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Abstract. A major question related to the evolution of heavy element abundances dur-
ing galactic evolution is whether the r-process composition as found in the solar system is
coming from a unique type of astrophysical event or whether it presents a superposition of
different contributions. Up to now a neutron star merger GW170817 is the the only obser-
vationally identified r-process site. However there exist also other suggestions for r-process
sources, like (rare classes of?) supernovae, hypernovae/collapsars, as well as neutron star
- black hole mergers. We present predictions resulting from theoretical modeling of such
events and try to search for their imprint in low metallicity stars, when the r-process still
dominates over the s-process for heavy element abundances. Early galactic evolution and
variations in observed nucleosynthesis signatures, e.g. limited-r stars, r-process enriched r-I
and r-II stars, as well as actinide boost stars, might indicate the need for such other sites.

Key words. nuclear reactions, nucleosynthesis, abundances – supernovae: general – stars:
abundances – Galaxy: evolution

1. Introduction

A number of contributions to this conference
have summarized the status of element abun-
dance observations in low-metallicity stars.
Here we want to focus on their r-process con-
tributions and discuss first the nucleosynthesis
working of the r-process, the possible astro-
physical sites, and the related abundance pre-
dictions. Then we address also their occurrence

frequency and their impact on the time evolu-
tion throughout galactic history, with the aim
to provide an understanding how these indi-
vidual sites enter the evolution of the Galaxy.
The goal is to find ways: (a) how to iden-
tify the astrophysical site(s) responsible for the
individual features and variations in observed
abundance patterns during galactic evolution
and (b) how all sites act in a combined way,
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Fig. 1. Innermost ejecta composition determined by (a) moderately low Ye-matter from collapse and (b)
moderately proton-rich conditions due to neutrino interactions during the explosion, leading to a very weak
r-process and a νp-process (collapse calculations performed with different equations of state). Image repro-
duced with permission from Ghosh et al. (2022), copyright by the authors.

resulting in the overall solar r-process abun-
dances. For these reasons we present first the
individual suggested nucleosynthesis sites (for
more details see our reviews Cowan et al. 2021;
Arcones & Thielemann 2022) and will then fo-
cus on the question how one can identify their
joint imprint in galactic evolution as a func-
tion of metallicity [Fe/H] (for more details see
Farouqi et al. 2022).

2. Suggested r-process sites

2.1. Core-collapse supernovae

Core-collapse marks the end of the life of
stars with at least 8 M�, leading to the
birth of neutron stars and/or stellar-mass black
holes. In observations one notices a varia-
tion in explosion energies, dividing them into
two categories: low and high energy explo-
sion (i.e. core-collapse supernovae and hyper-
novae). Core-collapse supernovae are triggered

by neutrinos that deposit the energy released
from the hot proto-neutron star (emerging from
core-collapse) in the stalled shock with the
help of convection and instabilities (Burrows
2013; Kotake et al. 2012; Janka et al. 2016;
Müller 2016; Radice et al. 2018; Müller 2020;
Burrows & Vartanyan 2021; Vartanyan et al.
2022; Varma et al. 2022). Here we summarize
only briefly the rich nucleosynthesis occurring
in the innermost ejected zones which are prone
to eject heavy elements beyond the Fe-group.

A complete prediction of the nucleosynthe-
sis in neutrino-driven ejecta needs a large num-
ber of three-dimensional simulations, follow-
ing the explosion for a few seconds and for
different progenitors. This requires exhaustive
computational efforts and also still involves un-
certain details of the explosion. On the other
hand, traditional spherically symmetric meth-
ods (like artificial piston or thermal or kinetic
bomb approaches) are not suitable for the nu-
cleosynthesis of the innermost zones that de-
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Fig. 2. Ejecta composition of quark-deconfinement supernovae as a function stellar progenitor mass, In
all cases a weak r-process is attained, mostly with abundances up to the 130 peak. Also heavier nuclei are
produced, however, on an almost negligble level. The left panel compares isotopic abundance with solar
r-process abundances, the right panel with element abundances in comparison to an r-enriched r-II and a
limited-r star (representing a weak r-process site). Image reproduced with permission from Fischer et al.
(2020), copyright by AAS.

