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What is the origin of r-process elements?

Neutron-Star 
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H] > -1
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• Negative delay 
time?
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1. INTRODUCTION

Core-collapse supernovae (CC-SNe) driven by rota-
tion and magnetic fields, so-called magneto-rotational
supernovae (MR-SNe), are a promising mechanism for
several high-energy astronomical phenomena, e.g. mag-
netar formation, gravitational waves and hypernovae
and gamma-ray bursts (e.g. Yamada & Sawai 2004; Shi-
bata et al. 2006; Takiwaki et al. 2009; Mösta et al. 2014).
Jet-like explosions in CC-SNe are expected to eject very
neutron-rich matter, appropriate for the r-process (e.g.
Cameron 2003; Papish & Soker 2012). In fact, recent
studies (Winteler et al. 2012; Nishimura et al. 2015),
based on multi-D magneto-hydrodynamics with so-
phisticated microphysics, confirmed that magnetically-
driven jets produce heavy r-process elements.
MR-SNe may be rare compared with regular CC-SNe,

as progenitors have rapid rotation, more frequently ob-
served at low metallicities. The existence of fast rotating
massive stars at early galaxies is also supported by de-
tection of Ba and La in metal-poor stars (Chiappini et al.
2011), which is explained by the enhanced s-process
via strong rotational-induced mixing (Frischknecht et al.
2012; Nishimura et al. 2017). Even if MR-SNe are only
active in early galaxies, they can be responsible for the
production of r-process elements by the entire CC-SNe
in Galactic chemical evolution (GCE), because canonical
CC-SNe produce only the lighter end of heavy nuclei in
their proto-neutron star (proto-NS) winds (e.g. Arcones
& Thielemann 2013).
Binary neutron star mergers (NSMs) are the most

promising candidates of r-process sites (e.g. Freiburghaus
et al. 1999; Goriely et al. 2011; Korobkin et al. 2012;
Wanajo et al. 2014). However, there exist several un-
solved problems for considering NSMs as only r-process
sources (e.g. Argast et al. 2004). Wehmeyer et al. (2015)
and Cescutti et al. (2015) explained the chemical evo-
lution of r-process nuclei, based on multiple sources,
including NSMs and CC-SNe/MR-SNe. Tsujimoto &
Nishimura (2015) showed that MR-SNe can explain
the early growth of Eu in dwarf spheroidal galaxies for
[Fe/H] < �2 by assuming an event rate of about 0.5%
of CC-SNe, while NSMs have problems to do so. Ob-
servation of ultra-faint galaxies (Roederer et al. 2016;
Ji et al. 2016) requires rare r-process events with large
mass ejection, for which MR-SNe can be a source as
well as NSMs (Beniamini et al. 2016).
A remaining problem of MR-SNe is mechanisms of

magnetic-field enhancement during collapse. The most
promising process is the magneto-rotational instability
(MRI), which converts rotation energy into magnetic
energy. The MRI in proto-NS cores has been investi-
gated on several scales (with related limitations) from

Figure 1. Entropy with magnetic field lines of an MR-
SN model (2000 km range). The shock from is illustrated
by the surrounded white surface. The color of entropy is
apparently di↵erent from the color scale (10–15 kB baryon�1)
in visualization.

local boxes (Obergaulinger et al. 2009; Masada et al.
2012; Rembiasz et al. 2016) to global scales (Sawai et al.
2013; Mösta et al. 2015). Sawai & Yamada (2014, 2016),
based on long-term global MHD simulations in axisym-
metry, found a new explosion mechanism influenced by
the MRI. Besides magnetically driven polar jets, the ex-
plosion takes place in all directions, for which a typical
dynamical structure is shown in Figure 1 (see, Section 2
for details).
In this Letter, we present the results of r-process nu-

cleosynthesis in MR-SNe, based on the MRI-driven ex-
plosion mechanism. In Section 2, we perform a series
of simulations of MR-SNe resolving the MRI, mostly fo-
cusing on the outer layers of the proto-NS. We consider
the e↵ect of neutrino heating in explosion dynamics, ex-
tended from Sawai & Yamada (2014, 2016). In Sec-
tion 3, results of nucleosynthesis for all explosion models
are shown with comparison to observed r-process abun-
dances.

