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hot bubble conditions
provide α’s and excess n’s

α+A processing up to
medium masses

followed by n capture on
these heavy seeds

require ~ 100
neutrons/seed

neutrino wind “lifts”
baryons off star

problems?
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Figure:  G. Fuller

Standard “hot” r-process



❏  found to require very high entropies ∼ 400 k, requiring fine-tuning in
     parametric studies, and at variance with realistic simulations
                                 J. Witti, H.-T. Janka, and K. Takahashi,  A. & A. 286 (1994) 841
                                            K. Takahasi, J. Witti, and H.-T. Janka, A. & A. 286 (1994) 857

❏  three-body reactions (including those following ν breakup of 4He) that
     increase the number of seeds, and thus diminish the n/seed ratio
                                                                   B. S. Meyer, Ap. J. Lett. 449 (1995) 55

      very fast dynamic timescales required for expansion 

❏  the α-process:  the very same νs that are driving the wind and are
     thus needed for the ejection, destroy the neutron excess
                                                    G. M. Fuller and B. S. Meyer, Ap. J. 453 (1995) 792

      every ν reaction destroys two neutrons

(ααα, γ)12C (ααn, γ)9Be

νe + n → e− + p 2p + 2n → 4
He + γ
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ABSTRACT

Although they are but a small fraction of the mass ejected in core-collapse supernovae, neutrino-
driven winds (NDWs) from nascent proto-neutron stars (PNSs) have the potential to contribute
significantly to supernova nucleosynthesis. In previous works, the NDW has been implicated as a
possible source of r-process and light p-process isotopes. In this paper we present time-dependent
hydrodynamic calculations of nucleosynthesis in the NDW which include accurate weak interaction
physics coupled to a full nuclear reaction network. Using two published models of PNS neutrino
luminosities, we predict the contribution of the NDW to the integrated nucleosynthetic yield of the
entire supernova. For the neutrino luminosity histories considered, no true r-process occurs in the
most basic scenario. The wind driven from an older 1.4M! model for a PNS is moderately neutron-
rich at late times however, and produces 87Rb, 88Sr, 89Y, and 90Zr in near solar proportions relative
to oxygen. The wind from a more recently studied 1.27M! PNS is proton-rich throughout its entire
evolution and does not contribute significantly to the abundance of any element. It thus seems very
unlikely that the simplest model of the NDW can produce the r-process. At most, it contributes to
the production of the N = 50 closed shell elements and some light p-nuclei. In doing so, it may have
left a distinctive signature on the abundances in metal poor stars, but the results are sensitive to both
uncertain models for the explosion and the masses of the neutron stars involved.
Subject headings: nuclear reactions, nucleosynthesis, abundances, supernovae — stars: neutron

1. INTRODUCTION

The site where r-process nuclei above A=90 have
been synthesized remains a major unsolved prob-
lem in nucleosynthesis theory (e.g., Arnould et al.
2007). Historically, many possibilities have been
proposed (see Meyer 1994), but today, there are
two principal contenders - neutron star mergers
(Lattimer et al. 1977; Freiburghaus et al. 1999) and
the NDW (Woosley et al. 1994; Qian & Woosley 1996;
Hoffman et al. 1997; Otsuki et al. 2000; Thompson et al.
2001). Observations of ultra-metal-poor stars suggest
that many r-process isotopes were already quite abun-
dant at early times in the galaxy (Cowan et al. 1995;
Sneden et al. 1996; Frebel et al. 2007), suggesting both
a primary origin for the r-process and an association
with massive stars. NDWs would have accompanied the
first supernovae that made neutron stars and, depending
upon what is assumed about their birth rate and orbital
parameters, the first merging neutron stars could also
have occurred quite early.
Both the merging neutron star model and the NDW

have problems though. In the simplest version of galac-
tic chemical evolution, merging neutron stars might be
capable of providing the necessary integrated yield of the
r-process in the sun, but they make it too rarely in large
doses and possibly too late to be consistent with obser-
vations (Argast et al. 2004). On the other hand, making
the r-process in NDWs requires higher entropies, shorter
time-scales, or lower electron mole numbers, Ye, than
have been demonstrated in any realistic, modern model
for a supernova explosion (though see Burrows et al.

