus-
ter divisions in the data beforehand. This is not always triv-
ial as ideally a clustering algorithm should also provide the
appropriate number of clusters in order to gain insight from the
dataset.
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Appendix D: The difference between the alpha and
r-process elements in the early galactic
evolution

As mentioned before, in early galactic evolution Fe is domi-
nantly made in regular core-collapse supernovae that coproduce
all alpha elements such as O, Ne, Mg, Si, S, Ar, Ca, Ti as well.
While, dependent on the initial stellar mass, the yields of alpha-
elements differ to some extend (especially for those originating
largely in outer zones related to hydrostatic burning phases, such
as O, Ne, Mg), these variations are limited, and the alpha/Fe ratio
is very similar in all core-collapse supernova ejecta. As pointed
out earlier in section 2.1, values of [Fe/H]=-2.7 will result in a
supernova remnant when polluting typically the ISM of about
7 x 10* M. This points to the fact that at very low metallicities
the surface abundance of stars, which reflect the composition in
the pre-stellar cloud, can have been affected by the pollution of
a single event. The maximum [Fe/H] for such interpretation is
given by this limit. But as also already pointed out in section 2.1,
it is highly possible that a pre-stellar cloud consists not entirely
of the gas of a single remnant, one could have just a 10, 1,
or even 0.1% pollution of a nearby supernova, leading then to
[Fe/H] values of -4, -5, or even -6 (as observed). Thus, observa-
tions in this metallicity range up to about [Fe/H]=-2.5 can be
interpreted either (a) as contributions mixed in by one single
supernova with [Fe/H] varying dependent of the pollution per-
centage (with supernova-related coproduction of other ejected
elements) or (b) a superposition of the imprint of several super-
novae, adding up to that total metallicity. As long as the contribu-
tions come only from a single or several single-type of event(s),
which always eject an abundance pattern with (close to) simi-
lar element ratios, one will find close to constant element ratios
in these low metallicity stars. This will be underlined by a high
correlation of two coproduced elements (a correlation of 1 stands
for a constant ratio of two abundances in all the stars considered)
and clearly indicates the coproduction in this one type of events,
contributing to the observed star(s). For all alpha-elements this
is the case, resulting in a high correlation of alpha versus Fe.
While one will find initially also a slight scatter because super-
novae with different progenitor masses lead to different alpha/Fe
ratios (with Mg being a typical alpha element), the final aver-
aged behavior consists only of the statistical average of one sin-
gle class of nucleosynthesis events. Thus, one finds, as long as no
other events, such as type la supernovae, contribute for [Fe/H]<-
1, an almost identical behavior for [alpha/Fe] with a slightly
increasing scatter toward lower metallicities, but with overall the
same average ratio. This dependence of [alpha/Fe] versus [Fe/H]
can be mirrored with [alpha/H] bersus [Fe/H], for instance
as an example [Mg/H] versus [Fe/H], showing an increasing
linear relation rather than a constant as in [alpha/Fe] versus
[Fe/H].

The question of how this is different for r-process ele-
ments and their relation to Fe, is well justified and needs to
be addressed. As mentioned above, Fe originates from regular
core-collapse supernovae and (as we concluded in section 3)
from specific supernovae which coproduce Fe and Eu in a weak
r-process (our categories I and II). Core-collapse supernovae
occur with a high event rate and specific supernova events, such
as magneto-rotational supernovae (which coproduce a weak r-
process), probably with an event rate reduced by a factor of about

10 (therefore still relatively high). Both aspects lead to a contin-
uous enrichment in Fe. On the other hand, the rare events of cat-
egory III (a and b, i.e., compact binary mergers and collapsars or
hypernovae) produce no (or in comparison to solar ratios) neg-
ligible amounts of Fe, but large amounts of r-process elements
(especially also strong r-process elements up to the third abun-
dance peak as well as actinides). As discussed in sections 6.3.1
and 6.3.2, for the Eu ejecta in categories II, IIla and IIIb this
relates to a stepwise increase by about a factor of 10 between
these three cases (different from Mg in regular CCSNe with sim-
ilar Mg ejecta and a similar Mg/Fe ratio). These events add their
r-process ejecta (such as Eu) on a floor of the frequent Fe contri-
butions by regular core-collapse supernovae (and also the special
supernovae coproducing Fe). Figure 26 (bottom left) shows how
such events start to make their imprint in a sequence according
to their event rate from [Fe/H]~-4 to about -3.5 in limited-r, r-
I, and r-II stars. r-I and r-II stars (with [Eu/Fe]>0-0.3 and their
r-process contributions being dominated by category III (a and
b) events, with no or negligible Fe coproduction) show no cor-
relation between Eu and Fe as seen in Fig. 3. Contrary to that,
limited-r stars (dominated by category I and II events with Fe and
Eu coproduction) show a correlation between Fe and Eu. These
contributions from regular core-collapse supernovae and special
supernovae explain limited-r stars, leading during the evolving
[Fe/H] in a [Eu/H] versus [Fe/H] evolution with a small scat-
ter (see the magenta dots for limited-r stars in Fig. 26 in the
lower left panel). The rarer categories III (a and b) of strong r-
process events enter at slightly higher metallicity (see the green
and light blue dots in the lower left panel), responsible for r-
I and r-II stars. They form two separate regimes, which show,
as additional effects, much smaller Sr/Eu ratios than limited-r
stars and the highest Th/Eu for r-1I stars (see also Fig. 26). Once
there exist enough events to average over all these categories for
[Fe/H]>-2, a merged average behavior develops, which is not
identical with the continuation of any of the three regimes but
results from an average of all these inputs with their statistical
weights. While r-I and r-II stars might amount to a small per-
centage of all stars containing r-process elements, they contain
r-process matter up to a factor of 100 higher than limited-r stars.
Therefore, they are nevertheless, the dominant source for the
solar r-process contribution, while, however, the weak r-process
sources might still contribute 20% to Eu (see our table 7), and,
when considering uncertainties, even somewhat higher contri-
butions. The amount of ejecta multiplied with the frequency of
events is what counts here. Our statistical analysis of observa-
tional data for low-metallicity stars, up to section 5, provided the
motivation for this framework and the basis to apply this scheme
with existing model predictions of ejecta compositions for the
different suggested category sites in section 6. This led to a con-
sistent picture as shown in tables 9 and 10. Category II events
(magneto-rotational supernovae) make up about 10% of all core-
collapse supernovae, and category III (a and b) events (neutron
star mergers and collapsars) about six per mil of all core-collapse
supernovae (a full proof for the existence of the highly equation
of state dependent category I, quark-deconfinement supernovae,
is still missing). This consistency between present-day model
predictions for different r-process sites and observations, based
on the statistical analysis of the abundances of low-metallicity
stars, confirms an emerging picture how the early chemical evo-
lution of r-process elements in galaxies can be explained.
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