2. MRI-DRIVEN CORE-COLLAPSE SUPERNOVAE

We perform hydrodynamical simulations for MR-SNe
with an MHD code, YAMAZAKURA6 (Sawai et al.
2013). As we are based on a 15M� progenitor model

6 The name derives from “wild cherry blossoms” in Japanese.
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Extended Data Fig. 1 | MHD characteristics of simulations. a, 
Simulation snapshot of the meridional plane for run 2, showing the rest-
mass density (ρ; upper half; contours at 106, 107, 108, 109, 1010 g cm−3) 
and number of grid points per wavelength of the fastest-growing MRI 
mode (λMRI/∆x; lower half) once the stationary state has been reached 
after 30 ms. Note that the MRI is well resolved. b, Space–time diagram of 

the y component of the magnetic field (By; colour scale at right) for run 
2, radially averaged between 45 and 70 km from the rotation axis in the 
x–z (meridional) plane, as a function of height z relative to the equatorial 
plane, and time, indicating a fully operational dynamo and a steady 
turbulent state of the disk after about 20−30 ms.

https://aasnova.org/2021/01/06/
warning-neutron-star-collision-imminent/

https://aasnova.org/2021/01/06/


S-process in AGB stars

❖  is observed in Ba-
enhanced giants of AGB 
stage

❖ During H, He shell 
burning, convection mixes 
layers and produce  via 

❖  reaction 
produces neutrons
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Chemical enrichment of a galaxy

Molecular cloud
Stars

❖ Stars imprint the chemical 
abundances of the natal 
cloud

❖ Spectroscopy reveals the 
elemental abundances of 
stars

❖ What can we learn from 
them?



Local group galaxies
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Delay time
❖ Time difference between formation of progenitor and 

production of r-process elements
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❖ Flat and diverging?
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r-process in MW
❖ Flat and diverging, but too many upper limits
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r-process in MW (metal-poor)
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r-process in MW (metal-rich)

Cote+19

decreasing trend of [Eu/Fe] for −1<[Fe/H]<0 (Shen et al.
2015; van de Voort et al. 2015; Komiya & Shigeyama 2016;
Côté et al. 2017a; Hotokezaka et al. 2018; Naiman et al. 2018).
The latter studies represent a wide variety of GCE approaches
including simple one-zone models, semianalytic models of
galaxy formation, and cosmological hydrodynamic zoom-in
simulations.

When assuming that all NS–NS mergers occur within
100Myr following the formation of the massive star progeni-
tors, Matteucci et al. (2014), Cescutti et al. (2015), and Côté
et al. (2017a) showed that GCE predictions at [Fe/H]>−1 are
unaffected by the choice of delay time (see also the blue lines
in Figure 9 of Appendix A). However, when we use a long-
lasting DTD function in the form of t−1, our predictions at [Fe/
H]>−1 become affected by the choice of the minimum delay
time (see black lines in Figure 9). As described in Appendix A,
however, even with a minimum delay time of 1Myr, our GCE
predictions cannot reproduce the decreasing trend of [Eu/Fe]
when we use the DTD function.

To summarize, in order to recover the decreasing trend of
[Eu/Fe], it seems not sufficient to make NS–NS mergers
appear before SNeIa, they also need to reach an equilibrium in
the production of Eu. Because [Eu/Fe] and [α/Fe] both start to
decrease at [Fe/H]∼−1, this equilibrium must be reached
within the first few hundred Myr. Although in this section we
assumed NS–NS mergers to be the only r-process site, the
equilibrium requirement would be the same for any other site.
It can also be applied in the context of multiple r-process sites
(see Section 5.5). We refer to Hotokezaka et al. (2018) for a
discussion on the impact of the minimum delay time of SNeIa,
as it could help generating a decreasing trend if that minimum
delay time is set to 400Myr or 1 Gyr.

3.3. Confirmation from Our Study

To support the conclusion made in Section 3.2, we tested the
t−1 DTD function using the benchmark Milky Way model of
Matteucci et al. (2014), which is based on the two-infall model
originally described in Chiappini et al. (1997). We refer to
Simonetti et al. (2019) for more details on this new
implementation. In this multizone framework, which relaxes
the instantaneous recycling approximation, the halo and thick
disk form on a relatively short timescale (1–2 Gyr) by accretion
of primordial gas. This represents the first-infall event, while
the thin disk forms on a much longer timescale by means of a
second independent episode of gas accretion. The thin disk is
assumed to form inside-out with a timescale of 7 Gyr for the
solar neighborhood. In this work, we only focus on the
thin disk.

