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It is quite likely that the site of the r process is the hot, neutron-rich ‘‘bubble’’ that expands off a proto-
neutron star during a core-collapse supernova. The r process would then occur in an intense flux of neutrinos.
In order to explore the consequences of the neutrino irradiation, we calculate the rates of charged-current and
neutral-current neutrino reactions on neutron-rich heavy nuclei, and estimate the average number of neutrons
emitted in the resulting spallation. Our results suggest, for a dynamic r process occurring in an expanding
bubble, that charged-current ne captures might help shorten the time scale for the r process, bringing it into
better accord with our expectations about the conditions in the hot bubble: neutrino reactions can be important
in breaking through the waiting-point nuclei at N550 and 82, while still allowing the formation of abundance
peaks. Furthermore, after the r process freezes out, there appear to be distinctive neutral-current and charged-
current postprocessing effects. These include a spreading of the abundance peaks and damping of the most
pronounced features ~e.g., peaks and valleys! in the unpostprocessed abundance distribution. Most importantly,
a subtraction of the neutrino postprocessing effects from the observed solar r-process abundance distribution
shows that two mass regions, A5124–126 and 183–187, are inordinately sensitive to neutrino postprocessing
effects. This imposes very stringent bounds on the freeze-out radii and dynamic time scales governing the r
process. Moreover, we find that the abundance patterns within these mass windows are entirely consistent with
synthesis by neutrino interactions. This strongly argues that the r process must occur in the intense neutrino
flux provided by a core-collapse supernova. It also greatly restricts dynamic models for the supernova
r-process nucleosynthesis. @S0556-2813~97!02803-3#

PACS number~s!: 26.30.1k, 13.15.1g, 25.30.Pt, 95.30.Cq

I. INTRODUCTION

It is known that approximately half of the heavy elements
with A.70 and all of the transuranics are formed by the
process of rapid neutron capture, the r process. The astro-
physical site where the required conditions for the r process
are produced—neutron number densities in excess of
;1020 cm23 and temperatures of ;109 K lasting for on the
order of 1 s @1#—has been a matter of continuing specula-
tion. Recently, it has been argued that an attractive and plau-
sible site is the ‘‘hot bubble’’ that expands off the proto-
neutron star during a core-collapse supernova @2#. Neutron-
rich matter initially composed of free nucleons is blown off
the neutron star. As this nucleon soup expands and cools,
almost all the protons are locked into a particles. Then an
a process takes place to burn a particles into seed nuclei
with A close to 100 @3#. The r process occurs through the
capture of the excess neutrons on these seed nuclei. Al-
though numerical calculations of this process fail in some
aspects, both the produced r-process abundance distribution
and the amount of r-process material ejected per supernova
are roughly in accord with observation @2#.
If the r process occurs near the protoneutron star, within

perhaps 1000 km, then it takes place in an intense flux of
neutrinos of all flavors emitted by the cooling neutron star. In
this paper we study the effects of charged-current and
neutral-current neutrino reactions with neutron-rich heavy

nuclei during and following the r process. Neutrino reactions
can affect the r-process nucleosynthesis in two ways, by
driving nuclear transitions that alter the path or pace of the
r process, or by modifying the abundance pattern through
neutrino-induced neutron spallation after the r process is
completed. During the r process perhaps the most interesting
possibility is charged-current ne capture at a rate competitive
with b decay, which would therefore speed up the nuclear
flow from one isotopic chain to the next of higher Z @4#. This
could be quite helpful in accelerating the passage through the
closed-neutron-shell nuclei at N550 and 82, as conventional
waiting times of several seconds are perhaps a bit trouble-
some in relation to the shorter hydrodynamic time scales for
the hot bubble. ~Note, however, the nuclear flow through the
N550 closed neutron shell may be carried by a-capture re-
actions during the a process preceding the r process as in the
particular scenario of Woosley et al. @2#.! On the other hand,
it is clear that the existence of abundance peaks at A;80,
130, and 195 places some constraints on this possibility:
these peaks are clear signatures that slow waiting-point b
decay rates are controlling the nuclear flow at the time the
r process freezes out @5#. By comparing the b decay rates
with the flux-dependent ne capture rates, Fuller and Meyer
@6# showed that the individual abundance peaks have to be
made at sufficient distances above the neutron star. In our
study we have extended their work and that of McLaughlin
and Fuller @7# by quantitatively considering the competition
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We present a simple derivation of the Landau-Zener formulas for nonadiabatic level crossings
for linear and exponential density profiles. The derivation depends on a single assumption that
applies somewhat differently to the exponential and linear cases, providing some insight into the
relationship between the respective formulas. We note that one exponential Landau-Zener formula
in common use is only approximately correct. Comparisons with exact calculations are made.

PACS number(s): 14.60.Pq, 12.16.Ff, 96.60.Kx

Landau-Zener oscillation formulas [1—6] were intro-
duced into solar neutrino calculations shortly after
Mikheyev and Smirnov [7] discovered matter-enhanced
oscillations. Their importance derives from their sim-
plicity and accuracy, as direct numerical integrations of
the Mikheyev-Smirnov-Wolfenstein equations can be te-
dious when the full spectrum of solar neutrinos and Rnite
extent of the solar core are taken into account.
While the correct Landau-Zener results for both lin-

ear and exponential densities can be found in the litera-
ture, the derivations of these results generally obscure the
simple physical arguments underlying their validity. The
purpose of this paper is largely pedagogical, to present
a derivation that clearly identi6es the one necessary ap-
proximation. As this approximation applies differently
to the linear and exponential cases, it provides some in-
sight into the relationship between the respective formu-
las. While we conclude that the exponential form oB'ers

advantages in the large mixing angle region, one corn-
monly used exponential Landau-Zener formula is shown
to be unreliable in this limit.
We begin by reviewing the two-flavor oscillation prob-

lem. Consider the case of two flavor eigenstates related
to the mass eigenstates through a vacuum mixing angle
0„:

lv, ) = cos0„lvg) + sin0„lv2),

vv) ——sin0vlvz) + cos0vlv2).
If one writes the neutrino wave function in matter as

lv(*)) = a.(*)lv.) + a~(x)lv~)
where z is the coordinate along the neutrino's path, the
evolution of a, (x) and a„(x) is governed by