1 Department of Astronomy and Astrophysics, University of
California, Santa Cruz, CA 95064 USA

2 Computational Nuclear Physics Group, L-414, Lawrence
Livermore National Laboratory, Livermore, CA 94550 USA

2006).
Previous papers and models for nucleosynthesis in the

NDW have focused on the production of nuclei heav-
ier than iron using either greatly simplified dynamics
(Beun et al. 2008; Farouqi et al. 2009) or nuclear physics
(Qian & Woosley 1996; Otsuki et al. 2000; Arcones et al.
2007; Fischer et al. 2009; Huedepohl et al. 2009). Post
processing nuclear network calculations have been per-
formed using thermal histories from accurate models
of the dynamics (Hoffman et al. 1997; Thompson et al.
2001; Wanajo 2006), but the calculations sampled only
a limited set of trajectories in the ejecta. No one has
yet combined the complete synthesis of a realistic NDW
with that of the rest of the supernova.
To address this situation, and to develop a frame-

work for testing the nucleosynthesis of future explo-
sion models, we have calculated nucleosynthesis using
neutrino luminosity histories taken from two PNS cal-
culations found in the literature (Woosley et al. 1994;
Huedepohl et al. 2009). This was done using a modified
version of the implicit one-dimensional hydrodynamics
code Kepler, which includes an adaptive nuclear network
of arbitrary size. This network allows for the production
of both r-process nuclei during neutron-rich phases of the
wind and production of light p-elements during proton-
rich phases. Since the results of wind nucleosynthesis
depend sensitively on the neutrino luminosities and in-
teraction rates (Qian & Woosley 1996; Horowitz 2002),
we have included accurate neutrino interaction rates that
contain both general relativistic and weak magnetism
corrections.
The synthesis of all nuclei from carbon through lead

is integrated over the history of the NDW and combined
with the yield from the rest of the supernova, and the
result is compared with a solar distribution. If a nucleus

arXiv:1004.4916v1  [astro-ph.HE]  27 Apr 2010

D
r
a
f
t
v
e
r
sio

n
A
p
r
il

2
9
,
2
0
1
0

P
rep

rin
t
ty

p
eset

u
sin

g
L A
T
E
X

sty
le

em
u
la
tea

p
j
v
.
1
1
/
1
0
/
0
9

IN
T
E
G
R
A
T
E
D

N
U
C
L
E
O
S
Y
N
T
H
E
S
IS

IN
N
E
U
T
R
IN

O
D
R
IV

E
N

W
IN

D
S

L
.
F
.
R
o
b
e
r
t
s
1,

S
.
E
.
W

o
o
sl
e
y
1,

a
n
d

R
.
D
.
H
o
f
f
m
a
n
2

D
ra
ft

v
e
rsio

n
A
p
ril

2
9
,
2
0
1
0

A
B
S
T
R
A
C
T

A
lth

ou
gh

th
ey

are
b
u
t
a
sm

all
fraction

of
th
e
m
ass

ejected
in

core-collap
se

su
p
ern

ovae,
n
eu
trin

o-
d
riven

w
in
d
s
(N

D
W

s)
from

n
ascent

p
roto-n

eu
tron

stars
(P

N
S
s)

h
ave

th
e
p
otential

to
contrib

u
te

sign
ifi
cantly

to
su
p
ern

ova
nu

cleosynth
esis.

In
p
reviou

s
w
orks,

th
e
N
D
W

h
as

b
een

im
p
licated

as
a

p
ossib

le
sou

rce
of

r-p
rocess

an
d
light

p
-p
rocess

isotop
es.

In
th
is

p
ap

er
w
e
p
resent

tim
e-d

ep
en
d
ent

hyd
rod

yn
am

ic
calcu

lation
s
of

nu
cleosynth

esis
in

th
e
N
D
W

w
h
ich

in
clu

d
e
accu

rate
w
eak

interaction
p
hysics

cou
p
led

to
a
fu
ll

nu
clear

reaction
n
etw

ork.
U
sin

g
tw

o
p
u
b
lish

ed
m
od

els
of

P
N
S
n
eu
trin

o
lu
m
in
osities,

w
e
p
red

ict
th
e
contrib

u
tion

of
th
e
N
D
W

to
th
e
integrated

nu
cleosynth

etic
yield

of
th
e

entire
su
p
ern

ova.
F
or

th
e
n
eu
trin

o
lu
m
in
osity

h
istories

con
sid

ered
,
n
o
tru

e
r-p

rocess
occu

rs
in

th
e

m
ost

b
asic

scen
ario.