pends on the Ye and thus on detailed neu-
trino transport. Approximate methods to obtain
neutrino-driven explosions have been under-
taken, e.g. within the PUSH approach (Perego
et al. 2015; Curtis et al. 2019; Ebinger et al.
2020; Ghosh et al. 2022), based on a modi-
fied neutrino heating deduced from full multi-
D models.

In Fig.1 we show the results of Ghosh et al.
(2022), which indicate two important fea-
tures: (a) there exist ejecta which inherit some
slightly neutron-rich features Ye < 0.5 from
the core-collapse phase which led via electron
capture to a strong neutronization of matter
and (b) the neutrino interaction with matter,
causing the final explosion with enhanced Ye,
because of the two neutrino capture reactions
νe +n→ p+e− and ν̄e + p→ n+e+. For similar
neutrino and antineutrino energies the first re-
action wins due to the neutron-proton mass dif-
ference. The two nucleosynthesis features re-
lated to both conditions are a (very?) weak r-
process, producing possibly nuclei up to the
A=130 peak, and a νp-process (working via
proton captures and (n,p)-reactions, Fröhlich
et al. 2006) up to A ≈70.

2.2. Quark-deconfinement supernoave

Quark-deconfinment supernovae have been
proposed for a while (Fischer et al. 2011;
Fischer et al. 2020). 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 spe-
cific stellar mass range) due to a quark-hadron
phase transition with the right characteristics.
This leads to a stable central quark core and
a successful supernovae explosion, based on
the bounce shock (and neutrino energy depo-
sition) which permits to eject mildly neutron-
rich matter. Such events (taking place for cer-
tain equation of state choices - but consistent
with present experimental constraints - and in
a specific stellar mass range) would experience
a weak r-process, also producing sufficient nu-
clei up to the A=130 peak, but populating even
the actinides (see Fig.2), however, with negli-
gible abundances (Fischer et al. 2020).

2.3. Magneto-rotational supernovae

In addition to neutrino-driven explosions,
observations of very energetic supernovae
(Nomoto et al. 2010), long gamma-ray bursts
(GRBs, Woosley & Bloom 2006), and neu-
tron stars with extremely high magnetic fields
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Fig. 3. Ejected masses of Fe, 56Ni (before decay),
Zn, and Eu, normalized by 0.1, 10−2, and 10−5 M�,
respectively, as a function of the initial magnetic
field strength and related neutrino luminosity. Image
reproduced with permission from Nishimura et al.
(2017), copyright by AAS.

(magnetars, Kramer 2009; Greiner et al. 2015)
indicate the key role of magnetic fields in
some explosions. Here we focus on magneto-
rotational supernovae (MR SNe), leading to
a magnetized neutron star remnant, start-
ing with rapid rotation of the iron core be-
fore collapse and experiencing an amplifi-
cation of the magnetic field by rotational
winding and/or the magneto-rotational insta-
bility (MRI) (Obergaulinger et al. 2009). After
bounce, the strong magnetic pressure launches
jets along the rotational axis (Burrows et al.
2007; Takiwaki et al. 2009; Winteler et al.
2012; Mösta et al. 2014; Obergaulinger et al.
2014; Nishimura et al. 2015, 2017; Reichert
et al. 2021, 2022). If simulations are performed
in 3D, kink instabilities can set in, delay the
explosion, and cause the formation of less col-
limated bipolar jets (Mösta et al. 2014, 2018;
Kuroda et al. 2020).