. d ( a, ) 1 ( 2Ev 2Gp p(x) —Sm cos 20„ hm'sin20„1 & a, i
dx ( a„) 4E k 8'm sin 20„ 2E~2G~p(x)—+ Sm2cos20„) ( a~ )

where Bm = m2 —mz and p(x) is the solar density of
electrons, the variable that determines the difference in
the v, and v„effective masses. It is convenient to rewrite
Eq. (1) in a basis consisting of the light and heavy lo-
cal mass eigenstates [i.e. , the states that diagonalize the
right-hand side of Eq. (1)]:

lv (*))= «s0(x)lv. ) —»n0(*)lv )
IvH(x)) = »n0(*) Iv. ) + cos 0(x) Iv~).

cos 20(x) =
—X(x)

X2(x) + sin 20„
(2)

where X(x) = 2~2Gy p(x) E/bm —cos 20„. Thus 0(x)
ranges from 0„ to vr/2 as the density p(x) goes from 0 to
OO.
If we deGne

The local mixing angle is deGned by Eq. (1) becomes

sin 20(x) =— sin 20

X'(x) + sin 20„
. d I(a~ & |' &(x) tn(x) & f aH &

'dx i aI. ) ( —in(x) —A(x) ) i al, )
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If the r process occurs deep within a type II supernova, probably the most popular of the proposed

sites, abundances of r-process elements may be altered by the intense neutrino flux. We point out
that the effects would be especially pronounced for eight isotopes that can be efficiently synthesized by
the neutrino reactions following r-process freeze-out. We show that the observed abundances of these
isotopes are entirely consistent with neutrino-induced nucleosynthesis, strongly arguing for a supernova
r-process site. The deduced neutrino fluences place stringent constraints on the freeze-out radius and
dynamic time scale of the r process. [S0031-9007(97)02846-9]

PACS numbers: 26.30.+k, 25.30.Pt, 97.10.Cv

It is known that approximately half of the heavy ele-
ments with mass number A . 70 and all of the transuran-
ics are formed by the process of rapid neutron capture,
the r process. The astrophysical site where the required
conditions occur—neutron number densities in excess of
,10

20 cm23 and temperatures of ,10
9 K lasting for on

the order of 1 s [1]—has been a matter of speculation for
almost four decades. The suggested sites [1] include the
neutronized atmospheres just above the supernova core,
neutron-rich jets from supernovae or neutron star coales-
cence, and an inhomogeneous big bang. In addition to
these so-called primary sites, there are also secondary r-
process models which can succeed with somewhat lower
neutron number densities and temperatures, but require
preexisting heavy nuclei to act as seeds for the neutron
capture. Proposed secondary sites vary from the He and
C shells during explosive burning in type II supernovae to
the core He flash in low-mass red giants.
In recent years a number of observational and theo-

retical arguments have strengthened the case for a primary
r process in type II supernovae. The discovery of very
metal-poor halo stars enriched in r-process elements with
relative abundance distributions characteristic of the solar
system argues that the r process is primary, already
operating early in the history of the Galaxy [2]. Studies
of galactic chemical evolution [1] have found that the
growth of r-process material is consistent with low-mass
type II supernovae being the r-process site. Finally, the
suggestion made long ago that the r process might be
associated with expansion and cooling of neutron-rich
matter from the vicinity of the mass cut in supernovae
[3] has been modeled much more convincingly. It
has been shown in Ref. [4] that an expanding neutron-
rich nucleon gas can undergo an a-particle freeze-out,
in which effectively all of the protons are consumed,
followed by an a process in which seed nuclei near A ,
100 are produced. The r process then takes place through
the capture of the excess neutrons on these seed nuclei.
Unfortunately, this specific model has some shortcomings,

especially the need for very high entropies which might
be hard to obtain [5,6]. However, it has demonstrated
that a supernova “hot bubble” r process can produce
both a reasonable elemental abundance distribution and an
appropriate amount of r-process ejecta. The goal of the
present work is to identify the features of this r process
that are especially sensitive to neutrino physics and, at
the same time, are largely independent of the detailed
supernova model.
If the r process indeed occurs in supernovae, the syn-

thesis and subsequent ejection of the r-process products
take place in an intense flux of neutrinos of all flavors
emitted by the cooling protoneutron star. As it is known
that neutrinos are capable of inducing important nucleo-
synthesis in the C and O shells in type II supernovae [7],
this neutrino fluence could also have consequences for the
r process. In fact, as we show below, the conclusions
of the present work depend only on the neutrino fluence.
Furthermore, the relevant values of this fluence we iden-
tify are in accord with various supernova models.
Neutrino reactions can affect the r process in two

ways, by altering the path or pace of the nuclear flow
during the synthesis, or by modifying (postprocessing) the
abundance pattern after freeze-out. The former possibility
has been suggested and/or discussed in several papers
(see references given in Ref. [8]), including the recent
work where the effects of neutrinos on the charge flow
were shown, under certain conditions, to improve the
agreement with inferred abundances [9]. Much less work
has been done on neutrino postprocessing. In a recent,
more technical paper [8] we reexamined many of the
neutrino physics issues affecting both the r process itself
and the subsequent postprocessing. The purpose of this
Letter is to highlight one result with broad implications,
that the site of the r process might be deduced from certain
specific neutrino postprocessing signatures.
A cooling protoneutron star emits about 3 3 10