T
h
e
w
in
d
d
riven

from
an

old
er

1.4M
!

m
od

el
for

a
P
N
S
is

m
od

erately
n
eu
tron

-
rich

at
late

tim
es

h
ow

ever,
an

d
p
rod

u
ces

8
7R

b
,
8
8S

r,
8
9Y

,
an

d
9
0Z

r
in

n
ear

solar
p
rop

ortion
s
relative

to
oxygen

.
T
h
e
w
in
d
from

a
m
ore

recently
stu

d
ied

1.27M
!
P
N
S
is

p
roton

-rich
th
rou

gh
ou

t
its

entire
evolu

tion
an

d
d
oes

n
ot

contrib
u
te

sign
ifi
cantly

to
th
e
ab

u
n
d
an

ce
of

any
elem

ent.
It

thu
s
seem

s
very

u
n
likely

th
at

th
e
sim

p
lest

m
od

el
of

th
e
N
D
W

can
p
rod

u
ce

th
e
r-p

rocess.
A
t
m
ost,

it
contrib

u
tes

to
th
e
p
rod

u
ction

of
th
e
N

=
50

closed
sh
ell

elem
ents

an
d
som

e
light

p
-nu

clei.
In

d
oin

g
so,

it
m
ay

h
ave

left
a
d
istin

ctive
sign

atu
re

on
th
e
ab

u
n
d
an

ces
in

m
etal

p
oor

stars,
b
u
t
th
e
resu

lts
are

sen
sitive

to
b
oth

u
n
certain

m
od

els
for

th
e
exp

losion
an

d
th
e
m
asses

of
th
e
n
eu
tron

stars
involved

.
S
u
bject

h
ea
d
in
gs:

nu
clear

reaction
s,
nu

cleosynth
esis,

ab
u
n
d
an

ces,
su
p
ern

ovae
—

stars:
n
eu

tron

1
.
IN

T
R
O
D
U
C
T
IO

N

T
h
e

site
w
h
ere

r-p
rocess

nu
clei

ab
ove

A
=
90

h
ave

b
een

synth
esized

rem
ain

s
a

m
a
jor

u
n
solved

p
rob

-
lem

in
nu

cleosynth
esis

th
eory

(e.g.,
A
rn
ou

ld
et

al.
2007).

H
istorically,

m
any

p
ossib

ilities
h
ave

b
een

p
rop

osed
(see

M
eyer

1994),
b
u
t

tod
ay,

th
ere

are
tw

o
p
rin

cip
al

conten
d
ers

-
n
eu
tron

star
m
ergers

(L
attim

er
et

al.
1977;

F
reib

u
rgh

au
s
et

al.
1999)

an
d

th
e
N
D
W

(W
oosley

et
al.

1994;
Q
ian

&
W
oosley

1996;
H
off

m
an

et
al.

1997;O
tsu

ki
et

al.2000;
T
h
om

p
son

et
al.

2001).
O
b
servation

s
of

u
ltra-m

etal-p
oor

stars
su
ggest

th
at

m
any

r-p
rocess

isotop
es

w
ere

alread
y
qu

ite
ab

u
n
-

d
ant

at
early

tim
es

in
th
e
galaxy

(C
ow

an
et

al.
1995;

S
n
ed
en

et
al.

1996;
F
reb

el
et

al.
2007),

su
ggestin

g
b
oth

a
p
rim

ary
origin

for
th
e
r-p

rocess
an

d
an

association
w
ith

m
assive

stars.
N
D
W

s
w
ou

ld
h
ave

accom
p
an

ied
th
e

fi
rst

su
p
ern

ovae
th
at

m
ad

e
n
eu
tron

stars
an

d
,
d
ep

en
d
in
g

u
p
on

w
h
at

is
assu

m
ed

ab
ou

t
th
eir

b
irth

rate
an

d
orb

ital
p
aram

eters,
th
e
fi
rst

m
ergin

g
n
eu
tron

stars
cou

ld
also

h
ave

occu
rred

qu
ite

early.
B
oth

th
e
m
ergin

g
n
eu
tron

star
m
od

el
an

d
th
e
N
D
W

h
ave

p
rob

lem
s
th
ou

gh
.
In

th
e
sim

p
lest

version
of

galac-
tic

ch
em

ical
evolu

tion
,
m
ergin

g
n
eu
tron

stars
m
ight

b
e

cap
ab

le
of

p
rovid

in
g
th
e
n
ecessary

integrated
yield

of
th
e

r-p
rocess

in
th
e
su
n
,
b
u
t
th
ey

m
ake

it
too

rarely
in

large
d
oses

an
d
p
ossib

ly
too

late
to

b
e
con

sistent
w
ith

ob
ser-

vation
s
(A

rgast
et

al.
2004).

