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2 T. Tsujimoto

between the lower mass bound (mcc,l = 8M!) and mcc,u, referred to
as an initial mass function (IMF), is well approximated by a power
law with a slope index, denoted x (=-1.35: the Salpeter)3. The impact
on the GCE caused by a reduction in mcc,u from ∼100M! to 18M!
is sufficiently large. This is due not only to the fact that the CCSN
frequency reduces to ∼ 70%, but also to the fact that more heavy
elements are generally ejected from CCSNe whose progenitor stars
are more massive with a larger core mass (e.g., Woosley & Weaver
1995).

Then, the question arises as to whether the predictions of GCE
models with mcc,u= 18M! match the observed chemical abundances
exhibited by nearby stars. The difficulty of addressing this issue is
alleviated by the renewed views regarding the chemodynamical evo-
lution of the Galaxy. The improved understanding of Galactic dynam-
ics suggests that stars radially move on the disk when they encounter
transient spiral arms that are naturally generated during the process of
disk formation (e.g., Sellwood & Binney 2002; Ros̆kar et al. 2008).
This so-called radial migration of stars predicts that the stars in the
solar vicinity represent the mixture of stars born at various Galac-
tocentric distances over the disk. In particular, this dynamic process
induces a major migration from the inner disk, which forms faster
and becomes more metal-rich than the solar vicinity according to the
inside-out scenario (Chiappini et al. 2001). Thus, it is vital to update
GCE models to consider that stars born under less efficient CCSN
enrichment than previously thought owing to a low mcc,u contribute
to only a part of the local Galactic chemistry and that the remaining
composition must be due to more efficient enrichment trajectories
than an in situ one.

Then, given the confirmed validity of GCE models with a low
mcc,u, it is natural to extend our attention beyond the local field to
the Galactic bulge, which is a generally metal-rich population that
forms within a short timescale of <∼ 2 Gyr (Barbuy et al. 2018). Such
Galactic bulge’s properties suggest that CCSNe play a more vital role
in the enrichment that rapidly proceeds in the bulge compared to the
slow progress in the Galactic disk since, for many type Ia supernovae
(SNe Ia) whose delay times are on the order of billions of years, the
star ceases forming before the release of heavy elements. This con-
sideration could support our expectation that the number of CCSNe
per stellar generation deduced from the local IMF having x=-1.35
with mcc,u= 18 M! is not sufficient to reproduce the chemical char-
acteristics of the Galactic bulge. This argument would be plausible
since the existing GCE models (even those with mcc,u= 100 M!)
suggests a flatter IMF to better fit the observations of the bulge (e.g.,
Matteucci & Brocato 1990; Ballero et al. 2007, but see Bensby et
al. 2017).

Knowledge of the IMF in the Galactic bulge could be trans-
ferred to the study of other spheroids, i.e., the bulges of other spiral
galaxies and elliptical galaxies in terms of similar chemistries (e.g.,
Thomas & Davies 2006) as the result of a common chemical evolu-
tionary history, which can be summarized as fast chemical enrich-
ment leading to a mean metallicity up to (or exceeding) the solar
metallicity within a few billion years at most. We stress that the pos-
sibility of variation in the IMF significantly increases by a potentially
low mcc,u under an ongoing intense debate on the universality versus
nonuniversality of the IMF (Bastian et al. 2010; Hopkins 2018).

The controversy regarding whether the IMF varies among different
types of galaxies can be explored by comparing the occurrence rates
of star formation and CCSNe in the Universe as a function of redshift

3 The Kroupa’s IMF gives the almost same power index of x=-1.3 for m>1
M! (Kroupa 2001).

(z), that is, whether the measured rate of CCSNe (Rcc) is proportional
to the cosmic star formation rate (denoted ψ). Since the contributing
fraction in ψ from individual types of galaxies varies in accordance
with z, the IMF variation, if it exists, should lead to a break in
the proportionality relating ψ to Rcc. In fact, the measured Rcc−z
trend detaches from a ψ−z relation; the contrast of ψ between the
present and z ≈ 1 is below a factor of 10 (Hopkins & Beacom 2006;
Madau & Dickinson 2014; Davies et al. 2016; Driver et al. 2018),
whereas Rcc for z > 0.5 (e.g., Petrushevska et al. 2016) suggests a
higher rate at z ≈ 1 than the current one by more than a factor of 10. In
this paper, based on a low mcc,u motivated both observationally and
theoretically, we first discuss GCE and then explore the CCSN rate
history of the Universe, connecting two evolutions of the Galaxy
and the Universe (Maoz & Graur 2017).

2 GALACTIC CHEMICAL EVOLUTION

First, we examine the chemical evolution of the Galactic disk com-
posed of two chemically distinguishable populations, namely, thin
and thick disks, and a bulge; for this purpose, we adopt an IMF with
(mcc,l, mcc,u) = (8 M! , 18 M!). In this scheme, massive stars (m > 18
M!) are assumed not to contribute to Galactic chemical enrichment
due to failed supernovae and the formation of BHs. We calculate the
evolution of two elements: Fe and Mg. For the Fe yield from CCSNe,
we adopt 0.06 M! based on recent observational estimates from lu-
minosities (Rodríguez et al. 2021). Then, we deduce a Mg yield of
0.08 M! from an observed plateau of [Mg/Fe] ≈ +0.4 among halo
stars, which reflects the average nucleosynthesis Mg/Fe ratio among
CCSNe; this value is within theoretical predictions (Tominaga et al.
2007). The star formation history (SFH) of each Galactic component
is modeled by changing the timescale of star formation (τSF) and the
supply of gas from the halo (τin) for a given duration ∆SF. Detailed
description of GCE models are given in the following section.

2.1 GCE Models

−the thin disk−
The basic picture is that the thin disk was formed through a con-

tinuous low-metal infall of material from outside the disk region
(i.e., the inter-galactic medium) based on the inside-out formation
scenario (Chiappini et al. 2001), that is, the disk is formed by an
infall of gas occurring at a faster rate in the inner region than in
the outer ones consistent with the shorter dynamical times. Here, we
calculate chemical evolution at three regions with their Galactocen-
tric distances RGC ≈ 4 (inner disk), 8 (solar vicinity), and 12 kpc
(outer disk). This assignment of RGC for each model can be done
by comparing the predicted achieving [Fe/H] values with the cur-
rent [Fe/H]-RGC relation (i.e., the observed radial [Fe/H] gradient)
(Genovali et al. 2014), which approximately gives [Fe/H]≈0.2-0.3 at
RGC ≈ 4 kpc and [Fe/H]≈-0.15 at RGC ≈ 12 kpc. We calculate the
gas fraction and the abundance of heavy-element in the gas at each
region with an assumed IMF, φ(m), for a mass range from ml = 0.01
M! to mu = 100 M! .