The model predicts at all times the gas fraction and its
chemical composition. It takes into account the enrichment
from stars of all masses ending their lives as white dwarfs and
SNe of all types (II, Ia, Ib, and Ic), in addition to the
nucleosynthesis occurring in novae and compact binary
mergers. The adopted yields are taken from Karakas (2010)
and Doherty et al. (2014a, 2014b) for asymptotic giant branch
(AGB) and super-AGB stars, from Nomoto et al. (2013) for
massive stars, from Iwamoto et al. (1999) for SNeIa, from José
& Hernanz (1998) for novae, and from Korobkin et al. (2012)
for NS–NS mergers. The SNIa rate is computed following the
formalism of Greggio (2005). The rate of NS–NS mergers is
calculated by convolving its DTD function with the star
formation history of the Milky Way, which is generated

following a Kennicutt–Schmidt law with a threshold in the gas
surface density (Kennicutt 1998). The fraction of NS–NS
binaries that eventually merge has been tuned to reproduce the
current rate derived in Abbott et al. (2017b).
The bottom panel of Figure 3 shows the predictions of this

model when a constant delay time (black solid line) and a t−1

DTD function (black dashed line) are used to calculate the rate
of NS–NS mergers. As in previous studies (see Section 3.2),
the long-lasting DTD function generates a flat trend for [Eu/
Fe] and does not reproduce the decreasing trend of the Galactic
disk (cyan dots). The little loop at [Fe/H]∼−0.5 is caused by
the second-infall episode that introduces primordial gas in the
galaxy that momentarily dilutes the Fe concentration relative to
H. The top panel Figure 3 shows the evolution of [O/Fe] as a
comparison baseline for the decreasing trend of [Eu/Fe].
Throughout this study, we also use the GCE code OMEGA

(Côté et al. 2017b) in order to explore different DTD functions
for NS–NS mergers (see Section 5.3), and to compare with the
results of the GCE code of Matteucci et al. (2014; see orange
lines in Figure 3). It consists of a classical one-zone model that
adopts homogeneous mixing but relaxes the instantaneous
recycling approximation. SNeIa are distributed in time
following a DTD function in the form of t−1 that is multiplied
by the fraction of white dwarfs (see Côté et al. 2016 and Ritter
et al. 2018a for more details.) Yields for low- and intermediate-
mass stars, massive stars, SNeIa, and NS–NS mergers are
taken from Ritter et al. (2018b), Nomoto et al. (2013), Iwamoto

Figure 3. Predicted evolution of oxygen ([O/Fe]) and europium ([Eu/Fe])
abundances as a function of iron abundances ([Fe/H]) in the Galactic disk,
using NS–NS mergers and the chemical evolution model of Côté et al. (2017b;
OMEGA, orange lines) and Matteucci et al. (2014; black lines, see Section 3.3).
The solid line shows the predictions when we assume that NS–NS mergers all
occur after a constant delay time of 1 Myr following the formation of the binary
systems, while the dashed line shows the predictions when we assume a delay-
time distribution function in the form of t−1 to distribute NS–NS mergers as a
function of time. Data derived from spectroscopy (cyan dots) are from Bensby
et al. (2014) for [O/Fe] and from Battistini & Bensby (2016) for [Eu/Fe]. The
dotted black lines mark the solar values (Asplund et al. 2009).
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❖ Metal-rich regime 
shows no delay

❖ “2-phase ISM 
model” (Schoenrich+1
9), “natal 
kick” (Banerjee+20), 
… 



Barium in Milky Way
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Classical dwarfs



Classical dwarf: Sculptor
Á. Skúladóttir et al.: Neutron-capture elements in dwarf galaxies. I.

Fig. 2. Ratios of the n-capture elements to Mg. Target stars are shown with blue (GIRAFFE) and light blue (UVES) circles. The representative error
bar for the Sculptor data is shown in blue. Previous measurements in Sculptor from HR spectra are shown with magenta diamonds (Shetrone et al.
2003; Geisler et al. 2005; Kirby & Cohen 2012; Skúladóttir et al. 2015a; Jablonka et al. 2015). Open diamonds are stars with peculiar abundances
of the n-capture elements. Milky Way stars are shown with black squares. Open squares refer to Milky Way stars with high [Ba/Mg] > 0 and
confirmed high [C/Fe] > 0.7. Milky Way references: Reddy et al. (2003, 2006); Venn et al. (2004); François et al. (2007); Mishenina et al. (2013);
Roederer et al. (2014a). The SAGA database (Suda et al. 2008) was used to gather this compilation.

coverage (see Sect. 2.3 and Table B.1), nondetections do not bias
this result toward higher values at lower metallicities.