O
n
th
e
oth

er
h
an

d
,
m
akin

g
th
e
r-p

rocess
in

N
D
W

s
requ

ires
h
igh

er
entrop

ies,
sh
orter

tim
e-scales,

or
low

er
electron

m
ole

nu
m
b
ers,

Y
e ,

th
an

h
ave

b
een

d
em

on
strated

in
any

realistic,
m
od

ern
m
od

el
for

a
su
p
ern

ova
exp

losion
(th

ou
gh

see
B
u
rrow

s
et

al.

1
D
ep

artm
en

t
of

A
stron

om
y

an
d

A
strop

h
y
sics,

U
n
iversity

of
C
aliforn

ia,
S
an

ta
C
ru

z,
C
A

95064
U
S
A

2
C
om

p
u
tation

al
N
u
clear

P
h
y
sics

G
rou

p
,
L
-414,

L
aw

ren
ce

L
iverm

ore
N
ation

al
L
ab

oratory,
L
iverm

ore,
C
A

94550
U
S
A

2006).
P
reviou

s
p
ap

ers
an

d
m
od

els
for

nu
cleosynth

esis
in

th
e

N
D
W

h
ave

focu
sed

on
th
e
p
rod

u
ction

of
nu

clei
h
eav-

ier
th
an

iron
u
sin

g
eith

er
greatly

sim
p
lifi

ed
d
yn

am
ics

(B
eu
n
et

al.
2008;

F
arou

qi
et

al.
2009)

or
nu

clear
p
hysics

(Q
ian

&
W
oosley

1996;O
tsu

ki
et

al.2000;A
rcon

es
et

al.
2007;

F
isch

er
et

al.
2009;

H
u
ed
ep

oh
l
et

al.
2009).

P
ost

p
rocessin

g
nu

clear
n
etw

ork
calcu

lation
s
h
ave

b
een

p
er-

form
ed

u
sin

g
th
erm

al
h
istories

from
accu

rate
m
od

els
of

th
e
d
yn

am
ics

(H
off

m
an

et
al.

1997;
T
h
om

p
son

et
al.

2001;
W
an

a
jo

2006),
b
u
t
th
e
calcu

lation
s
sam

p
led

on
ly

a
lim

ited
set

of
tra

jectories
in

th
e
ejecta.

N
o
on

e
h
as

yet
com

b
in
ed

th
e
com

p
lete

synth
esis

of
a
realistic

N
D
W

w
ith

th
at

of
th
e
rest

of
th
e
su
p
ern

ova.
T
o

ad
d
ress

th
is

situ
ation

,
an

d
to

d
evelop

a
fram

e-
w
ork

for
testin

g
th
e

nu
cleosynth

esis
of

fu
tu
re

exp
lo-

sion
m
od

els,
w
e
h
ave

calcu
lated

nu
cleosynth

esis
u
sin

g
n
eu
trin

o
lu
m
in
osity

h
istories

taken
from

tw
o
P
N
S

cal-
cu
lation

s
fou

n
d

in
th
e
literatu

re
(W

oosley
et

al.
1994;

H
u
ed
ep

oh
l
et

al.
2009).

T
h
is

w
as

d
on

e
u
sin

g
a
m
od

ifi
ed

version
of

th
e
im

p
licit

on
e-d

im
en
sion

al
hyd

rod
yn

am
ics

cod
e
K
ep
ler,

w
h
ich

in
clu

d
es

an
ad

ap
tive

nu
clear

n
etw

ork
of

arb
itrary

size.
T
h
is
n
etw

ork
allow

s
for

th
e
p
rod

u
ction

of
b
oth

r-p
rocess

nu
clei

d
u
rin

g
n
eu
tron

-rich
p
h
ases

of
th
e

w
in
d
an

d
p
rod

u
ction

of
light

p
-elem

ents
d
u
rin

g
p
roton

-
rich

p
h
ases.