Let ψ(t) be the star formation rate and A(t) be the gas infall rate,
then the gas fraction fg(t) and the abundance of heavy-element i
Zi(t) in the gas at each region change with time according to

dfg
dt
= −ψ(t) +

∫ mu

max(ml ,mt )
dmφ(m)r(m)ψ(t − tm) + A(t) (1)
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Figure 1. Left: Calculated correlation of [Mg/Fe] with [Fe/H] for disk stars in the solar vicinity compared with observed data from the Stellar Abundances
for Galactic Archeology (SAGA) database. The data are separated into thick (light gray) and thin (dark gray) disk points using the boundary between the two
defined by Hayden et al. (2017); however, this boundary is slightly modified according to the result of Schultheis et al. (2017). The four colored curves are the
model results for the thin disk (red: in situ, green: the inner disk, blue: the inner disk with x=-0.9: light green: the outer disk), while the black curve is for the
thick disk with x=-0.9. The initial [Mg/Fe] of gas for the thin disk is set with an offset of 0.02 dex among the four. Right: Comparison of the predicted local
MDFs with the observed MDFs (gray curve: Nandakumar et al. 2017; histogram: Thompson et al. 2018). The predicted MDFs correspond to the in situ (dashed
blue curve), inner disk (dotted green curve), and outer disk (dotted light green curve) functions, and the mixture of these three MDFs with a ratio of 6.5:2.5:1 is
plotted as the red curve.

d(Zi fg)
dt

= −Zi(t)ψ(t) +
∫ mu

max(ml ,mt )
dmAψ(m)yIa,i

×
∫ t

0
dtIag(tIa)ψ(t − tIa)

+

∫ mu

max(ml ,mt )
dm(1 − A)φ(m)[ycc,i + Zi(t − tm)

rw(m)]ψ(t − tm) + ZA,i(t)A(t) , (2)

where mt is the turnoff mass when the main-sequence lifetime, tm,
is equal to time t, r(m) is the fraction of the ejected material from a
star of mass m, rw(m) is the fraction of the ejected material without
newly synthesized elements from that star, yi is the heavy-element
yield from an CCSN or SN Ia, and ZA,i is the abundance of heavy
element contained in the infalling gas.

The star formation rate, ψ(t), is assumed to be proportional to the
gas fraction with a constant coefficient of 1/τSF(R), where τSF(R) is a
timescale of star formation as a function of R. For the infall rate A(t),
we adopt the formula that is proportional to t exp(−t/tin(R)) with a
timescale of infall of τin(R). According to the inside-out scenario,
τSF(R) and τin(R) are assumed to increase outwards, and the adopted
timescales together with the duration of star formation ∆SF(R) in
unit of Gyr are (τSF, τin, ∆SF)=(0.5, 1, 3.5), (1, 5, 10), and (3.3,
10, 10), respectively. The metallicity, ZA,i , of an infall is assumed
to be very low-metallicity ([Fe/H]=-1.5), which is implied by the
metallicity measurement of damped Lyα systems (Wolfe et al. 2005)
with a SN-II like enhanced [Mg/Fe] ratio (=0.4).

As the initial abundances, we assume the high value of [Fe/H]
(=0.2) together with [Mg/Fe]∼0 including some variation as the thick
disk’s remaining gas (see also Spitoni et al. 2019). Here, we regard
the thick disk as the first disk, which is heated up by an ancient merger
such as Gaia-Enceladus (Helmi et al. 2018), that is subsequently fol-
lowed by the gradual formation of a secondary disk, i.e., the thin
disk. Such a first thick disk can also be formed through clump merg-
ing in an unstable primordial disk (Bournaud et al. 2007). In these
scenarios, star formation within the thin disk could occur after the
termination of star formation in the thick disk.

The adopted nucleosynthesis yields of CCSNe for Fe and Mg are
deduced from the observational bases: the SN light curve and the
plateau of abundance ratio for halo stars, as already stated. These

nucleosynthesis products are released with a short delay time corre-
sponding to the lifetimes of massive stars. For SNe Ia, each event
is assumed to ejects 0.63 M$ of Fe and 8.5×10−3 M$ of Mg
(Iwamoto et al. 1999) according to the delay time distribution (DTD),
g(tIa), which is proportional to t−1

Ia with a range of 0.1 ≤ tIa ≤ 10
Gyr (Maoz et al. 2014). The DTD is normalized so that 8% of the
primary stars in binaries with initial masses in the range of 3-8 M$
explode as SNe Ia: A=0.08 for 3-8 M$ and A=0 outside this mass
range. Its fraction has been obtained through previous works (e.g.,
Tsujimoto & Bekki 2012) and has been rechecked by this study.
−the thick disk and the bulge−

Chemical evolutions of the thick disk and the bulge are calcu-
lated in the scheme of a relatively rapid star formation by adopting
a short timescale of star formation with a rapid collapse. These are
parameterized by (τSF, τin, ∆SF)=(0.7, 1, 2.5) and (0.25, 0.5, 2.5),
respectively. The two Galactic components start to be formed from
a low-metallicity infalling gas without an initial gas. The adopted
short τSF is within the predicted values by previous studies: 0.5-
1 Gyr (Kobayashi et al. 2006) for the thick disk and 0.05-0.5 Gyr
(Matteucci & Brocato 1990; Kobayashi et al. 2006; Ballero et al.
2007; Grieco et al. 2012) for the bulge. These τSF values adopted
in the models can be compared with the observed molecular deple-
tion time in galaxies. In the active star-formation phase for 1 <∼ z
<∼ 5, i.e., ∼8-13 Gyr ago, τSF of galaxies in the PHIBSS survey

is strictly confined less than 1 Gyr (Tacconi et al. 2018) with their
median values reanalyzed by Segovia Otero et al. (2022) being ap-
proximately 0.4-0.5 Gyr, and thus broadly agrees with our adopted
values. Here, we note that the cosmological simulations predict that
τSF mainly settles down to ≈0.2-0.3 Gyr during a starburst phase
for z >∼ 1 in Milky Way-like galaxies (Segovia Otero et al. 2022). On
the other hand, τSF at a secular stage of star formation increases
to ≈1-2 Gyr (Leroy et al. 2013; Tacconi et al. 2018) as measured in
nearby galaxies; this timescale is comparable to the values at the
solar vicinity (=1 Gyr) or at the outer disk (=3.3 Gyr) in our model.