53 erg in
neutrinos, with the energy roughly equipartitioned among
all species. The rate of neutrino reactions at radius r from
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We revisit a !-driven r-process mechanism in the He shell of a core-collapse supernova, finding that it

could succeed in early stars of metallicity Z & 10!3Z", at relatively low temperatures and neutron

densities, producing A# 130 and 195 abundance peaks over#10–20 s. The mechanism is sensitive to the

! emission model and to ! oscillations. We discuss the implications of an r process that could alter

interpretations of abundance data from metal-poor stars, and point out the need for further calculations

that include effects of the supernova shock.
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While the basic features of the rapid-neutron capture or r
process have been known for over 50 years [1], the search
for the specific astrophysical site has frustrated many
researchers [2]. The situation has continued despite a
growing set of observational constraints, including elemen-
tal abundances from metal-poor (MP) stars [3], that appear
to favor core-collapse supernovae (SNe) and to disfavor
some otherwise attractive sites, such as neutron star merg-
ers (NSMs) [4,5].

The surface compositions of old MP stars provide a
fossil record of nucleosynthesis and chemical enrichment
in the early Galaxy. For ultra-metal-poor (UMP) stars,
where ½Fe=H% & logðFe=HÞ ! logðFe=HÞ" & !3, surface
enrichments should reflect contributions from just a few
nearby nucleosynthetic events. The data show that the r
process operated in the early Galaxy with a frequency
consistent with SNe from short-lived massive progenitors.
Many MP stars, including several UMP ones, also exhibit a
solarlike abundance pattern of heavy r-process elements
(r elements) for A > 130 [3].

The similarity between the MP star and solar r patterns
tempts one to conclude that there is a unique site for the r
process, operating unchanged over the Galaxy’s history
(cf. [6]). But is this the case? Epstein, Colgate,
and Haxton (ECH) [7] suggested a possible r site some
years ago that would complicate such an interpretation.
The ECH mechanism utilizes neutrons produced
by neutral-current (NC) ! reactions in the He zones
of certain low-metallicity SNe. The proposed
sequences are 4Heð!;!nÞ3Heðn; pÞ3Hð3H; 2nÞ4He and
4Heð!;!pÞ3Hð3H; 2nÞ4He. For temperatures &3)108 K,
the neutrons thus produced will not reassemble into 4He by
reactions involving light nuclei. Nor will they be captured
by 4He as 5He is unbound. Instead, they will be efficiently
captured by seed nuclei, such as 56Fe, present in the birth
material of the SN. The ECH neutron source is primary and
provides a roughly fixed number of neutrons. For MP
progenitors there are few Fe seeds and thus enough
neutrons per seed to produce heavy r elements. As the

metallicity of the SN increases, the neutron:seed
ratio decreases, limiting the production of r elements to
low A and eventually stopping the production altogether.
That is, the ECH mechanism turns off with increasing
metallicity.
The ECH mechanism was proposed as a candidate gen-

eral r process, and thus was critiqued in Ref. [8] for being
viable only in low-metallicity, compact SNe. Subsequent
reexamination of the mechanism focused on NC ! reac-
tions only, either confirming earlier results or finding no
significant production of A > 80 nuclei without assuming
ad hoc conditions in outer He zones [9]. In this Letter
we show that the charged-current (CC) reaction
4Heð !!e; e

þnÞ3H can be an efficient neutron source for a
successful low-metallicity ECH mechanism using recently
generated models of MP massive stars [10]. Because other
candidate r sites, such as NSMs, may turn on at higher
metallicity, it is clearly important to explore any mecha-
nism that might account for the r elements generated at
earlier times. Furthermore, as we have so far failed to
identify ‘‘the r process,’’ it would be a step forward to
identify ‘‘an r process,’’ even if the mechanism operated
only for a limited time.
An r process requires neutron densities nn * 1018=cm3,

so that neutron capture will be fast compared to " decay,
and a neutron:seed ratio* 80, so that heavy r elements can
be produced from seeds like 56Fe. These requirements lead
us to examine the outer He shells of MP massive stars,
where the low abundances of nuclei like 12C, 14N, and 16O
make iron-group nuclei an important neutron sink.
(The higher temperatures found in the inner He zone,
#3) 108 K, lead to significant 12C and 16O production
by He burning, regardless of metallicity. As we discuss
later, a modified ECH mechanism may operate in such an
environment, with !-induced neutrons ‘‘banked’’ in 13C
and 17O, then liberated on shock-wave passage.)
We use models u11–u75 of 11–75M" stars with an

initial metallicity Z ¼ 10!4Z" (Z being the total mass
fraction of elements heavier than He) presented in
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We present two new primary mechanisms for the synthesis of the rare nucleus 9Be, both triggered by

!-induced production of 3H followed by 4Heð3H;"Þ7Li in the He shells of core-collapse supernovae. For

progenitors of #8M$,
7Lið3H; n0Þ9Be occurs during the rapid expansion of the shocked He shell.

Alternatively, for ultra-metal-poor progenitors of #11–15M$,
7Liðn;"Þ8Liðn;"Þ9Liðe% !!eÞ9Be occurs

with neutrons produced by 4Heð !!e; e
þnÞ3H, assuming a hard effective !!e spectrum from oscillations

(which also leads to heavy element production through rapid neutron capture) and a weak explosion (so

the 9Be survives shock passage). We discuss the associated production of 7Li and 11B, noting patterns in

LiBeB production that might distinguish the new mechanisms from others.