S
in
ce

th
e
resu

lts
of

w
in
d

nu
cleosynth

esis
d
ep

en
d
sen

sitively
on

th
e
n
eu
trin

o
lu
m
in
osities

an
d
in
-

teraction
rates

(Q
ian

&
W
oosley

1996;
H
orow

itz
2002),

w
e
h
ave

in
clu

d
ed

accu
rate

n
eu
trin

o
interaction

rates
th
at

contain
b
oth

gen
eral

relativistic
an

d
w
eak

m
agn

etism
correction

s.
T
h
e
synth

esis
of

all
nu

clei
from

carb
on

th
rou

gh
lead

is
integrated

over
th
e
h
istory

of
th
e
N
D
W

an
d
com

b
in
ed

w
ith

th
e
yield

from
th
e
rest

of
th
e
su
p
ern

ova,
an

d
th
e

resu
lt
is
com

p
ared

w
ith

a
solar

d
istrib

u
tion

.
If
a
nu

cleu
s



The issues appear to be rather generic for standard “hot” r-processes 
where the nucleon soup is initially at very high temperatures, where the 
neutron excess is modest, and where the neutrino flux is intense.

This is prompting reconsideration of other environments where the 
neutron/seed ratio might be easier to control, or where the neutron 
excess is so extreme that the neutron/seed ratio may not be problematic



neutron star merger: Flash Center, U of Chicago

One attractive alternate is NS mergers



20/Myr

D. Argast, M. Samland, F.-K. Thielemann, and Y.-Z. Qian,  
A. & A. 416 (2004) 997

galactic
chemical
evolution

constraints

Argast et al. 2004



Mixing:  merger rate 10-2 - 10-3 that of SNII, while both kinds of
events have similar ejection energies and thus mixing volumes
         ❏ any such mechanism will exhibit fluctuations at low
            metallicity reflecting local event-by-event statistics
         ❏ can be studied by looking at, e.g., r-process produces like Eu         
Statistics derived from MP star observations indicate a frequency ∼ 
1/100 y ∼ SNII

The NS mechanism is attractive in 
1) having such large neutron excesses that it may not be subject to 
same kind of fine-tuning issues that arise for the hot bubble process;
2) having the potential to generate the bulk of r-process material.  

But it has the two mentioned galactic chemistry issues that make it 
problematic as the source of MP star enrichments

Two other attributes of MP star data:

Qian and Wasserburg
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Fig. 2.— The total heavy element abundance patterns for CS 22892-052 is compared with

the scaled solar system r-process abundance distribution (solid line). (Sneden et al. 2000a)

regularity of yields

scales to solar
 r-process for 

A > Ba

J. J. Cowan, C. Sneden, et al.
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Fig. 1.— Distribution of r/Fe abundances for halo stars. Upper panel: model calculation.
The points represent stars whose ancestry has been drawn according to a binomial distribu-

tion. In addition to the intrinsic dispersion calculated in the model, we have included random
observational errors with zero mean and standard deviation σ[R] = 0.15 and σ[Fe/H] = 0.10.

Lower panel: observed data for [Eu/Fe]; references are as shown. For CS 31082-001 (Cayrel
et al. (2001)) Eu abundances are as yet unavailable, so the average of [Os/Fe] and [Ir/Fe] is
used. The dashed curves in both panels are the analytic relation for the 2− σ envelope pre-

dicted from this model (eq. 7). The curves are drawn to account for the logarithmic nature
of the plot, ie., the curves are located at the 2σ limits, namely log R̄ ± 2 log 10σ(R)/R̄.

B. D. Fields, J. W. Truran, and J. J. Cowan, Ap. J. 575 (2002) 845

r-process yield to Fe variable in early stars



Appear to need an alternative SN mechanism, and we have some good
hints as to its nature

❏ from the hot bubble “mechanism” we learn
       - the problem of seed proliferation is connected with the 
         hot → cold nature of the explosive environments as well as the
         intense ν flux:  no success in finding environments where the possible
         “work arounds” of high entropies and rapid expansions exist      

❏ one might want the robust universal r-process, but what one needs is an
    early r-process with properties compatible with MP star data -- stable,
    SN associated, not rigidly co-produced with Fe
       - free NS (or other) mechanisms from MP star constraints
       - if one could bridge to Z ∼ -2.5 and get lucky (no glitch in galactic
         chemical evolution at this Z) a multiple-site r-process explanation
         might emerge to solve a highly constrained problem
      
 



Motivated us to re-examine the little-studied ECH mechanism

❏ based on two observations:
       - neutrons in the He zone of an SNII will capture efficiently on seeds
       - there is a neutron source, NC ν breakup of 4He