Nishimura et al. (2015, 2017) have ex-
plored the impact on the nucleosynthesis of
different magnetic field strengths and rotation
rates. Fig.3 shows the results of Nishimura
et al. (2017), which vary parametrically the
initial magnetic field strength and rotation,
leading to variations in neutrino heating from
the proto-neutron star. This variation causes
a transition from a behavior close to a regu-

lar core collapse supernova (with high Ni(Fe)
and Zn ejecta) to highly neutron-rich ejecta
with a large Eu production. To summarize
the nucleosynthesis aspects of ejected mat-
ter from MR SNe, one should point out that
initial hopes to have a full-fledged strong r-
process (Winteler et al. 2012) are only partially
confirmed in more realistic simulations. The
strong r-process depends on a very high mag-
netic field strength of the rotating core before
collapse. This permits to have a fast ejection
of neutron-rich matter. If the magnetic fields
are weaker and get enhanced only by magneto-
rotational instabilities (MRI) during the onset
of the explosion, this permits neutrinos stream-
ing out from the proto-neutron star to enhance
the Ye of the ejecta and consequently reduces
the strength of an r-process. The latter corre-
sponds to the intermediate case (i) of Fig.3,
while case (m) stands for very strong initial
magnetic fields and case (h) is close to a reg-
ular core-collapse supernova.

2.4. Collapsars

Other potential r-process sites are collapsars,
associated with the collapse of rotating mas-
sive stars, finally ending in a central black
hole, jet ejection - accompanied by a long
duration gamma-ray burst - and an accretion
disc that forms surrounding the massive central
black hole. Pioneering nucleosynthesis stud-
ies (Surman & McLaughlin 2004; McLaughlin
& Surman 2005; Surman et al. 2006) have
demonstrated that also here neutrinos can play
a critical role, reducing the neutron-richness
of the ejecta. The possibilities for an r-process
are not conclusive, yet. However, based on
the general-relativistic MHD simulations dis-
cussed below, Farouqi et al. (2022) explored
this line of investigations.
An interesting question is related to whether
some environments can actually lead to a
strong r-process with a so-called actinide boost
in the ejected abundances, while other ob-
jects produce just a normal solar-type r-process
distribution. Recent studies (Holmbeck et al.
2019b), based on a hydrodynamic ejecta tra-
jectory, conclude that actinides are substan-
tially overproduced relative to lanthanides for
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Ye-values in the range 0.1–0.15, due to the
influence of fission cycling. This is consis-
tent with Wu et al. (2017) and a recent study
of Eichler et al. (2019), i.e. “actinide boost”
compositions require a dominant fraction of
the ejecta to originate from a very narrow Ye-
range. What kind of environment can lead to
such a robust behavior? A possibility was re-
cently suggested by Farouqi et al. (2022). If
a black hole forms this leads to an accretion
disk with an electron fractions of Ye ≈ 0.1
(Beloborodov 2003). This occurs once the ac-
cretion rates exceed a critical value depend-
ing on the BH spin (Chen & Beloborodov
2007), which correspond to accretion rates
which power long GRBs (Lee & Ramirez-Ruiz
2007). Ye-values of ≈ 0.1 are found in full-
fledged numerical (magneto-) hydrodynamic
simulations (see e.g., Siegel & Metzger 2018;
Fernández et al. 2019). The simulation of
such neutrino-cooled accretion flows is a ma-
jor challenge. Currently existing general rel-
ativistic magneto-hydrodynamic GRMHD ex-
plorations (Siegel & Metzger 2017; Siegel &
Metzger 2018; Miller et al. 2020; Fernández
et al. 2019) agree that a large fraction (∼ 40%)
of the initial torus mass becomes unbound.
Fernández et al. (2019) find Ye 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. Despite
these remaining uncertainties Farouqi et al.
(2022) suggested that black hole tori could be
the source of “actinide boost” material. Fig.4
includes abundance predictions resulting from
ejecta with Ye-values in the range 0.1-0.15, as
discussed above (Wu et al. 2017; Thielemann
et al. 2020).