DOI: 10.1103/PhysRevLett.110.141101 PACS numbers: 26.30.Jk, 97.10.Tk, 97.60.Bw, 98.35.Bd

It was argued four decades ago that interactions between
Galactic cosmic rays (GCRs) and nuclei in the interstellar
medium (ISM) could approximately account for the
abundances of 6;7Li, 9Be, and 10;11B observed in the present
Galaxy [1]. The rarest of these isotopes, 9Be has been
regarded as special. While big bang nucleosynthesis pro-
duced an initial abundance of 7Li [2] and the ! process in
core-collapse supernovae (CCSNe) may account for much
of the Galaxy’s current inventory of 7Li and 11B and some
fraction of its 10B [3], it is widely accepted that 9Be is
produced almost exclusively in the ISM by GCRs (e.g.,
Ref. [4]). In this regard, high-velocity ejecta from very
energetic CCSNe can be considered similar to GCRs,
though these events may be too rare to generate significant
amounts of 9Be in the ISM [5]. Recent observations (e.g.,
Ref. [6]) show that there is a linear correlation between
logðBe=HÞ and logðE=HÞ with a slope #0:9–1 over
#3 dex, where E stands for O, Mg, Ti, and Fe, all of which
are major primary products of CCSNe. While GCRs could
produce such a correlation [4], the data motivated our
search for alternative CCSN mechanisms for primary 9Be
production. Primary mechanisms operating at low metal-
licities are potentially observable because their signatures
would be preserved in local chemical enrichments influ-
enced by just a few early CCSNe.

Here we describe two new primary mechanisms for the
synthesis of 9Be, both occurring in the He shells of early
CCSNe and driven by interactions of the !s from the
central proto-neutron star (PNS). We calculate this nucleo-
synthesis with the hydrodynamic code KEPLER [7] using
the most recent models of ultra-metal-poor massive
progenitors evolved with this code. For a progenitor of
8:1M$, the He shell, initially at a radius r# 109 cm, is
exposed to an intense flux of !s during its expansion
following shock passage. Production of 9Be occurs through

4Heð3H;"Þ7Lið3H; n0Þ9Be with 3H made by ! reactions
on 4He. For progenitors of 11 and 15M$, the reaction
4Heð !!e; e

þnÞ3H in their outer He shells at r# 1010 cm
can produce sufficient neutron densities to drive both a
rapid (r) neutron-capture process, as described recently
in Ref. [8], and a correlated ‘‘mini-r process’’ in which
7Li is converted to 9Be. We explore the sensitivities of
the 9Be yields, as well as the associated !-process yields
of 7Li and 11B, to ! emission spectra, flavor oscillations,
and the explosion energy. We discuss the implications
for observations at low metallicities and consider other
mechanisms for 9Be production at higher metallicities.
In the updated version of KEPLER, a full reaction network

is used to evolve the nuclear composition of a massive star
throughout its lifetime and to follow the nucleosynthesis
that accompanies the explosion. This includes the nucleo-
synthesis associated with shock heating of the star’s mantle
and !-process nucleosynthesis associated with a ! burst
carrying #300 B (‘‘Bethe’’; 1 B ¼ 1051ergs). All ! reac-
tions on 4He are included as in Ref. [8]. The KEPLER

progenitors employed here, denoted by u8.1, u11, and
u15, have initial metallicities (total mass fraction of ele-
ments heavier than He) of Z ¼ 10%4Z$ and masses of 8.1,
11, and 15M$ [9]. These models are very similar to earlier
ones evolved with a more limited reaction network [10].
The three selected stars develop Fe cores by the end of their
evolutions. We simulate an explosion by driving a piston
into the collapsing progenitor and following the propaga-
tion of the resulting shock wave [7]. Consistent with !
transport calculations and ! signals from SN 1987A, we
assume that the PNS cools by ! emission according to
L!ðtÞ ¼ L!ð0Þ expð%t=#!Þ, with an initial luminosity per
species of L!ð0Þ ¼ 16:7 B=s and time constant #! ¼ 3 s,
where t ¼ 0 marks the launching of the piston. The !
spectra are approximated as Fermi-Dirac distributions
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Abstract. We summarize our studies on neutrino-driven nucleosynthesis in He shells of
early core-collapse supernovae with metallicities of Z ! 10−3 Z". We find that for pro-
genitors of ∼ 11–15 M", the neutrons released by 4He(ν̄e, e+n)3H in He shells can be cap-
tured to produce nuclei with mass numbers up to A ∼ 200. This mechanism is sensitive
to neutrino emission spectra and flavor oscillations. In addition, we find two new primary
mechanisms for neutrino-induced production of 9Be in He shells. The first mechanism
produces 9Be via 7Li(n, γ)8Li(n, γ)9Li(e−ν̄e)9Be and relies on a low explosion energy for
its survival. The second mechanism operates in progenitors of ∼ 8 M", where 9Be can
be produced directly via 7Li(3H, n0)9Be during the rapid expansion of the shocked He-
shell material. The light nuclei 7Li and 3H involved in these mechanisms are produced
by neutrino interactions with 4He. We discuss the implications of neutrino-induced nu-
cleosynthesis in He shells for interpreting the elemental abundances in metal-poor stars.