❏ ν reactions were harmful to the hot-bubble r-process, leading to excess
    seeds:  ECH found the nuclear physics changes for  THe < 2.5 × 108 K

    every ν reaction produces one neutron

❏ the n source is a continuous one, maintained in the star’s He zone
    by the ν flux, with 
    

R. Epstein, S. Colgate, W. C. Haxton, PRL 61 (1988) 2038

4
He(ν, ν�n)

3
He

4
He(ν, ν�p)

3
H

3
He(n, p)

3
H

3
H +

3
H→ 4

He + 2n

τν cooling ∼ 3 s



Properties

❏ it is a cold r-process - the material does not experience an explosion -
    consequently the usual SN seed proliferation problem is avoided 

❏ the neutron source is a weak one -- for reasons that require some
    explanation -- producing densities at or below ∼ 1019 n/cm3

       - the path, while typical of other r-processes, is maintained by
                            not 
       - the time needed to reach the transuranics is ∼ 20 sec

❏ as advertised and explored previously, no neutron excess is produced:
    neutral currents separate n and p, under conditions where useful capture
    on Fe is fast compared with recombination channels

❏ however, the nuclear physics does not operate as advertised, as least in 
    the simplest proposed environment, MP He shells
    

(n, γ) ↔ β− (n, γ) ↔ (γ, n)



Contrasting Environments

       ECH scenario                               Current (Heger progenitor)

❏ r           cm,                                 ❏ 10-17 
                                                          r

❏ T                                                ❏ T 

❏ neutron poison:                           ❏ neutron poisons:

❏ neutron source: NC                     ❏ neutron source: NC, CC
                                                          oscillations

❏                                                   ❏ 
                                                          SN1987A bounds
                                                          inverted hierarchy

� 109 ρ ∼ 3 · 103 g/cm3
M⊙, Z = 10−4Z⊙

∼ (2− 3) · 108K

∼ 1010 cm, ρ ∼ 50 g/cm3

∼ 108K

14N 12
C, 16

O, 14
N

Tνheavy ∼ 9 MeV Tνe/Tν̄e/Tνheavy ∼ 4/5.3/8 MeV

{ok to view this
as a luminosity

fudge factor of ∼ 3
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Fig. 2. The predicted e+ and e− energy spectra, in case the SN1987A production
spectra are described by the thermal Fermi–Dirac functions, for different combi-
nations of mass hierarchy and Θ13 (DL — Direct mass hierarchy and Large Θ13,
IL — Inverted mass hierarchy and Large Θ13, DS — Direct mass hierarchy and
Small Θ13, IS — Inverted mass hierarchy and Small Θ13). The shaded areas
show the histograms of observed SN1987A events. For details see the description
in text.
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Fig. 3. The predicted e+ and e− energy spectra, in case the SN1987A production
spectra are described by the “Analytic Fit Functions”, for different combinations of
mass hierarchy and Θ13. For details see the description in Fig.2 and in text.
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Tνe/Tν̄e/Tνx ∼
3.5/5/8 MeV
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spectra are described by the thermal Fermi–Dirac functions, for different combi-
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1) hierarchy insensitivity 2) KII-IBM tension 3) K-II favors disfavors higher T but is also 
generally discrepant



Contrasting Nuclear Physics

       ECH scenario                                         Current

�
4
He(ν, ν�p)3H

4
He(ν, ν�n)3He(n, p)3H

3
H+

3
H → 4

He + 2n

�
4
He(ν, ν�p)3H

4
He(ν, ν�n)3He(n, p)3H

3
H+

3
H → 4

He + 2n

3
H(

4
He, γ)7Li

7
Li(

3
H, 2n)24He

inefficient

inefficient

NC:  charge separation maintained, 
but as free protons + 7Li

4
He(ν̄e, e

+n)3H 3
H(

4
He, γ)7LiCC:  n + 7Li



❏  three previous explorations of ECH were numerical:
     presumably did not recognize that few of the instantaneously
     NC-produced neutrons took part in the synthesis
           -- the theoretical efficiency of the mechanism could be
              significantly higher, if the Li sink were somehow avoided

❏  the CC current channel is significantly weaker, but would be 
     enhanced through oscillations for an inverted hierarchy (IH)
           -- the degree depends on flavor temperature differences

❏  despite the losses, the process can work at very large radii
           -- the outer He shells of UMP Fe-core SN