2.5. Compact binary mergers

The initial search for a unique type of event
that reproduces exactly the solar r-process
abundances included especially neutron star
mergers (Lattimer & Schramm 1974, 1976;
Eichler et al. 1989). Concrete predictions for
resulting abundance features were reviewed by
Thielemann et al. (2017) before the gravita-
tional wave event GW170817 (Abbott et al.
2017), which was accompanied by an r-

Fig. 4. Utilizing the DZ (Duflo-Zucker) mass model
(Duflo & Zuker 1995) one sees large variations
of actinide production as a function of Ye in the
ejecta. The highest actinide production takes place
for a range of 0.125 to 0.15, decreasing strongly for
higher as well as lower Y ′e s (Wu et al. 2017). Image
reproduced with permission from Thielemann et al.
(2020), copyright by the authors.

process powered kilonova (Metzger et al.
2010; Rosswog et al. 2018; Zhu et al. 2018;
Metzger 2019). The transition from an initially
blue to a red appearance could be explained
by the following effects. Early on elements
lighter than barium (Z = 56) with a low den-
sity of atomic levels dominate (Kasen et al.
2017), being accompanied by the detection of
Sr (Watson et al. 2019). The later red appear-
ance indicates the presence of lanthanides and
actinides, both aspects have completed our un-
derstanding (see for further reviews and recent
results e.g. Horowitz et al. 2019; Shibata &
Hotokezaka 2019; Metzger 2019; Cowan et al.
2021; Perego et al. 2021; Shibata et al. 2021;
Rosswog & Korobkin 2022; Fujibayashi et al.
2022; Perego et al. 2022; Curtis et al. 2022).
Based on these considerations, three compo-
nents of neutron star merger ejecta contribute
to the overall nucleosynthesis site: (i) dynam-
ical ejecta, including compressed and shock
heated material from the initial collision as
well as possible – cold – tidal spiral arm-type
ejecta, (ii) winds driven by neutrinos, emitted
from the central hot (hypermassive but sup-
ported by rotation?) neutron star and the accre-
tion disk, and (iii) finally mass outflow from
the accretion disk (see e.g. Figs.5 and 6). A
common feature of these scenarios is that mat-



110 Thielemann: r-Process sources

Fig. 5. Schematic representation of a neutron star
merger and its ejecta, from Arcones & Thielemann
(2022), copyright by the authors.

ter reaches NSE with Ye given by weak reac-
tions or by beta equilibrium in the cold tidal
ejecta.
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Fig. 6. Elemental abundance comparison between
BNS merger models and metal poor star obser-
vations. The violet curve represents nucleosynthe-
sis yields for tidally dominated dynamical ejecta
(Korobkin et al. 2012), while the other curves repre-
sent yields from neutrino-driven wind ejecta for dif-
ferent massive NS lifetimes. Theoretical abundances
are compared with solar r-process ejecta. Images re-
produced with permission from Martin et al. (2015),
copyright by AAS.

Combining the three types of ejecta, there is
no doubt that neutron star mergers are indeed a
major r-process source (Evans et al. 2017; Wu
et al. 2019; Kasliwal et al. 2022; Perego et al.
2022; Curtis et al. 2022). Variation in nucle-
osynthesis conditions have been predicted by
Wanajo et al. 2014; Just et al. 2015; Martin

et al. 2015; Wu et al. 2016; Bauswein et al.
2017; Miller et al. 2019; Barnes et al. 2021;
Lund et al. 2022). 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 XLa, Ji et al.
(2019) find that for the neutron star merger
GW170817 this does probably not represent a
typical solar r-process pattern.