1 Introduction

Observations of the chemical composition in metal-poor stars provide important clues for the source
of metal enrichment in the early Galaxy. In this regard, extremely metal-poor (EMP) stars with
[Fe/H] ≡ log(Fe/H) − log(Fe/H)" ! −2.5 are especially useful as they sample gases polluted by just
a few nucleosynthetic events. With a growing number of observational studies on EMP stars, it has
now become clear that neutron-capture elements were present in the early Galaxy, where only stars
more massive than ∼ 8 M" that end their lives as core-collapse supernovae (CCSNe) could have con-
tributed [1]. The abundance patterns observed in EMP stars show large variations. Some stars have
abundance patterns similar to the solar rapid neutron-capture (r) process distribution and others have
patterns similar to the slow neutron-capture (s) process distribution or to a mixture of r and s process
distributions [2]. This suggests a variety of neutron-capture processes operated in the early Galaxy.
EMP stars with s-process signatures are thought to have experienced surface pollution by a binary
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Abstract. We summarize our studies on neutrino-driven nucleosynthesis in He shells of
early core-collapse supernovae with metallicities of Z ! 10−3 Z". We find that for pro-
genitors of ∼ 11–15 M", the neutrons released by 4He(ν̄e, e+n)3H in He shells can be cap-
tured to produce nuclei with mass numbers up to A ∼ 200. This mechanism is sensitive
to neutrino emission spectra and flavor oscillations. In addition, we find two new primary
mechanisms for neutrino-induced production of 9Be in He shells. The first mechanism
produces 9Be via 7Li(n, γ)8Li(n, γ)9Li(e−ν̄e)9Be and relies on a low explosion energy for
its survival. The second mechanism operates in progenitors of ∼ 8 M", where 9Be can
be produced directly via 7Li(3H, n0)9Be during the rapid expansion of the shocked He-
shell material. The light nuclei 7Li and 3H involved in these mechanisms are produced
by neutrino interactions with 4He. We discuss the implications of neutrino-induced nu-
cleosynthesis in He shells for interpreting the elemental abundances in metal-poor stars.

1 Introduction

Observations of the chemical composition in metal-poor stars provide important clues for the source
of metal enrichment in the early Galaxy. In this regard, extremely metal-poor (EMP) stars with
[Fe/H] ≡ log(Fe/H) − log(Fe/H)" ! −2.5 are especially useful as they sample gases polluted by just
a few nucleosynthetic events. With a growing number of observational studies on EMP stars, it has
now become clear that neutron-capture elements were present in the early Galaxy, where only stars
more massive than ∼ 8 M" that end their lives as core-collapse supernovae (CCSNe) could have con-
tributed [1]. The abundance patterns observed in EMP stars show large variations. Some stars have
abundance patterns similar to the solar rapid neutron-capture (r) process distribution and others have
patterns similar to the slow neutron-capture (s) process distribution or to a mixture of r and s process
distributions [2]. This suggests a variety of neutron-capture processes operated in the early Galaxy.
EMP stars with s-process signatures are thought to have experienced surface pollution by a binary
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Evidence from stable isotopes and 10Be for solar
system formation triggered by a low-mass
supernova
Projjwal Banerjee1, Yong-Zhong Qian1, Alexander Heger2,3 & W.C. Haxton4

About 4.6 billion years ago, some event disturbed a cloud of gas and dust, triggering the

gravitational collapse that led to the formation of the solar system. A core-collapse super-

nova, whose shock wave is capable of compressing such a cloud, is an obvious candidate for

the initiating event. This hypothesis can be tested because supernovae also produce telltale

patterns of short-lived radionuclides, which would be preserved today as isotopic anomalies.

Previous studies of the forensic evidence have been inconclusive, finding a pattern of isotopes

differing from that produced in conventional supernova models. Here we argue that these

difficulties either do not arise or are mitigated if the initiating supernova was a special type,

low in mass and explosion energy. Key to our conclusion is the demonstration that short-lived
10Be can be readily synthesized in such supernovae by neutrino interactions, while anomalies

in stable isotopes are suppressed.
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Big Bang:

75% H + 25% He
(by mass)

Sun:
71.1% H + 27.4% He

+1.5% “Metals”

“p”� “n” + e+ + �e

⌫̄e + “p” ! “n” + e+

e� + “p” ! “n” + ⌫e

<latexit sha1_base64="Iml74BGeYc90EoDqnKiq56fgG2s=">AAAB/3icdVBNS8NAEN34bf2KCl68LC2CIJYkBqu3ohePFWwttLXdbKd26WYTdjdCiR78K148KOLVv+HNf+OmraCiDwYe780wMy+IOVPacT6sqemZ2bn5hcXc0vLK6pq9vlFTUSIpVGnEI1kPiALOBFQ10xzqsQQSBhwug8Fp5l/egFQsEhd6GEMrJNeC9Rgl2khtewuu9vc6nTjf1BHudER+rymSNrTtglM8Pjr0/EPsFB2n5HpuRrySf+Bj1ygZCmiCStt+b3YjmoQgNOVEqYbrxLqVEqkZ5XCXayYKYkIH5BoahgoSgmqlo/vv8I5RurgXSVNC45H6fSIloVLDMDCdIdF99dvLxL+8RqJ7R62UiTjRIOh4US/h2PyahYG7TALVfGgIoZKZWzHtE0moNpHlTAhfn+L/Sc0run7RP/cL5ZNJHAtoG+XRLnJRCZXRGaqgKqLoFj2gJ/Rs3VuP1ov1Om6dsiYzm+gHrLdPapCVGg==</latexit>



The Beginning of the End



Nucleosynthesis via slow neutron capture (s-process) 
in low & intermediate-mass stars

3
4
He! 12

C + �

12C + p! 13N + �

13C + 4He! 16O + n

n + 56Fe! s-process nuclei

13N! 13C + e+ + ⌫e

4 4He + p! n + e+ + ⌫e + 16O



Evidence for s-process in low & intermediate-mass stars

discovery of Tc spectral lines in stars by Merrill in 1952

Tc has no stable isotopes; the half-lives of the 
longest-lived isotopes are:

2.6� 106, 4.2� 106, 2.1� 105 yr for 97Tc, 98Tc, 99Tc
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Neutrino Emission from Proto-NS Cooling

e+ + e� ! ⌫ + ⌫̄

N +N ! N +N + ⌫ + ⌫̄

GM2

RNS
⇠ 3⇥ 1053 erg

) ⌫e, ⌫̄e, ⌫µ, ⌫̄µ, ⌫⌧ , ⌫̄⌧

excess ⌫e from e� + p ! n+ ⌫e

neutronization



NS

p + e!+ n!e

!e
! + p n + e+

r!process nuclein, seeds

r!Process in Neutrino!driven Wind

n/p > 1

(e.g., Woosley & Baron 1992; Meyer et al. 1992; Woosley et al. 1994)