❏  the process is calculable, and the astrophysical environment is realistic

❏  N, C, O not significant as neutron poisons



Dimensional checks of the dynamics

❏  He shell collapse time

❏  shock arrival time

❏  shock heating

τcollapse ∼ 102 s

�
0.6

α

��
M⊙
M

�1/2

r3/210 � τr−process

τshock ∼ 21.8 s

�
M −MNS

M⊙

�1/2 r10

E1/2
50

∼ τr−process � τν

T peak
8 ∼ 2.4 E1/4

50 r−3/4
10 < T burnup

r−process

so outer He zones of 
Fe-core SN appear 
to be a particular 

simple environment 
for testing the 

mechanismproperties that relate synthesis to 
generic properties like the SN energy 

release ↔ high regularity possible
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FIG. 1. ν-induced nucleosynthesis in u11, zone 597: (a) Num-

ber fractions Yi(t) of A < 16 nuclei; (b) r-process yields at

t = 7, 10, 15, and 20 s compared to solar r-pattern (squares).

We followed the nuclear flow from
56
Fe with a large

network Torch [15] that includes all of the relevant neu-

tron capture, photo-disintegration, and β-decay reac-

tions. The yields at t = 7, 10, 15, and 20 s are shown

in Figure 1b along with the scaled solar r-pattern. The

r-process is cold: photo-disintegration is unimportant for

He zone temperatures. It is also much slower than usu-

ally envisioned. At t = 7 s, the r-process flow barely

reaches the A ∼ 130 peak. Significant production of nu-

clei with A > 130 occurs only for t > 10 s, and formation

of a significant peak at A ∼ 195 requires t ∼ 20 s. These

times are readily understood. The peaks at A ∼ 130

and 195 correspond to parent nuclei ∼ 130
Cd and ∼

195
Tm with closed neutron shells of N = 82 and 126.

With
56
Fe as the seed, 74 neutron-capture and 22 β-

decay reactions are required to reach
130

Cd while 139

neutron-capture and 43 β-decay reactions are required

to reach
195

Tm. In the absence of photo-disintegration,

the r-path is governed by (n, γ)-β equilibrium and the

rates for neutron capture and β decay will be compara-

ble. For �vσn,γ(Fe)� ∼ 10
−18

cm
3
/s and nn ∼ 10

19
/cm

3
,

the neutron-capture rate on
56
Fe is ∼ 10/s. As this

FIG. 2. Neutron number density nn(t) evolution for selected

outer He zones in models u11, u15, u50, u60, and u75.

rate is typical along the r-path, 130
Cd and

195
Tm will

be reached in ∼ 10 and 18 s.

We examined other u11 zones and other progenitors.

For the IH case with Tν̄e ∼ 8 MeV, neutron densities of

∼ 10
18
–10

19
/cm

3
are produced in many zones of models

u11–u16 and u49–u75. Conditions in u11–u16 are similar

to those of zone 597 of u11, but the u49–u75 zones are

hotter and denser, T8 ∼ 2–3 and ρ ∼ 200–600 g/cm
3
.

Figure 2 shows nn(t) for selected zones of u11, u15, u50,

u60, and u75. A much higher rate of neutron capture in

u50, u60, and u75 leads to more rapid decline of nn(t).
Substantial r-yields are expected in the outer He zones of

11–16 and 49–75M⊙ stars at Z ∼ 10
−4Z⊙. An r-process

is not expected for stars between 17 and 48M⊙ because

the outer He zone has too much hydrogen, a neutron

poison.

The total yield of heavy r-elements from each SN is

∆Mr ∼ 10
−8 M⊙, comparable to ∼ 4 · 10−8 M⊙ in the

Sun. Abundances of heavy r-elements in MP stars with

[Fe/H] < −2.5 are ∼ 3 · 10−4
–10

−1
times those in the

Sun [3]. At least some r-enrichments in this range could

be produced by an SN in the early interstellar medium,

but this process then turns off as progenitor metallicity

increases. Both nn(t) and the A > 56 yields decrease sig-

nificantly with increasing progenitor Z. In the scenarios

studied here, r-process conditions are not found beyond

Z ∼ 10
−3Z⊙. Yet net neutron production by νs is in-

sensitive to metallicity, depending only on SN energy, ν̄e
temperature, and shell radius, so neutron capture con-

tinues on stable seeds like
56
Fe, modestly increasing the

A > 56 yields. The net mass of heavy nuclei continues to

be incremented by ∼ 10
−8 M⊙. The associated Galactic

chemical evolution [19] should be studied to determine

how the ν-driven mechanism might merge into other r-
processes, such as NSMs, that may only be viable for

[Fe/H] >∼ −2.5 [5].