3. Galactic chemical evolution

Stellar (surface) abundances are inherited from
the interstellar medium in which the stars were
born, i.e. one can look back in time. The early
phases of galactic evolution are characterized
by a large degree of abundance scatter and
spatial inhomogeneities, which cannot be ex-
plained by traditional chemical evolution stud-
ies (Matteucci et al. 2014). To account for this,
inhomogeneous “chemical evolution“ models
do not assume that ejecta mix completely and
instantaneously with the whole galactic inter-
stellar medium. Instead, they consider only the
pollution of about 5 × 104 M� (via a Sedov-
Taylor blast wave) of the interstellar medium
(see e.g. Cescutti et al. 2015; Wehmeyer et al.
2015). This is based on an analysis that the
ejection of 0.1 M� of Fe leads in a CCSN rem-
nant to [Fe/H]≈-2.7 (Ryan et al. 1996). If only
10% or 1% of supernova ejecta contribute to
the formation of the next stars, one expects,
therefore, [Fe/H] values as small as -4 or -5.
More extended recent chemical evolution stud-
ies take this into account in a more general ap-
proach (see e.g. Kobayashi et al. 2020; van de
Voort et al. 2020, 2022). Based on Ryan et al.
(1996) a starting hypothesis could be that stars
with metallicities below -2.5 might be inter-
preted as the result from the contribution of
only a single nucleosynthesis event (although
this will be questioned later on). Do therefore
low-metallicity stars display the results of in-
dividual, but different, astrophysical events?
One of the major questions about r-process
contributions to solar abundances is whether
they are universal and stem from a unique
astrophysical site. Early signs from low-
metallicity stars seemed to show such a unique
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r-process pattern, therefore pointing to a uni-
versal site (Burris et al. 2000). This interpre-
tation started to become questionable when
actinide-boost stars were observed (Cayrel
et al. 2001) and the first limited-r stars were
discovered (Honda et al. 2006). This could be
explained by just seeing abundance patterns of
the events discussed in the previous section.
Fig. 7 shows that observations of low metallic-
ity stars indicate the existence of a weak or lim-
ited r-process (dependent on the [Eu/Fe]-ratio),
categorized into limited-r (with [Eu/Fe]<0 to
0.3), and r-enriched (r-I with [Eu/Fe]<1 and
r-II with [Eu/Fe]>1) stars. Most r-process en-
hanced stars, however, show a close to so-
lar r-process pattern. This goes together with
a variation of e.g., the Sr/Eu ratio, ranging
from about 1120 down to 0.5 (Hansen et al.
2018), and indicating the different decline of
the abundance curve as a function of A. Some
of the r-process enriched stars show an “ac-
tinide boost”, i.e. their Th or U to Eu ratio
is supersolar (see e.g., Roederer et al. 2010;
Holmbeck et al. 2018, 2019b,a).
The impact of essentially three types of pre-
dicted patterns, a weak or limited r-process,
a strong solar-type r-process, and an actinide-
boosted r-process has been treated in galactic
chemical evolution models (see e.g., Matteucci
et al. 2014; Wehmeyer et al. 2015; Cescutti
et al. 2015; van de Voort et al. 2020; Perego
et al. 2021; Cowan et al. 2021; Thielemann
et al. 2022; van de Voort et al. 2022; Farouqi
et al. 2022), which can also treat the impact of
rare events (see Fig. 7). Whether the latter two
types are produced in different sites or result
from variations within the same site (e.g., neu-
tron star mergers with different properties) is
still debated. A promising approach is to look
for correlations among different elements.

3.1. Statistical abundance analysis

If abundance patterns of low-metallicity stars
result from the pollution by only a single type
of event, this would cause correlations between
those elements resulting from the originating
event (for a recent example see Yong et al.
2021). Such correlations (i.e. linear relations,
respective constant ratios, between their abun-

Fig. 7. Top: [Eu/Fe] ratios of 1572 stars with Eu de-
tections from the SAGA database (Suda et al. 2008).
A huge scatter can be observed before at about
[Fe/H]= −2 an averaging (smaller spread) sets in,
which continues with a different gradient when SNe
Ia start to contribute at −1. Bottom: Sr/Eu ratios for
all stars with [Fe/H]< −2.5 show a drastic change at
about [Eu/Fe]= 0 − 0.3, i.e. the division between
limited-r stars and r-enriched stars. Image repro-
duced with permission from Farouqi et al. (2022),
copyright by authors.