3.2. Chemical clocks in different environments

The abundance ratios [Y/Mg] and [Ba/Mg] have a particularly
clear correlation with stellar age in Sculptor, as is shown in
Fig. 3. A similar result has previously been observed in the Milky

Way, where solar twins show an exceptionally good correlation
between [Y/Mg] and age, as well as [Ba/Mg] and age (da Silva
et al. 2012; Nissen 2015, 2016; Nissen et al. 2017; Nissen &
Gustafsson 2018; Tucci Maia et al. 2016; Spina et al. 2018).
This has lead to the discussion of using these abundance ratios
as “chemical clocks” because accurate stellar ages are notori-
ously challenging to measure (e.g., Soderblom 2010; Chaplin
& Miglio 2013). Empirical relations have been found between

A171, page 5 of 13

Skuladottir+19

❖ [Ba/Mg] increase: s-
process delay

❖ [Eu/Mg] flat: no r-process 
delay



Disrupted classical dwarf: Gaia Enceladus
Matsuno+21

❖ Gaia-Enceladus 
is r-rich, could 
be similar to 
some classical 
dwarfs

A&A 650, A110 (2021)

Fig. 7. Abundance trends of Gaia-Enceladus and in situ stars in comparison with literature values. The GALAH data are binned in metallicity, and
the weighted average values are plotted. The number of stars in each metallicity bin is between 5 and 33, and the error bars indicate the uncertainties
in the estimated average estimated from the bootstrap sampling. The comparison sample is from Letarte et al. (2010) and Lemasle et al. (2014) for
Fornax (values are corrected with the corrigendum Letarte et al. 2018), from Bonifacio et al. (2000) and McWilliam et al. (2013) for Sagittarius,
and Van der Swaelmen et al. (2013) for LMC.

enrichments from NSMs and SNe Ia without modifying
IMF.

We first discuss our baseline model, where we adopt a
widely assumed IMF from 0.1 to 100 M� (Chabrier 2003) and
SNe Ia-like delay time distribution for NSMs. The chemical
evolution models adopt an initial gas mass of 2 ⇥ 109 M� to
make chemical abundances similar to those found for Gaia-
Enceladus stars. After a 3 Gyr evolution, the stellar mass of this
model reaches 1 ⇥ 109 M�. Here we assume the CCSN yield of
Chie� & Limongi (2004) from 13 to 35 M� for the enrichment
of Mg and Fe. We also adopt the yield of Seitenzahl et al. (2013)
computed in the N100 model of SNe Ia. SNe Ia distribute Fe fol-
lowing a delay time distribution with a power-law index of �1
(Maoz & Mannucci 2012) and a minimum delay of 5 ⇥ 108 yr
(Homma et al. 2015). For the enrichment of Eu, we assume that
all Eu comes from NSMs with a rate of 0.5% of stars from
8 to 20 M�. This rate is consistent with the recent constraints
(Pol et al. 2019). The yield of Eu is taken from Wanajo et al.
(2014). A delay time distribution is similar to that of SNe Ia,
but a minimum delay is set to be 2 ⇥ 107 yr following the obser-
vations of short gamma-ray bursts (Wanderman & Piran 2015).
Stellar lifetimes are taken from Portinari et al. (1998). All these
models are compiled using celib (Saitoh 2017).

This baseline model is shown as the thick black lines in Fig. 8
(model A). The delay time of NSMs and that of SNe Ia respec-
tively cause an increase in [Eu/Mg] and a decrease in [Mg/Fe]
with time. Since the minimum delay time is shorter for NSMs,
[Eu/Mg] starts increasing before [Mg/Fe] starts decreasing (see
the two panels of Fig. 8, right). This is the reason why we see
the vertical evolution in the left panel of Fig. 8. Once SNe Ia
start contributing, the chemical evolution then proceeds toward
the top left of that panel. We note that the evolution in the left
panel of Fig. 8 does not depend on the timescale of the evolution.