2.2 Galactic disk
Here, we focus mainly on comparing theoretical predictions with the
observations of thin disk stars that are currently present in the solar
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A single r-process event makes all r-nuclei 
(Se ~ U)



Figure 1: | Observational data summary a: The position of AT2017gfo lying within the Ligo-Virgo

skymap11, 6 b: Color composite image of AT2017gfo from GROND on 2017 Aug 18 (MJD 57983.969, 1.44

days after GW170817 discovery. The transient is 8.5000 North, 5.4000 East of the centre of NGC4993, an S0

galaxy at a distance of 40± 4Mpc. This is a projected distance of 2 kpc. The source is measured at position

of RA=13:09:48.08 DEC=�23:22:53.2 J2000 (±0.100 in each) in our Pan-STARRS1 images. c: ATLAS

limits between 40 and 16 days before discovery (orange filter), plus the Pan-STARRS1 and GROND r and

i-band light curve. d: Our full light curve data, which provides a reliable bolometric light curve for analysis.

Upper limits are 3� and uncertainties on the measured points are 1�.

20

(Smartt+ 2017)

(Watson+ 2019)

GW170817 : GW from a binary neutron star merger

kilonova: a strong indication of 
r-process-element production

Sr is identified in the spectrum！

recent advance by Domoto+ 2022: 
La and Ce as well (yesterday’s talk)
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Figure 11
(a) Comparisons of n-capture abundances in six r-process-rich Galactic halo stars with the Solar-system r-only abundance distribution.
The abundance data of all stars except CS 22892-052 have been vertically displaced downward for display purposes. The solid light
blue lines are the scaled r-only Solar-system elemental abundance curves (Simmerer et al. 2004, Cowan et al. 2006), normalized to the
Eu abundance of each star. (b) Difference plot showing the individual elemental abundance offsets; abundance differences are
normalized to zero at Eu (see Table 1 and Table 2) for each of the six stars with respect to the Solar-system r-process-only abundances.
Zero offset is indicated by the dashed horizontal line. Symbols for the stars are the same as in panel a. (c) Average stellar abundance
offsets. For individual stars all elemental abundances were first scaled to their Eu values, then averaged for all six stars, and finally
compared to the Solar-system r-only distribution.
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CS 22892-052
solar r-process pattern (solar – s-process)

Individual r-process patterns, in particular
Z≥ 56, match the solar r-process pattern

Individual r-process patterns
likely reflect ones by 

a single r-process event 

✓All r-process elements 
are synthesized

✓little difference in nucleosynthesis
among events

presumably,
❑ a huge amount
❑ rarity 

Really, a single event?
(universality)

(Sneden+ 2008)
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presumably formed early in cosmic history,
whereas the solar system is a relatively youth-
ful 4.6 billion years old. The similar abundance
pa!erns in such disparate systems indicate a
remarkably robust r-process behavior.
‣ Examples of r-I and r-II stars have been
found in essentially all stages of stellar evolu-
tion, which precludes the possibility that their
apparent r-process-element enhancement is the
result of peculiar atmospheric chemistry in
particular stages of their lives.
‣ Long-term monitoring of the radial veloci-
ties of r-I and r-II stars shows no telltale vari-
ations that would arise from the presence of a
binary companion.10 That observation argues against models
in which r-process elements were formed by a companion
star—for example, in a supernova—and then transferred to the
presently observed r-I or r-II star. Apparently, the observed
stars were born from gas that had already been enriched in 
r-process elements by a previous source.
‣ The [Fe/H] distributions for r-I and r-II stars are significantly
different. For r-II stars, [Fe/H] is concentrated at values ranging
from −3.5 to −2.5. For r-I stars, [Fe/H] extends as high as −1.5.
The mismatched distributions may point to differences in the
birth environments of the r-I and r-II stars. Even if r-I and r-II
stars have the same birth environment, it is possible that 
r-process yields could be diluted differently in natal clouds with
different masses. Subsequently formed stars would then dis-
play different abundance levels for r-process elements. Alter-
natively, stars with higher [Fe/H] may have formed from gas
that was enriched in iron by an unusually large number of 
supernova explosions.
‣ About 30% of r-II stars have what is called an actinide boost.
Measurements of thorium and in some cases uranium indicate
that compared with the other r-II stars, the boosted stars have
a three- to fourfold enhancement of those radioactive elements
relative to stable elements such as europium. The astrophysical

site responsible for the r-process must itself be
able to replicate that chemical fingerprint, or
else multiple nucleosynthesis pathways must
exist that can give rise to the bifurcation of 
r-II stars.

Clearly, we astrophysicists still have plenty
to learn. It does seem probable, though, that
the production of the r-process elements took
place in the early history of chemical evolution.
Moreover, the ancient stars with r-process 
elements must have formed in environments
that limited additional star formation, a process
that could erase the distinctive r-process pat-
terns. Such an environment has now been

found. It’s a tiny, satellite galaxy that we mentioned earlier and
will revisit: Reticulum II.

The rise of the dwarfs
The oldest stars in the Milky Way date back to the earliest 
star-forming events. They likely originated in small galaxies
that were later accreted by the Milky Way. As those small
galaxies were absorbed, they spilled out their stars and created
the Milky Way’s halo. As a consequence of that disruption, astro-
physicists can no longer access the galaxies in which those old
stars formed. 

However, we can derive information about the destroyed
galaxies through studies of the ancient stars in the satellite
galaxies that still orbit the Milky Way. That approach uses sur-
viving dwarf galaxies to explore the nature of similar galaxies
in the early universe. The dwarfs are likely next on the table
to be eaten by the Milky Way, but before they are consumed
they provide safe havens for stars that have remained mem-
bers of their parent galaxy since their birth. We can study 
the detailed chemical compositions of those stars to learn about
the early chemical enrichment in dwarf galaxies. Even more
important, we can study the environments in which those 
stars formed.

FIGURE 4. A HIDDEN, TINY
GALAXY. Reticulum II (Ret II) is 
an ultrafaint dwarf galaxy on the
outskirts of the Milky Way. (a) This
image shows all the stars in the
direction of Ret II. The horizontal
bars on the brighter stars arise
from saturation effects. (b) Sophis-
ticated image search algorithms
can identify the stars in panel a
that are members of Ret II. A 
coherent structure is clearly 
visible. (Courtesy of the Dark 
Energy Survey/Fermilab.) 

a b

HEAVIEST ELEMENTS

Milky Way

Reticulum II



elements. We calculate XLa= 0.041± 0.008, or Xlog La =
−1.39± 0.09, for HD 222925. This value matches the means
of the distributions calculated by Ji et al. (2019) for other
highly r-process-enhanced stars, Xlog La =−1.55± 0.3, using
the same solar r-process distribution from Sneden et al. (2008),
or Xlog La =−1.44± 0.3, using one from Arnould et al. (2007)
that yields slightly reduced contributions to Ga and Ge.