dances) underline the co-production of these
elements. If (at low metallicities) elemental
abundances are interpreted as imprints of in-
dividual explosions, a large scatter as a func-
tion of [Fe/H] points to either rare events with
different amounts of admixtures and/or to dif-
ferent types of events with strong variations
in their ejected composition. The variation in
[Eu/Fe] vs. [Fe/H] could be interpreted by such
explanations, the large Sr/Eu in limited-r stars
vs. the low values in r-enriched stars hints at
different types of events (see Fig.7).
In late phases of galactic evolution a large
number of different events have taken place,
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leading via superpositions and admixtures of
the ejecta to a strongly decreased scatter in
abundance ratios. The analysis of the observed
abundance patterns in low-metallicity stars can
be aided by three methods in order to gain in-
sight into the possibly different origins of the
r-process: cluster analysis, rank tests, and cor-
relations.

3.2. Clustering

Fig. 8. 3-cluster and 7-cluster analysis of [Eu/Fe]
ratios as a function of [Fe/H], see text. Image repro-
duced with permission from Farouqi et al. (2022),
copyright by authors.

Cluster analysis is a statistical technique to
identify how data can be grouped because of
characteristics they have in common (Everitt
et al. 2011). One method is the K-means
Clustering: it distributes data into K mutually
exclusive clusters so that with a given mea-
sure data points are as close to each other as
possible within each cluster, while at the same
time they are as far from other clusters as pos-
sible. In the 3-cluster analysis of the Eu vs.
Fe abundances of Fig.8 one can recognize in
cluster 1 the low-metallicity stars where the
large scatter indicates contributions from in-
dividual rare and/or different events, in clus-

ter 2 for [Fe/H]>-2 that already an averag-
ing/mixing of event products sets in and the
scatter becomes small, and in cluster 3 that Fe
is contributed also from SNe Ia and changes
the general Eu/Fe trend. In the 7-cluster anal-
ysis one recognizes different stages of the ap-
proach to averaging/mixing (clusters 1, 2, 4),
and for low-metallicity stars with [Fe/H]<-2.5
three clusters (3, 6, 7) with properties close to
the observational limited-r, r-I, and r-II classes
of [Eu/Fe]<0-0.3, < 1, and >1.

3.3. Rank Test

Fig.9 shows examples for utilizing a single ran-
dom number generator X and ordering the val-
ues according to their size, giving them integer
entries (ranks). This leads to a linear relation
between the random numbers and their ranks
(see the orange line in top panel). The blue line
results when utilizing two random number gen-
erators, adding their values Y = X1 + X2, and
plotting Y as a function of its ranks. It deviates
from a linear relation between Y and its ranks,
at low ranks depending on the fact whether the
second contribution includes many low-value
entries, at high ranks depending on the num-
ber of high-value entries. If one applies this
method to abundance observations of individ-
ual elements as a function of rank, it can indi-
cate whether only one type of nucleosynthesis
source or two or several contributed.
Eu abundances versus their corresponding
ranks are displayed in Fig.9 (middle). The fit
deviates strongly from a linear behavior at high
Eu ranks. This argues for a superposition with
an additional Eu source, especially responsi-
ble for the high Eu abundances. A different be-
havior can be noticed for Fe abundances ver-
sus their corresponding ranks. Fig.9 (bottom)
shows a close to linear relation. This would ar-
gue for a single or dominating production site
(explosive Si-burning in CCSNe?).
If one performs a similar rank test for Th in
r-enriched stars (r-I and r-II), it can be no-
ticed that a superposition of two types of events
is required. But one finds a linear rank rela-
tion when plotting Th abundances as a func-
tion of their ranks separately for r-I and r-II
stars (with a slight scatter). Thus, r-I and r-II
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Fig. 9. Top: data ordered along their ranks from
a single number generator X, showing (a) a lin-
ear relation between X-values and their rank, and
(b) the sum X1 + X2 of two single number gen-
erators vs. its rank, deviating from a linear rela-
tionship. Middle: Eu abundances vs. their rank for
low-metallicity stars with [Fe/H]<-2.5, at high ranks
(i.e. high Eu abundances) one recognizes an ad-
ditional/different strong contribution. Bottom: The
same for Fe abundances, displaying almost a linear
relationship, pointing to one identical source, but at
low as well as high Fe abundances slight deviations
are seen. Image reproduced with permission from
Farouqi et al. (2022), copyright by authors.