The relative positions of Gaia-Enceladus and in situ stars
in the left panel of Fig. 8 can be understood as the result of
this chemical evolution. Because of lower star formation e�-
ciency, Gaia-Enceladus and in situ stars have di↵erent age metal-
licity relations, in the sense that Gaia-Enceladus has a younger
age at fixed metallicity than in situ stars (Schuster et al. 2012;
Hawkins et al. 2014). Therefore, it allows more nucleosynthe-
sis events with delay time to enrich the system, which lowers
[Mg/Fe] and elevates [Eu/Mg] (see these values at t = 1 and
3 Gyr indicated by stars in Fig. 8).

It is also worth noting that the baseline model naturally
explains [Mg/Fe] and [Eu/Mg] of LMC, Sagittarius, and Fornax
in a similar manner. Since these galaxies have more prolonged

A110, page 6 of 9



What are / Why UFDs?

❖ UFDs are small (< 105 Lsun) 
satellite galaxies.

❖ UFDs are old.

❖ Good probe for high-z 
galaxy.

❖ Small stellar mass: “0 or 1 
rare&prolific r-process”.

❖ Small but important !

https://en.wikipedia.org/wiki/Local_Group



r-process elements in UFDs
❖ Sr, Ba: depleted. Eu: Not enough data.

❖

Hansen+20

10

Figure 3. [X/Fe] derived abundances for Gru II (black stars) compared to stellar abundances from the MW halo (grey dots;
Roederer & Kirby 2014) and other UFD galaxies (colored dots according to legend, see text for references). Upper limits for
Gru II stars are marked with downward pointing black triangles.
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Gru II stars are marked with downward pointing black triangles.

s, r s, r r

❖ 3/16 UFD are enriched with Eu.

❖ [Eu/Fe] ~ 2: highly enriched, consistent with  of r-process enrichment, NSM?

❖ [Eu/Fe] ~ 0.5: moderately enriched, NSM in the outskirt or used to be a larger galaxy? 

∼ 0.01 M⊙
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[X /Y ] = log10[ NX

NY ] + C



r-process enrichment  

❖ Inside explosion is favored for highly enriched UFD (Ret II).

❖ Outside explosion is favored for Moderately enriched UFD (Tuc III, 
Gru II).

Central
explosion

explosion at 
100% of radius

Moderately enriched UFDHighly enriched UFD

Ce

[X /Y ] = log10[ NX

NY ] + C

Normalized to solar



s-process elements in UFDs
❖ Sr, Ba: depleted. Eu: Not enough data.

❖

Hansen+20

[X /Y ] = log10[ NX

NY ] + C

Normalized to solar
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s, r s, r r

❖ Sr, Ba: deficit. Eu: Not enough data.

❖ 3/16 UFD are enriched with Eu.

❖ What is the origin of Ba, Sr in “no r-process” UFDs?

❖ Can AGB stars explain the Ba, Sr abundances in UFDs?
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r-dominated
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AGB enrichment
❖ AGB alone cannot explain 

Ba abundances.

❖ Additional source (e.g. 
rotating massive stars) 
should be working

[X /Y ] = log10[ NX

NY ] + C

Normalized to solar

❖ In UFDs,

❖ R: rare and prolific

❖ S: AGB+something



What can we infer?
Timescale Signature Interpretation

MW, [Fe/H] > -1 A few Gyr r ↘︎
s ↗︎

R: no delay
S: delay or metallicity dependence

MW, [Fe/H] < -2 A few 
100Myr

r ↗︎
s ×

R: delay
S: no information

Classical dwarf     
(-3 < [Fe/H] < -1) A few Gyr?

r ↗︎
s ↗︎

R: no delay?
S: delay or metallicity dependence

Ultrafaint dwarf  
(-3 < [Fe/H] < -2)

A few 
100Myr

R: 1 or 0?
S:  AGB+α

R: Rare&prolific
S: additional source (e.g. RMS)

Globular clusters
(-3 < [Fe/H] < 0)

Depends on 
formation 

process

R: M15?
S: ?

R: abundance spread in the natal 
cloud?

S: measurement error?



Unsolved problems

❖ [Fe/H] > -1 stars have flat [Eu/Mg] - [Fe/H] trend: 
delay shorter than ~Gyr?

❖ Do rotating massive stars really produce s-process 
elements?

❖ How should we interpret the Ba abundances of classical 
dwarfs?