This calculation requires the abundances of elements that are
undetected or unexamined in HD 222925. We estimate their
abundances by extrapolating from neighboring elements using

the solar r-process residuals. We rely less on these extrapola-
tions than previous work did. Our estimate of the lanthanide
fraction in a metal-poor star is the first wherein a majority of
the mass of r-process elements have been detected directly. The
elements detected in HD 222925 comprise ≈70% of the mass
of the r-process elements. Without UV spectra, we would have
only been able to detect elements that comprise ≈25% of the
mass of the r-process elements. The availability of high-quality
UV spectra thus greatly reduces the systematic uncertainties in
the calculation of XLa.
The lanthanide elements dominate the opacity in r-process-

rich kilonovae emerging from merging pairs of neutron stars
(e.g., Kasen et al. 2013), so kilonova light curves are sensitive
to the lanthanide fraction of material ejected from the mergers.
The lanthanide fraction in HD 222925 is higher, by a factor of
∼ 6, than that of the kilonova associated with GW170817,

Xlog 2.2 0.5La » -  (Ji et al. 2019). This difference main-
tains the tension identified by Ji et al. between the lanthanide
fraction in highly r-process-enhanced stars and this particular
kilonova. This tension could signal the operation of another
dominant source of r-process elements in the early universe,
such as magnetorotational hypernovae (e.g., Yong et al.
2021a), if observations of future kilonovae fail to detect events
with lanthanide fractions higher than that found in the
GW170817 event.

5.4. The Third R-process Peak, Lead, and Actinides

The third r-process peak is expected to occur around mass
number A∼ 195, Os to Pt, comprising the stable β-decay
products of radioactive nuclei at the N= 126 closed neutron
shell along the r-process path. The third-peak element

Figure 7. Top: the r-process abundance pattern in HD 222925. The solar s-process pattern (the thin blue line, scaled to match the Ba abundance) and the r-process
residuals (the thick red line, scaled to match the Eu abundance) are shown for comparison (Sneden et al. 2008, except Y, which is adopted from Bisterzo et al. 2014).
The detected elements are marked by the filled black squares, and the upper limits derived from nondetections are marked by arrows. The light red line at Th and U
accounts for 13 Gyr of radioactive decay; i.e., 8.5 Gyr of additional decay relative to the solar abundances. Bottom: the difference between the HD 222925 abundances
and the solar r-process residuals when scaled to Eu.

Figure 8. Abundances near the Fe peak in the solar system and four metal-poor
stars. The abundance patterns are normalized to logε(Fe) = 0.0. [Eu/Fe] ratios
are indicated for the four metal-poor stars next to their Se abundances. The data
are taken from Roederer et al. (2012a, 2014d) for HD 108317 and HD 128279
and Roederer & Lawler (2012) for HD 160617. The dashed lines approxi-
mately follow the decline in the abundances of the even-Z elements on either
side of the Fe peak. The Se abundances in the metal-poor stars, especially
HD 222925, are far in excess of this extrapolation.
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Figure 8. Abundance patterns for Ye = 0.34 cases with
di↵erent nuclear mass models. Gray shading represents the
full range spanned for each element across the mass models.

Figure 8 shows the results from the PRISM nuclear
reaction network code for each change of nuclear mass
model: UNEDF0 (Kortelainen et al. 2010), UNEDF1
(Kortelainen et al. 2010), FRDM1995 (Möller et al.
1995), HFB17 (Goriely et al. 2009), HFB24 and HFB27
(Goriely et al. 2013), DZ (Duflo & Zuker 1995), WS3
and WS4 (Liu et al. 2011; Wang et al. 2014; Zhang
et al. 2014), KTUY (Koura et al. 2005), and ETFSI
(Aboussir et al. 1995). Our baseline case, FRDM2012,
performs the worst in the 46  Z  50 region, over-
producing Pd and Ag and underproducing Sn. This
di↵erence highlights why the ADM model results dis-
favor Ye ⇡ 0.34 (and ⇡0.2 in the smooth-entropy case);
including those conditions does not satisfy the elemen-
tal ratio constraints supplied to the model. Note that
some models like UNEDF0 fare slightly better, pro-
ducing a steeper Pd-Ag-Cd trend commensurate with
HD 222925’s elemental trend as well as a slightly higher
Sn abundance.
For a simple study, we use our baseline, two-

component results (gray line in Figure 2) and replace
all simulations that use 0.30  Ye  0.38 with the UN-
EDF0 calculations at Ye ⇡ 0.34. We did not rerun the
ADM model, but rather use the output from Figure 2
and exchanged the original (FRDM2012) output abun-
dances with equivalent UNEDF0 abundances. The Ye

distribution, therefore, would be the same as the gray
region in Figure 2. Figure 9 shows the total abundance
pattern after this swap. The overproduction originally
displayed by the FRDM2012 result (and shown in Kratz
et al. 2014) can be e↵ectively suppressed by an exchange
of nuclear mass model. The Zr and Te abundances are
slightly overproduced, but the Pd, Ag, and Cd abun-
dances are much lower than in the FRDM2012-only

Figure 9. Gray: combined abundance pattern for the base-
line case using FRDM2012 and constraints from two elemen-
tal ratios to match HD222295: Zr/Dy and Th/Dy. This pat-
tern is the same as in Figure 2. Brown: the same output
results as in the baseline (gray) case, but with the original
FRDM2012 output around Ye = 0.34 replaced by calcula-
tions that use UNEDF0.

case. Without altering the astrophysics at all, chang-
ing the nuclear physics baseline leads to a case in which
the main interesting features of the abundance pattern
of HD 222925 are replicated while simultaneously pro-
ducing a Ye ejecta distribution that qualitatively agrees
with NSM outflows from more rigorous simulations (e.g.,
Fernández et al. 2015; Radice et al. 2018; Fujibayashi
et al. 2022). With a small modification to the nuclear
physics, the baseline (gray) distribution could be de-
scriptive of the canonical r -process site for metal-poor
stars.
The dramatic e↵ect of the underlying mass model on

abundance predictions is perhaps surprising, given the
experimental advances in studies of nuclei near the sec-
ond r -process peak (e.g.,Kozub et al. (2012); Van Schelt
et al. (2013); Lorusso et al. (2015)). Consequently, we
did not anticipate that the choice of nuclear mass model
would a↵ect this region so significantly. Clearly, nuclei
outside of current laboratory measurements continue to
drive the uncertainties on the r -process, even at these
lower-mass nuclei. The projected reach of current and
next-generation accelerators for nuclear physics (such as
the Facility for Rare Isotope Beams, FRIB) are able
to explore this region and contribute significantly more
new data, even approaching the neutron dripline near
Z = 40. More uncertainties remain at even higher-mass
nuclei, but our investigation of HD 222925 demonstrates
that understanding the second-peak region is still a high
priority for the r -process.