stars seem each to be dominated by contribu-
tions from one specific type of event, each of
them being responsible for their Th produc-
tion independently. This is not the case when
performing a rank tests for Eu in r-I and r-I
stars. Opposite to Th, Eu does not show a lin-
ear rank relation, when considering r-I and r-II
stars separately. This suggests that also among

r-enriched (strong r-process r-I and r-II) stars
weak r-process events ”spill in” an additional
Eu contribution (for details see Farouqi et al.
2022).

3.4. Correlations

When analyzing data sets of (x,y) points, the
Pearson correlation coefficient measures a pos-
sible linear relationship (constant ratio) be-
tween their values. In such a case the value
of the correlation is either +1 or -1, depend-
ing on whether a linear fit to this relation has
a positive or negative slope. The correlation
measures also a possible noisiness, the extreme
case of a linear fit with a huge χ2, i.e. which
does not fit the data at all, stands for a cor-
relation value of 0. The Spearman correlation
coefficient measures correlations in a slightly
”milder” way, based on ranks rather than a lin-
ear relation. A deviation of both methods in-
dicates the start of a different correlation pat-
tern (Tamhane & Dunlop 2000; Spiegelhalter
2019).
When applying this method to correlations be-
tween Eu and Fe the results are shown for
the Pearson and Spearman correlation coef-
ficients in Fig.10. Among the limited-r stars
two types of contributions seem to dominate,
seen in regimes 1 and 2 with a high corre-
lation between Fe and Eu, indicating the co-
production of both elements in the responsible
events. In regime 3 (r-enriched stars) a van-
ishing correlation is strongly supporting sites
which produce heavy r-process elements un-
correlated (i.e. not co-produced) with Fe, i.e.
strong r-process events (without - or possibly
with - an actinide boost, see Fig.4).

4. Quantitative imprints of r-process
sites in low-metallicity stars

In section 2 the production of trans-Fe ele-
ments were presented for regular CCSNe, QD
supernovae, MR SNe, collapsars/hypernovae
and compact binary mergers. Regular CCSNe
with a νp- and possibly a very weak r-process
produce elements like Sr, Y, Zr at lowest metal-
licities (an explanation for the LEPP process?,
Travaglio et al. 2004) but no Eu. [For an ad-
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Fig. 10. Shown are the Pearson and Spearman correlation coefficients for low-metallicity stars ([Fe/H <-
2.5) from the JINAbase database (Abohalima & Frebel 2018), considering stars in an [Eu/Fe] interval with
its upper limit displayed on the x-axis. We see for limited-r stars of regime 1 and 2 a high correlation,
indicating Fe and Eu co-production, while for r-enriched stars of regime 3 the correlations vanish, arguing
for separate nucleosynthesis sources for the Fe and Eu found in these stars. Four typical stars (HD122563,
limited-r), HD115444 (r-enriched, r-I), CS22892-052 (r-enriched, r-II), and CS31082-001 (r-enriched, r-II
with actinide boost) are displayed as well. Image reproduced with permission from Farouqi et al. (2022),
copyright by authors.