T ~ 0.5 MeV

T ~ 1 MeV

T ~ 0.25 MeV

n, He4 seeds (A ~ 90)

n, p He4

4
He(↵n, �)9Be(↵, n)12C



(Witti et al. 1994; Qian & Woosley 1996;
Wanajo et al. 2001; Thompson et al. 2001; 
Fischer et al. 2010; Roberts et al. 2010)

Ye ⇠ 0.4–0.5, S ⇠ 10–100, ⌧dyn ⇠ 0.01–0.1 s

(Woosley & Hoffman 1992; Arcones & Montes 2011)

Sr, Y, Zr (A~90) readily produced in the v-driven wind,
up to Pd & Ag (A~110) likely, all by QSE

production of r-nuclei up to A~130 possible,
but very hard to make A>130 

(Hoffman et al. 1997; Wanajo 2013)

Conditions in the v-driven wind
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BH

θobs

θj

Jet−ISM shock (afterglow)
Optical (hours−days)
Radio (weeks−years)

Ejecta−ISM shock
Radio (years)

Kilonova
Optical (t ~ 1 day)

Merger ejecta
Tidal tail and disk wind

v ~ 0.1–0.3 c

GRB
(t ~ 0.1–1 s)

GRB
(t ~ 0.1–1 s)

Figure 20
Potential electromagnetic counterparts of compact object binary mergers as a function of the observer
viewing angle (θobs). Rapid accretion of a centrifugally supported disk (blue) powers a collimated relativistic
jet, which produces a short GRB. Owing to relativistic beaming, the gamma-ray emission is restricted to
observers with θobs ! θj. Afterglow emission results from the interaction of the jet with the circumburst
medium ( pink). Optical afterglow emission is detectable for observers with θobs ! 2θj. Radio afterglow
emission is observable from all viewing angles once the jet decelerates to mildly relativistic velocities on a
timescale of months-years and can also be produced on timescales of years from subrelativistic ejecta.
Short-lived isotropic optical/near-IR emission lasting a few days (kilonova; green) can also accompany the
merger, powered by the radioactive decay of r-process elements synthesized in the ejecta. Reprinted from
Metzger & Berger (2012) with permission.

accuracy of the GW source (if detected by an instrument such as Swift/BAT), but even a poor
gamma-ray localization will provide a convincing association based on the temporal coincidence.
However, because the current estimate of the beaming fraction is fb ∼ 70 (Section 8.4), such
joint detections will be rare. The occurrence rate can be estimated using the observed short GRB
redshift distribution (Metzger & Berger 2012). In particular, there are currently no known short
GRBs within the Advanced LIGO/Virgo maximum detection distance for NS-NS binaries of
z ≈ 0.1. Extrapolating the observed redshift distribution to z ! 0.1, and correcting from the
Swift/BAT field of view to roughly all-sky coverage (e.g., Interplanetary Network, Fermi/GBM),
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Figure 2: Chemical abundances of stars in Reticulum II 
a, [Ba/H] and [Fe/H] of stars in Ret II (red points), in the halo24 (gray points), and in UFDs 
(colored points, references within refs. 16, 17). Orange and brown vertical bars indicate expected 
abundance ranges following a neutron star merger and core-collapse supernova, respectively. 
Dotted black lines show constant [Ba/Fe]. Arrows denote upper limits. Error bars are 1σ (see 
Extended Data Table 1 and Methods). b, Same as a but for Eu.  
c, Abundance patterns above Ba for the four brightest Eu-enhanced stars in Ret II (Extended 
Data Table 2), compared to solar r- and s-process patterns9 (purple and yellow lines, 
respectively). Solar patterns are scaled to stellar Ba. Stars are offset by multiples of 5. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

r-Process Enrichment of Reticulum II Dwarf Galaxy
Ji et al. 2016



Combination of NS mergers and 

Magnetorotational Jets

Wehmeyer et al. (2014)

Chemical Evolution
in the Early Galaxy

Argast + 2004
(also Qian 2000)

but see
De Donder & 

Vanbeveren 2004;
Matteucci + 2014;

Tsujimoto &
Shigeyama 2014;

Shen + 2014;
Ishimaru + 2015

SNe NSM



Ubiquity of Sr and Ba (Roederer 2013)



Simmerer + 2004

solar r-process

Diversity of La/Eu: more than one n-capture process



⇥̄e + 4He� 3H + n + e+, �⇥̄e�,n ⇥ T5–6
⇥̄e

!

Neutrino-Induced n Capture in He Shell of early SNe

4He(�, �n)3He(n, p)3H(3H, 2n)4He

⇠ 11M�

Epstein, Colgate, & Haxton 1988

neutron production by

neutron capture by 56Fe

high nn requires few 56Fe

early SNe

Banerjee, Haxton, & Qian 2011



Neutrino Spectra & Flavor Oscillations

T�e � 3–4 MeV, T�̄e � 4–5 MeV, T�µ,� = T�̄µ,� � 6–8 MeV

�̄e � �̄µ,�

in supernovae

We know the mass-squared differences: 

We do not know the absolute masses or the mass hierarchy: 

4He(�̄e, e+n)3H4
He(⌫e, e

�p)3He

⌫e ⌦ ⌫µ,⌧
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Figure 1. (a) Evolution of neutron abundance Yn with time for a typical zone in the outer He shell for y11H.1
(black), u11*H.1 (red), u11H.1 (blue), and v11H.1 (green). (b) Final elemental abundance pattern produced by
y11H.1 (black), u11*H.1 (red), u11H.1 (blue), and v11H.1 (green).