5. SUMMARY AND DISCUSSION
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Figure 7. Combined abundance patterns (left) and Ye-entropy distribution of ejecta (right) predicted by the ADM model
(blue) compared to the original simulation (gray). The light-blue shaded abundance pattern in the left panel shows the average
of subset of trajectories that start with a Ye ⇡ 0.2, corresponding to the range highlighted in the right panel.

the original distribution. The preference for low Ye can
be explained by comparing the blue and gray abundance
patterns in the left panel of the figure. The full set has
lower overall main r -process abundances. For a star
like HD 222925, which is enhanced in these elements, a
higher contribution of the conditions that produce the
main r -process (low-Ye, low-entropy) is preferred.
Secondly, there is a gap at Ye ⇡ 0.2. The light-blue

shaded abundance pattern shows the average of all tra-
jectories in the original sample with initial Ye ⇡ 0.2,
about 2% of all the simulation data. From this abun-
dance pattern, it is clear why there is a lack of material
at this Ye; the Te region is overproduced, similarly to
what occurred at Ye ⇡ 0.34 in the ADM cases from the
previous sections. Because Te is used as one of the con-
straints for the ADM fit, it is natural that the model
gravitates away from this subset of simulation output.
We have explored many astrophysical variations—and

one nuclear one—and conclude that the puzzle of the Ye

gap first seen in Figure 4 cannot be solved by consid-
ering a more complex model, a smooth entropy range,
or a di↵erent fission fragment distribution. (A non-
heated, rapidly expanding ejecta case remains a pos-
sibility.) In terms of astrophysics, the persistence of a
highly constrained ejecta profile no matter what varia-
tions we make to the model forces us back to the original
first two possibilities presented in Section 3.1: that the
ejecta for the canonical r -process site is indeed highly
constrained, or that more than one site is needed. While
there remains still a broad range of astrophysical param-
eter space to explore, we consider an alternate option
outside of the realm of astrophysics: that the nuclear
data responsible for shaping the abundance pattern be-

tween the first and second r -process peaks needs to be
revisited (Mumpower et al. 2016).

4. NUCLEAR DATA REVISITED

If the abundance pattern of HD 222925 cannot be
straightforwardly explained by increasing model com-
plexity or a continuum of astrophysical r -process condi-
tions (nor readily by s-process models), then it may be
that the highly constrained and possibly artificial ejecta
distributions are a result of uncertain nuclear physics.
Here we examine the nuclear physics inputs used in our
models, particularly the neutron-rich species between
the N = 50 and N = 82 shell closures that shape the
pattern of 44  Z  48 elements in HD 222925 that fall
well below that of the scaled Solar residuals.
Since Ye ⇡ 0.34 was heavily disfavored in our ini-

tial ejecta distribution models, we investigate the spe-
cific production at this Ye with a range of nuclear mass
models. For this study, we change the separation en-
ergies, neutron-capture rates, and �-decay rates as self-
consistently as possible within each mass model using
state-of-the-art calculations (Mumpower et al. 2015).
(Fission and ↵-decay rates are also changed for com-
pleteness, though the heaviest elements that undergo
these processes are not produced in any significant
amounts for these astrophysical conditions.) In all nu-
cleosynthesis calculations, laboratory-measured nuclear
masses and decay rates were used for nuclei for which
these data exist. In other words, reaction and decay
rates using di↵erent theoretical nuclear mass models
only change data for which laboratory measurements do
not exist, which typically means data for nuclei very far
from stability.
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60Fe and 244Pu deposited on Earth constrain the
r-process yields of recent nearby supernovae
A. Wallner1,2*, M. B. Froehlich1, M. A. C. Hotchkis3, N. Kinoshita4, M. Paul5, M. Martschini1†,
S. Pavetich1, S. G. Tims1, N. Kivel6, D. Schumann6, M. Honda7‡, H. Matsuzaki8, T. Yamagata8

Half of the chemical elements heavier than iron are produced by the rapid neutron capture process
(r-process). The sites and yields of this process are disputed, with candidates including some types of
supernovae (SNe) and mergers of neutron stars. We search for two isotopic signatures in a sample
of Pacific Ocean crust—iron-60 (60Fe) (half-life, 2.6 million years), which is predominantly produced in
massive stars and ejected in supernova explosions, and plutonium-244 (244Pu) (half-life, 80.6 million
years), which is produced solely in r-process events. We detect two distinct influxes of 60Fe to Earth in
the last 10 million years and accompanying lower quantities of 244Pu. The 244Pu/60Fe influx ratios are
similar for both events. The 244Pu influx is lower than expected if SNe dominate r-process
nucleosynthesis, which implies some contribution from other sources.

A
ll naturally occurring nuclides heavier
than iron are produced in stellar envi-
ronments, almost exclusively by nuclear
processes involving the successive cap-
tures of neutrons to build up heavier

masses. About half of these nuclides are syn-
thesized slowly as a by-product of steady
stellar fusion. The other half, including all
actinide elements, require a very short but
intense flux of neutrons, resulting in a rapid
neutron capture process (r-process). The sites
and yields of the r-process remain a topic of
debate (1–6). It is expected to occur in ex-
plosive stellar environments such as certain
types of supernovae (SNe) or neutron-star
mergers (NSMs), the latter of which has been
supported by observations of the gravitational-
wave event GW170817 (7). The abundance pat-
terns of r-process nuclides can be used to
constrain the production site. Radioactive
isotopes (radionuclides) provide additional
time information resulting from their decay
over time following their synthesis. Such radio-
nuclides should be scattered through the inter-
stellar medium (ISM) and could be deposited
on Earth.
The Solar System (SS) is located inside a

large ISM structure [the Local Superbubble

(LB)] that was shaped by supernova (SN)
explosions during the last ~12 million years
(Myr) (8). Earth has therefore been exposed
to both ejecta from the SNe and swept-up
interstellar material that traversed the SS
during this time period (9, 10). Dust particles
from the ISM pass through the SS (11) and

contain nucleosynthetic products of stellar
events (e.g., stellar winds and SNe) (10, 12, 13).
Earth’s initial abundance of the 60Fe radio-
nuclide [half-life (t1/2) = 2.6 Myr (14, 15)] has
decayed to extinction over the 4.6 billion years
(Gyr) since the SS’s formation. 60Fe, however,
is produced in massive stars and ejected in SN
explosions. Evidence for the deposition of ex-
traterrestrial 60Fe on Earth has been found in
deep-sea geological archives dated to between
1.7 and 3.2 million years ago (Ma) (16–20), at
recent times (21, 22), and possibly also around
7 Ma (19). 60Fe has also been detected in lunar
samples (23), in astronomical observations
of gamma rays associated with its radioactive
decay (24), and in galactic cosmic rays (25).
SN activity in the last ~2 Myr is suggested by
an excess in the local cosmic-ray spectrum
(26). Other radionuclides are also produced
and ejected in such explosions (9, 27–30). If
substantial r-process nuclei are produced in
SNe this would also have enriched the local
ISM with actinides, such as 244Pu. With a half-
life of 80.6 Myr, 244Pu is much longer lived
than 60Fe, so it can be contributed by older
r-process events, not limited to those that
formed the LB. Either as part of the SN direct