ditional contribution from the weak s-process
in rotating massive stars see e.g. Frischknecht
et al. (2016) and Cescutti et al. (2021)] .
Farouqi et al. (2022) find a strong correlation
of these elements with Fe (dominated in low
metallicity stars by CCSNe). Quark deconfine-
ment supernovae and magneto-rotational su-
pernovae are mainly responsible for a weak r-
process (with the - although small - production
of Eu), which would lead to a strong correla-
tion of Eu and Fe, as found in limited-r stars
of regime 1 and 2 of Fig.10. Farouqi et al.
(2022) find, by utilizing the predictions for QD
SNe (Fischer et al. 2020) as well as for two
sets of magneto-rotational MR SNe 1 and 2
(Nishimura et al. 2017; Reichert et al. 2021),
that QD and MR SNe can reproduce the regime
1 and 2 Sr/Eu observations well, but in order to
reproduce also the observed Sr/Fe and Eu/Fe
values, an additional contribution of 0.1 M� of
Fe is required by 200-300 regular CCSNe per
QD SN, while 10 regular CCSNe per MR SN
are needed. The latter is comparable with the
magnetar fraction of neutron stars and clearly
points to MR SNe as well.

The rank tests for Th, discussed in 3.3, have
shown that the strong r-process events fall into
two subcategories without and with an ac-
tinide boost. The question which physical con-
ditions lead to such an actinide boost has been
raised in section 2.3. Actinide-boost stars with
Th/Eu supersolar (>0.42, (Lodders 2021)) ex-
ist mostly among r-II stars. This answers the
question how we can relate the observed be-
havior to strong r-process events of regime 3
by identifying them with NS-mergers and BH
accretion tori outflows, e.g. collapsars or com-
pact binary mergers with fast black hole forma-
tion. This is consistent with the separate rank
tests for Th in r-I and r-II stars. Independent
of the actinide boost question, the predicted Eu
production for these events (about 10−6M� vs.
10−4M�, when utilizing the results from (Côté
et al. 2017; Siegel et al. 2019)), can be tested
in combination with negligible Fe production
for NS mergers or about 0.5M� of Fe for the
latter collapsar case. In order to reproduce the
observed Eu/Fe values in r-I stars (by NS merg-
ers) and r-II stars (by collapsars) requires in
both cases the addition of about ≈120 x 0.1M�
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of Fe from CCSNe, i.e. they need to occur with
a frequency of a few permille of CCSNe (con-
sistent with Rosswog et al. 2017).
This analysis answers the question whether the
large scatter in r-process abundances with re-
spect to those of other elements (e.g. Eu vs.
Fe) at low metallicities is only the result of in-
homogeneous admixture from one type of rare
events (i.e. compact binary mergers, Holmbeck
et al. 2021) ), or does it point to different ori-
gins? Such questions have been addressed in
many galactic chemical evolution studies (e.g.
Wehmeyer et al. 2015; Cescutti et al. 2015;
Kobayashi et al. 2020; van de Voort et al. 2020;
Cescutti et al. 2021; van de Voort et al. 2022;
Van der Swaelmen et al. 2022). We hope that
with the analysis presented in this review we
showed with the cluster, rank, and correlation
/ no correlation tests that different sources re-
sulting either in a weak r-process with Fe co-
production or a strong r-process with no or
negligible Fe co-production are responsible.
The effect that the r-process (or Eu) produc-
tion in these events (QD and MR SNe, NS
mergers, collapsars/black hole accretion tori)
increases among these categories by about a
factor of 10 for each, permits an explanation
of the limited-r, r-I, and r-II patterns, com-
bined with the inhomogeneous evolution in the
early Galaxy. The onset of observations avail-
able for these subcategories at different metal-
licities from [Fe/H] <-4 to -3 hints also at the
different occurrence frequency of these events
(see Fig.26 in Farouqi et al. (2022), underlin-
ing that more frequent r-process contributions
occurred before neutron star mergers).
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