companion during the latter’s evolution on the asymptotic giant branch. However, the astrophysical
site of r-process in the early Galaxy and the mechanism for producing a mixture of r and s patterns,
especially in stars that are not in binary systems, are still uncertain. We revisit a mechanism for pro-
ducing neutron-capture elements in the early Galaxy originally proposed by Epstein, Colgate, and
Haxton (ECH) [3]. We show that in metal-poor progenitors with metallicities of Z ! 10−3 Z" and
masses of ∼ 11–15 M", a modified version of the ECH mechanism can lead to production of nuclei
with mass numbers up to A ∼ 200 [4]. We identify a related mechanism for producing the rare light
nucleus 9Be that previously had been thought to be produced exclusively by interactions between
Galactic comic rays (GCRs) and nuclei in the interstellar medium [5, 6]. Furthermore, 9Be can be
synthesized by neutrino-induced reactions in He shells of more compact progenitors of ∼ 8–10 M".
We find that 9Be produced by the above mechanisms can account for the linear relationship of Be with
primary products of CCSNe, e.g., O, Mg, Ti, and Fe, as observed at low metallicities [7].

2 Neutrino-Induced Neutron-Capture Process in the He Shell

The ECH mechanism was proposed as a possible scenario for the r process in CCSNe. The main idea
is that neutrinos emitted during a CCSN will produce neutrons in neutral-current reactions with 4He
via 4He(ν,ν ′n)3He(n, p)3H(3H, 2n)4He and 4He(ν,ν ′p)3H(3H, 2n)4He. As neutrons cannot capture
on 4He, they will instead be absorbed with high efficiency by trace quantities of 56Fe present from
initial birth material of the star. As the number of neutrons generated by this primary neutrino-driven
mechanism can be computed reasonably well, it can be shown that the neutron/seed ratio needed for a
successful r process can be achieved in metal-poor He shells. It was pointed out in Ref. [8] however,
that this mechanism would only be viable in CCSNe from low-metallicity compact stars and even
there poisons such as 12C may inhibit the r process. We revisit this scenario by performing detailed
nucleosynthesis calculations with the hydrodynamic code KEPLER [9, 10]. We use the same code
to evolve progenitor models and treat the effects of the CCSN shock. Progenitors investigated have
metallicities of [Z] ≡ log(Z/Z") = −5 (denoted by “y” for “hyper-metal-poor”), −4 (“u” for “ultra-
metal-poor”), and −3 (“v” for “very-metal-poor”) and masses of 11–15 M". The progenitor models
are labelled by their metallicity and mass in units of M". For example, u11 refers to a progenitor with
metallicity “u” of 11 M". We study the sensitivity of the final abundance pattern to neutrino spectra,
flavor oscillations, explosion energy, and progenitor metallicity.

The progenitor models y11, y15, u11, u15, v11, and v15 are generated using the most recent
version of KEPLER with a full reaction network to track the evolution of a massive star from birth
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[Fe/H] ~ -5
[Fe/H] ~ -4 

(low S, Si in He shell)
[Fe/H] ~ -4
[Fe/H] ~ -3



less efficient with low Ba and Pb production and [Sr/Ba]>
−0.5. The yield patterns for 10−5MeMp10−3Me can
vary from s-like ([Ba/Eu]> 0.6 for Δ> 106 s) to r/s-like
([Ba/Eu] 0.6 for Δ 106 s) depending on the time Δ avai-
lable for neutron capture, with an overall range of [Ba/Eu]∼
0.2–1.

4.1. Ubiquity of Sr and Ba

The ubiquity of Sr in VMP stars may not be surprising.
Neutrino-driven winds from a protoneutron star created in a
CCSN can produce heavy elements up to A∼120 with
∼10−8–10−7Me of Sr (Arcones & Montes 2011). When mixed
with ∼102–104Me of ISM as expected for a wide range of
CCSN explosion energy, such yields can explain the
log Sr log Sr H 12 0� 1w �( ) ( ) observed in extremely
metal-poor stars with [Fe/H]−3.5 (Suda et al. 2008). Ba
is also frequently observed in such stars, including several
CEMP-no stars. The latter belong to a group with some
members considered to have formed from an ISM polluted
exclusively by primordial (metal-free) massive stars (Hansen
et al. 2016a). This presents a major puzzle because Ba is not
produced in neutrino-driven winds, nor is its widespread
presence accountable by the r-process in such rare events as

neutron star mergers or jet-driven CCSNe. Our proposed site,
however, operates in a significant fraction of massive stars even
at zero metallicity, so it can provide Ba to stars of the lowest
metallicities, including CEMP-no stars. Stars with [Fe/H]
−3.5 are observed to have log Ba 1� 1 �( ) with the lowest
measured value of ∼−3.9. Our metal-free 25Me models with
Mp∼10−4Me can provide log Ba 5� _ �( ) to −3 if their Ba
yields (see Table 2) are diluted by ∼102–104Me of ISM. With
few additional episodes of proton ingestion, such models can
provide log Ba� ( ) up to ∼−2, the maximum Ba enrichment
observed in stars with [Fe/H]−4. Extremely metal-poor
massive stars with −7[Fe/H]−4 can account for

3 log Ba 0� 1� � ( ) , which includes the highest Ba enrich-
ment observed in stars with [Fe/H]−3.5. Therefore, the
proposed site in metal-free and metal-poor massive stars can
explain adequately the ubiquity of Ba in VMP stars.