RESEARCH

Wallner et al., Science 372, 742–745 (2021) 14 May 2021 1 of 4

1Department of Nuclear Physics, Research School of Physics,
Australian National University, Canberra, ACT 2601, Australia.
2Helmholtz-Zentrum Dresden-Rossendorf, Institute of Ion Beam
Physics and Materials Research, 01328 Dresden, Germany.
3Australian Nuclear Science and Technology Organisation, Lucas
Heights, NSW 2234, Australia. 4Institute of Technology, Shimizu
Corporation, Tokyo 135-8530, Japan. 5Racah Institute of
Physics, The Hebrew University of Jerusalem, Jerusalem 91904,
Israel. 6Laboratory of Radiochemistry, Department for Nuclear
Energy and Safety, Paul Scherrer Institute, 5232 Villigen,
Switzerland. 7Graduate School of Pure and Applied Sciences,
University of Tsukuba, Ibaraki 305-8577, Japan. 8Micro Analysis
Laboratory, Tandem Accelerator, The University Museum, The
University of Tokyo, Tokyo 113-0032, Japan.
*Corresponding author. Email: anton.wallner@hzdr.de or anton.
wallner@anu.edu.au
†Present address: Vienna Environmental Research Accelerator Laboratory,
Faculty of Physics, University of Vienna, Vienna 1090, Austria.
‡Present address: Nuclear Science Research Institute, Japan Atomic
Energy Agency, Ibaraki 319-1195, Japan.

Fig. 1. Influx of interstellar 60Fe and 244Pu.
(A) 60Fe incorporation rates for Crust-3. The data
(red points) have been decay corrected, and each
layer is equivalent to 400 thousand years. The
absolute ages have an uncertainty of ~0.3 to
0.5 Myr (27). (B) 244Pu incorporation rates for the
three layers after subtraction of the anthropogenic
244Pu fraction (27). (C) 244PuISM/

60Fe number
ratio in the crust sample with layers 1 and 2
combined (horizontal solid lines with shaded error
bars). All error bars show 1s Poisson statistics.

Fig. 2. Measured Pu isotope ratios and compari-
son with global fallout values. (A and B)
Variations of the measured 240Pu/239Pu ratio (A)
and the 244Pu/239Pu ratio (B) across the three
layers (solid red lines). The dashed red lines and
gray shading indicate 1s uncertainties. The blue
shaded area and solid line represent the expected
ratios for Pu from nuclear weapons fallout (27).
240Pu/239Pu remains constant across the three
layers, whereas 244Pu/239Pu is enhanced in the
deeper (older) layers. We attribute the excess
above anthropogenic (anthr) levels to extra-
terrestrial 244Pu. Equivalent data for 241Pu/239Pu
are shown in fig. S4.
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Can we completely exclude regular CCSNe
from a candidate?

Figure 33: Prospects of discriminating di↵erent variants of core-
collapse supernovae through their signatures in gravitational-waves
[196].

analysis of radioactive isotopes in terrestrial sedimentation
archives). As discussed above, core-collapse supernovae
are believed to eject 60Fe. However, from recent simula-
tion and modelling work, they have been questioned to be
able to produce su�cient r-process ejecta and the heavy
actinides. Currently-favored r-process scenarios are rather
rare events such as neutron star mergers or a selected sub-
set of supernovae (magnetars, collapsars) [27, 200]. Mea-
surable deposition of live 244Pu, if produced in a rare event,
strongly constrains time and space of such an event, con-
sidering its low probability to occur near the solar system
in the recent past.

A significant influx of interstellar 244Pu had been ob-
served recently in samples from the deep-sea crusts, in
the same samples that also exhibited enhanced 60Fe val-
ues (Figure 34 from [199]). These are the only two ra-
dionuclides with a clear interstellar signal in terrestrial
archives. Earlier limits based on no or just one AMS (ac-
celerator mass spectrometry) 244Pu detection are consis-
tent with these results from improved analysis [201, 202,
203, 204, 205]. The recent data were obtained from lay-
ers that accumulated over 3 to 5 million years, and cor-
respond to an averaged influx rate of only ⇠10 and ⇠70
244Pu atoms cm�2 Myr�1, respectively. Two crust layers
suggest atom ratios of 244Pu/60Fe between 3⇥10�5 and
5⇥10�5.

The integrated 244Pu flux suggests that supernovae
may produce some, but not be a major producer, of the
heaviest r-process nuclides [205, 199, 206]. The concomi-
tant influx of both nuclides in the measured crust sample
might relate their sources; but, alternatively, it might be
related to how ejecta flow through the interstellar medium
on long time scales, and could thus point to a common
driver for a simultaneous presence in the terrestrial record.
The radioactive decay time of 244Pu is 30 times longer than
that of 60Fe, so that 244Pu would be sampled much further
back in time. Even if found in the same terrestrial deep-
sea layers, 244Pu could have been produced in older events
prior to the 60Fe-delivering supernovae, if ejecta from such
events reached the solar system around the same time as
the 60Fe, leading to a synchronous deposition. (Ejecta
transport through the interstellar medium and towards
the solar system is discussed in more detail below, Sec-
tion 4.4.).

Supernovae of type Ia
Thermonuclear explosions are the other physical type

of supernova that is rather well studied. They are believed
to result from explosive carbon fusion reactions inside a
white dwarf star [207]. These transients are remarkable
in that they do not display lines from the most abundant
cosmic elements H and He. They show a distinct spectral
evolution, as measured from absorption spectra during the
maximum light phase, with lines of intermediate-mass ele-
ments (Fig. 35), changing into emission lines several weeks
later. The emission spectrum is dominated by Fe-group el-
ements (Fig. 36).
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Short-lived radionuclides 
in meteorites

Last r-process event at the early solar system

half-lives: 247Cm: 1.56×107 yr, 129I: 1.57×107 yr, 244Pu: 8.1×107 yr  

meteoritic abundances

247Cm/235U= (1.1-2.4)×10-4

129I/127I= 1.19±0.20×10-4

244Pu/238U ~ 0.008

production ratio
time interval between 

last r-process event and the 
solar system formation 

0.4

1.35

123 Myr (Lugaro+ 2014)

109 Myr (Lugaro+ 2014)

0.53 100 Myr (Dauphas 2005)

unstable/stable

enrichment of the Galaxy. This isolation time
scale can represent the time it took to form the
giant molecular cloud where the proto-solar
molecular cloud core formed, plus the time it
took to form and collapse the proto-solar cloud
core itself. It compares well to the total lifetime
(from formation to dispersal) of typical giant
molecular clouds of 27 T 12 My (28). In this
context, other radioactive nuclei in the early
solar system of possible stellar origin (table S2),
such as 26Al, probably result from self-pollution
of the star-forming region itself (20, 29–31). This
is not possible for the radioactive nuclei of s
process origin considered here because their
∼3 M⊙ parent stars live too long (∼400 My) to
evolve within star-forming regions. Our pres-
ent scenario implies that the origin of 26Al and

182Hf in the early solar system was decoupled,
which is in agreement with recent meteoritic
analysis that has demonstrated the presence of
182Hf in an early solar system solid that did not
contain 26Al (32).
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Fig. 2. Stellar model predictions as function of the initial stellar
mass. (A) The production ratios of the radioactive isotopes of interest
with respect to the stable reference isotope of the same element. (B) The
production factors with respect to the initial solar composition of each
stable reference isotope. Stars below 10 M⊙ evolve through the AGB
phase and associated s process, whereas stars above 10 M⊙ evolve
through a core-collapse supernova and associated neutron burst. All the
models were calculated by using no temperature dependence for the
half-life of 181Hf and with initial solar abundances updated from (34),
corresponding to a metallicity 0.014.

Fig. 3. Schematic
timeline of the solar
system formation.The
r process LE contributed
129I to the early solar
system, the s process LE
contributed 107Pd and
182Hf, and self-pollution
of the star-forming
region contributed the
lighter, shorter-lived
radionuclides, such
as 26Al.
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enrichment of the Galaxy. This isolation time
scale can represent the time it took to form the
giant molecular cloud where the proto-solar
molecular cloud core formed, plus the time it
took to form and collapse the proto-solar cloud
core itself. It compares well to the total lifetime
(from formation to dispersal) of typical giant
molecular clouds of 27 T 12 My (28). In this
context, other radioactive nuclei in the early
solar system of possible stellar origin (table S2),
such as 26Al, probably result from self-pollution
of the star-forming region itself (20, 29–31). This
is not possible for the radioactive nuclei of s
process origin considered here because their
∼3 M⊙ parent stars live too long (∼400 My) to
evolve within star-forming regions. Our pres-
ent scenario implies that the origin of 26Al and

182Hf in the early solar system was decoupled,
which is in agreement with recent meteoritic
analysis that has demonstrated the presence of
182Hf in an early solar system solid that did not
contain 26Al (32).
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Fig. 2. Stellar model predictions as function of the initial stellar
mass. (A) The production ratios of the radioactive isotopes of interest
with respect to the stable reference isotope of the same element. (B) The
production factors with respect to the initial solar composition of each
stable reference isotope. Stars below 10 M⊙ evolve through the AGB
phase and associated s process, whereas stars above 10 M⊙ evolve
through a core-collapse supernova and associated neutron burst. All the
models were calculated by using no temperature dependence for the
half-life of 181Hf and with initial solar abundances updated from (34),
corresponding to a metallicity 0.014.

Fig. 3. Schematic
timeline of the solar
system formation.The
r process LE contributed
129I to the early solar
system, the s process LE
contributed 107Pd and
182Hf, and self-pollution
of the star-forming
region contributed the
lighter, shorter-lived
radionuclides, such
as 26Al.
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enrichment of the Galaxy. This isolation time
scale can represent the time it took to form the
giant molecular cloud where the proto-solar
molecular cloud core formed, plus the time it
took to form and collapse the proto-solar cloud
core itself. It compares well to the total lifetime
(from formation to dispersal) of typical giant
molecular clouds of 27 T 12 My (28). In this
context, other radioactive nuclei in the early
solar system of possible stellar origin (table S2),
such as 26Al, probably result from self-pollution
of the star-forming region itself (20, 29–31). This
is not possible for the radioactive nuclei of s
process origin considered here because their
∼3 M⊙ parent stars live too long (∼400 My) to
evolve within star-forming regions. Our pres-
ent scenario implies that the origin of 26Al and

182Hf in the early solar system was decoupled,
which is in agreement with recent meteoritic
analysis that has demonstrated the presence of
182Hf in an early solar system solid that did not
contain 26Al (32).
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-??

The last r-process event occurred ~100 Myr ago, which 
can be compared to ~2-3 Myr ago for the last CCSN event

(1960~)

(129I/ 247Cm can constrain r-process model: Cote+ 2021)



Candidates of r-process CCSNe

1. Magnetorotational SNe

2. Collapsars
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Figure 4. Volume renderings of entropy and β at t − tb = 161 ms. The z-axis is the spin axis of the protoneutron star and we show 1600 km on a side. The colormap for
entropy is chosen such that blue corresponds to s = 3.7kb baryon−1, cyan to s = 4.8kb baryon−1 indicating the shock surface, green to s = 5.8kb baryon−1, yellow to
s = 7.4kb baryon−1, and red to higher entropy material at s = 10kb baryon−1. For β we choose yellow to correspond to β = 0.1, red to β = 0.6, and blue to β = 3.5.
Magnetically dominated material at β < 1 (yellow) is expelled from the protoneutron star and twisted in highly asymmetric tubes that drive the secular expansion of
the polar lobes.
(A color version of this figure is available in the online journal.)

collapse of the protoneutron star and black hole formation. In
this case, the engine supplying the lobes with low-β plasma
is shut off. Unless their material has reached positive total en-
ergy, the lobes will fall back onto the black hole, which will
subsequently hyperaccrete until material becomes centrifugally
supported in an accretion disk. This would set the stage for a
subsequent long GRB and an associated Type Ic-bl CCSN that
would be driven by a collapsar central engine (Woosley 1993)
rather than by a protomagnetar (Metzger et al. 2011).