4.2. Diversity of VMP Stars

We note that the amount of Sr synthesized by neutrino-
driven winds is more than that of Sr or Ba by the proposed site
for massive stars with [Fe/H]−5 and comparable to that for
[Fe/H]∼−4 (see Table 2). The Sr from these winds along
with the Ba from the proposed site at such metallicities would

Figure 9. Comparison of model yields with abundances in VMP stars. All models are for a 25 Me star but differ in metallicity [Z], ingested proton mass Mp, ingestion
time ting, and explosion energy Eexpl. Models 1, 2, 3, and 4 have ([Z], Mp/Me, ting, Eexpl/erg)=(−3, 5 × 10−5, Cdep, 1050), (−3, 10−4, Cdep, 1050), (−3, 10−4,
Odep, 1050), and (−4, 10−4, Odep, 3 × 1050), respectively, where Cdep (Odep) stands for central C (O) depletion. Data are given as log X log X H 12� w �( ) ( ) for
element X. (a) Model 1 and CS 30301-015 (Aoki et al. 2002) for a dilution mass of Mdil=700 Me. (b) Model 2 and CS 22964-161 (Thompson et al. 2008) for
Mdil=375 Me. (c) Model 3 and HE 2258-6358 (Placco et al. 2013) for Mdil=100 Me. (d) Model 4 and CS 29493-090 (Spite et al. 2014) for Mdil=1,600 Me.
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New Neutron-Capture Site in Massive Pop III and Pop II 
Stars as a Source for Heavy Elements in the Early Galaxy

Banerjee, Qian, & Heger 2018



New s-Process Mechanism in Rapidly Rotating 
Massive Population II Stars 

Banerjee, Heger, & Qian 2019

the winds of rapidly rotating massive metal-poor stars. In any
case, the heavy elements in the wind ejecta can provide good
fits to the observed s-process patterns. Figure 8 shows example
fits to the data on two CEMP-s stars using the wind ejecta
from the M2 model of a 25 :M star with [Z]=−3 and
vrot=0.4 vcrit.

A popular model for explaining the high C and s-process
enrichment in CEMP-s stars involves surface pollution due to
mass transfer from a binary companion during its AGB phase
(see, e.g., Bisterzo et al. 2011). Although this model can
successfully explain the abundance patterns in many CEMP-s
stars, it has difficulty fitting the patterns in other such stars
(Bisterzo et al. 2012; Abate et al. 2015). As it naturally predicts
that all CEMP-s stars should be accompanied by white dwarfs
left behind by their former ABG companions, it is also in
apparent conflict with the existence of single CEMP-s stars.
As discussed above, the s-process in rapidly rotating massive
metal-poor stars can account for at least some CEMP-s
stars, including those in single configuration. Therefore, this
explanation is complementary to the popular model for CEMP-s
stars.

CEMP stars also include the so-called CEMP-r/s stars.
These stars have similar properties to CEMP-s stars, i.e., high
enrichment in C and heavy elements, but have abundance

patterns that appear to be a mixture of those from the r-process
and the s-process. The origin of the heavy elements in CEMP-r/s
stars is still unresolved, although a number of models have been
proposed (Cohen et al. 2003; Barbuy et al. 2005; Jonsell et al.
2006; Dardelet et al. 2014). Recent studies showed that the
i-process might be the most likely explanation (Lugaro et al.
2012). This process can naturally produce the abundance
patterns in most CEMP-r/s stars (Hampel et al. 2016).
Consequently, these stars are now also referred to as CEMP-i
stars. The proposed sites for the i-process include low to
intermediate mass stars of  8 :M (Fujimoto et al. 2000;
Campbell et al. 2010; Herwig et al. 2011; Jones et al. 2016),
massive stars of ∼ 20–30 :M (Banerjee et al. 2018a) or more
(Clarkson et al. 2018), and accreting white dwarfs (Denissenkov
et al. 2017, 2019). In our models, during core O burning, the
outer part of the star, specifically the C/O shell, experiences
additional neutron capture that eventually modifies the abun-
dance pattern from s-like to r/s-like. If this material is ejected in
addition to the wind ejecta, the resulting abundance pattern can
fit some of the CEMP-r/s stars. Figure 9 shows example fits to
the data on two CEMP-r/s stars using the mixture of the outer
stellar and wind ejecta from a 25 :M star with [Z]=−3 for
the M2 model (with vrot = 0.4 vcrit) and M1 model (with

Figure 8. (a) Heavy-element abundances from the wind ejecta in the M2 model
of a 25 :M star with an initial metallicity of [Z]=−3 and an initial rotation
speed of 0.4 vcrit compared to data for the CEMP-s star CS29512-073 (Roederer
et al. 2014). A dilution mass of 100 :M is used. (b) Same as (a), but for the
CEMP-s star CS30301-015 (Aoki et al. 2002b) with a dilution mass of 650 :M .

Figure 9. (a) Heavy-element abundances from the mixture of the outer stellar
and wind ejecta in the M2 model of a 25 :M star with an initial metallicity of
[Z]=−3 and an initial rotation speed of 0.4 vcrit compared to data for the
CEMP-r/s star HE0338-3945 (Jonsell et al. 2006). A dilution mass of 180 :M
is used. (b) Same as (a), but for the M1 model with an initial rotation speed of
0.5 vcrit compared to data for the CEMP-r/s star LP625-44 (Aoki et al. 2002a)
with a dilution mass of 180 :M .
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1. Ubiquity of Sr & Ba at low [Fe/H]
unlikely explained by NS-NS or NS-BH mergers 

due to their rare occurrences

3. n capture from p mixing during pre-supernova evolution
and the s-process in massive stars

can explain ubiquity of Sr & Ba + diversity of La/Eu at low [Fe/H]

2. Diversity of La/Eu at low metallicities
requires more than one n-capture process

Summary

4. Neutrino-induced n capture in supernovae 
may also contribute heavy elements at low [Fe/H]  