The results of the present study highlight the importance of
studying magnetorotational CCSNe in 3D. Future work will be
necessary to explore later postbounce dynamics, the sensitivity
to initial conditions and numerical resolution, and possible nu-
cleosynthetic yields. Animations and further details on our sim-
ulations are available at http://stellarcollapse.org/cc3dgrmhd.
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An explosion triggered by fast rotation 
and high magnetic fields

(M
osta+ 2014)

(e.g., Takiwaki+09, Kuroda+20)

associated with magnetars (?)

associated with long GRBs (?)
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Figure 7. Different density profiles lead to different efficiencies (top) and lu-
minosities (bottom), in the models that we specifically designed to be slightly
above the critical magnetic flux so they can launch jets. The quantities are
measured at the BH horizon as a function of time in a variety of progenitors:
three with Fh = Fh,min: a = 0 (blue), a = 1 (yellow) and a = 2.5 (ma-
genta); and one progenitor with Fh ⇡ 3Fh,min and a = 0 (red). We find that
over time the fastest growing mode of the MRI, lMRI, drops relative to the
disk thickness, H, resulting in the magnetic flux diffusing outwards and jet
efficiency dropping (see §6.1). The jet power in progenitors with a ⇠ 0 or
a > 2 exhibits temporal evolution while h ⇠ 1.

gradually shuts off (§6.1). This effect occurs mostly in systems with
a < 1 and is manifested as a break in the luminosity and h curves.
The break is present at t . 1 s when a = 0, and at t & 1 s when
a & 1. The efficiency remains high for a longer time in systems with
higher a as demonstrated in Fig. 7 for the cases of a = 2.5 (magenta
curve) and a = 1 (yellow curve). Interestingly, observations point at
an anti-correlation relationship between the jet luminosity and the
GRB peak time, L µ t�1.52

peak (Dainotti et al. 2015). This could be ex-
plained by the temporal evolution of different luminosities, with the
luminosity of powerful jets drops with time and that of weak jets
grows over time.

7 JET EVOLUTION

After the jet is launched, it interacts with the infalling dense stellar
envelope. The interaction of the jet head with the star shocks the jet
and stellar material to form a weakly-magnetized cocoon that colli-
mates the jet. The jet-cocoon-star interplay ultimately regulates the
jet evolution in the star. While this is not the main focus of this pa-
per, we report of two major features that are found in our simulations

Figure 8. Deflection of infalling gas by the jet breaks the symmetry and re-
sults in a tilted accretion disk and jet axis. Shown is the logarithmic mass
density map from model a1BcLz, 2.3 s after the initial collapse. The en-
tire tilt process can be seen in a movie in http://www.oregottlieb/

collapsar.html.

as the first self-consistent 3D GRMHD simulations of the collapsar
model. A detailed analysis of the two will be presented in a follow-
up work.

7.1 Tilt of the disk

The high pressure that grows in accretion disks leads to release of
winds from the equatorial plane towards the polar axis, which facil-
itate the jet collimation at its base. As the jet propagates farther in
the star, its collimation becomes supported by the pressurized back-
flowing material of the cocoon. Our simulations show that the heavy
parts of the cocoon, which are close enough to the BH fail to be-
come unbound and fall towards the BH. When such relatively heavy
material bumps into the jet, it is deflected sideways and falls onto
the accretion disk. If enough angular momentum is carried by such
blobs, or if this process reoccurs several times in the same direction,
it tilts the disk by virtue of altering its angular momentum, and sub-
sequently tilts the jet launching direction as well. The relaunching of
the jet on an alternative path may considerably prolong its breakout
from the star and even result in a failed jet.

Fig. 8 depicts a zoom-in logarithmic density map of the BH vicin-
ity. It is shown that the disk and the jet are tilted by ⇠ 40� (note that a
non-tilted disk lies on the x̂� ŷ plane), and in some simulations may
reach up to ⇠ 60� tilt. If the change in the jet launching direction
is substantial, and the time cycle over which it changes is compa-
rable to the GRB duration, the jet head may leave traces of its tilt
even after breaking out from the star. Such a process could have pro-
found implications on the expected emission from GRB jets, such as
a periodicity in the lightcurve over the precession timescales.

7.2 Magnetic dissipation

When a Poynting flux dominated jet is collimated, current driven
instabilities, most notably kink instability, grow in the jet and dissi-

MNRAS 000, 1–15 (2021)
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Powered by energy from the rotating BH
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r-Process enrichment in the Milky Way

Identifying 
the production sites of r-process 

❑radial migration
❑solar twins

Based on



@Danna Berry

outward 
migration

inward
migration

Stars radially move on the Galactic disk : radial migration

This theory predicts that the stars in the solar vicinity represent the 
mixture of stars born at various Galactocentric distances over the disk. 

A new paradigm of Galactic dynamics



solar twin stars
✓ stars that are nearly identical to the Sun
❑an effective temperature (≤ 100 K)
❑a logarithmic surface gravity (≤ 0.1)
❑[Fe/H] ratio (≤ 0.1)

✓79 twins in the solar vicinity (≤ 100 pc)

✓precise age determination (an uncertainty of 4×108 yrs) together 
with high-quality chemical abundances (an error of <0.01 dex)

✓the ages are widely distributed over 0 – 10 Gyr!  

There is a large span in ages among the stars 
having the same metallicity



The ages of solar twins are widely distributed over 0-10 Gyr

Locally identified solar twins might be the assembly 
of stars migrating from various RG in the inner disk

time
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observed as a current
[Fe/H] gradient

Older twins were born at the disk closer to the center
consistent with the view on radial migration
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Change in abundance ratios as a function of age (i.e., RGC) can be 
explained by the models with a different speed of star formation  
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the possible sites of r-process elements

neutron star mergers (NSMs)

specific core-collapse supernovae (CCSNe)

the sole site or not?

✓ magneto-rotational supernovae
✓ collapsars

To explain the trend of [r-process/Fe] (down&up) on the Galactic disk

two sites with largely different delay times (short&long) is indispensable

major contribution from both CCSNe and NSMs is suggested



0

0.1

0.2

0 2 4 6 8 10

[E
u/

Fe
]

two pop. with n = 0.5 
a single pop. with n = -1.5 

t [Fe/H]=0

0

0.5

1

[E
u/

Fe
]

n = 0.5 n = 0

0

0.5

1

-1 -0.5 0

[E
u/

Fe
]

[Fe/H]

n = -0.5

-1 -0.5 0
[Fe/H]

n = -1.5

0

0.5

1

[E
u/

Fe
]

n = 0.5 n = 0

0

0.5

1

-1 -0.5 0

[E
u/

Fe
]

[Fe/H]

n = -0.5

-1 -0.5 0
[Fe/H]

n = -1.5

0

0.5

1

[E
u/

Fe
]

n = 0.5 n = 0

0

0.5

1

-1 -0.5 0

[E
u/

Fe
]

[Fe/H]

n = -0.5

-1 -0.5 0
[Fe/H]

n = -1.5
NSM+CCSN only NSM

solar twins’ [Fe/H]

high SFR

low SFR
so

la
r t

w
in

’s
 [E

u/
Fe

] v
ar

ia
tio

n

[E
u/

Fe
] e

vo
lu

tio
n 

on
 th

e 
di

sk
solar neighborhood
star

(TT 2021)



Summary

❑A single r-process event makes all r-nuclei 

❑ r-Process events should be rare. Thus, regular (i.e.neutrino-driven) 
CCSNe can not be a candidate of the r-process site.

❑ Enrichment of r-process elements for solar twins in the Milky way
strongly implies, r-process elements are synthesized in not only 
neutron star mergers but also in a subclass of CCSNe.

(Se ~ U).