We have used two separate networks to estimate nn(t)

can be calculated with some certaintyTν = 8 MeV,  low-mass Fe core
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of a significant peak at A ∼ 195 requires t ∼ 20 s. These
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rate is typical along the r-path, 130
Cd and

195
Tm will

be reached in ∼ 10 and 18 s.

We examined other u11 zones and other progenitors.

For the IH case with Tν̄e ∼ 8 MeV, neutron densities of

∼ 10
18
–10

19
/cm

3
are produced in many zones of models

u11–u16 and u49–u75. Conditions in u11–u16 are similar

to those of zone 597 of u11, but the u49–u75 zones are

hotter and denser, T8 ∼ 2–3 and ρ ∼ 200–600 g/cm
3
.

Figure 2 shows nn(t) for selected zones of u11, u15, u50,

u60, and u75. A much higher rate of neutron capture in

u50, u60, and u75 leads to more rapid decline of nn(t).
Substantial r-yields are expected in the outer He zones of

11–16 and 49–75M⊙ stars at Z ∼ 10
−4Z⊙. An r-process

is not expected for stars between 17 and 48M⊙ because

the outer He zone has too much hydrogen, a neutron

poison.

The total yield of heavy r-elements from each SN is

∆Mr ∼ 10
−8 M⊙, comparable to ∼ 4 · 10−8 M⊙ in the

Sun. Abundances of heavy r-elements in MP stars with

[Fe/H] < −2.5 are ∼ 3 · 10−4
–10

−1
times those in the

Sun [3]. At least some r-enrichments in this range could

be produced by an SN in the early interstellar medium,

but this process then turns off as progenitor metallicity

increases. Both nn(t) and the A > 56 yields decrease sig-

nificantly with increasing progenitor Z. In the scenarios

studied here, r-process conditions are not found beyond

Z ∼ 10
−3Z⊙. Yet net neutron production by νs is in-

sensitive to metallicity, depending only on SN energy, ν̄e
temperature, and shell radius, so neutron capture con-

tinues on stable seeds like
56
Fe, modestly increasing the

A > 56 yields. The net mass of heavy nuclei continues to

be incremented by ∼ 10
−8 M⊙. The associated Galactic

chemical evolution [19] should be studied to determine

how the ν-driven mechanism might merge into other r-
processes, such as NSMs, that may only be viable for

[Fe/H] >∼ −2.5 [5].

We have used two separate networks to estimate nn(t)

11-75 Msolar, wide variety of zones  ⇒  neutron densities of 1018-19/cm3 maintained
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in Figure 1b along with the scaled solar r-pattern. The
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He zone temperatures. It is also much slower than usu-

ally envisioned. At t = 7 s, the r-process flow barely

reaches the A ∼ 130 peak. Significant production of nu-

clei with A > 130 occurs only for t > 10 s, and formation

of a significant peak at A ∼ 195 requires t ∼ 20 s. These

times are readily understood. The peaks at A ∼ 130

and 195 correspond to parent nuclei ∼ 130
Cd and ∼
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Tm with closed neutron shells of N = 82 and 126.
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decay reactions are required to reach
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Cd while 139
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to reach
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Fe is ∼ 10/s. As this
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rate is typical along the r-path, 130
Cd and

195
Tm will

be reached in ∼ 10 and 18 s.

We examined other u11 zones and other progenitors.

For the IH case with Tν̄e ∼ 8 MeV, neutron densities of

∼ 10
18
–10

19
/cm

3
are produced in many zones of models

u11–u16 and u49–u75. Conditions in u11–u16 are similar

to those of zone 597 of u11, but the u49–u75 zones are

hotter and denser, T8 ∼ 2–3 and ρ ∼ 200–600 g/cm
3
.

Figure 2 shows nn(t) for selected zones of u11, u15, u50,

u60, and u75. A much higher rate of neutron capture in

u50, u60, and u75 leads to more rapid decline of nn(t).
Substantial r-yields are expected in the outer He zones of

11–16 and 49–75M⊙ stars at Z ∼ 10
−4Z⊙. An r-process

is not expected for stars between 17 and 48M⊙ because

the outer He zone has too much hydrogen, a neutron

poison.

The total yield of heavy r-elements from each SN is

∆Mr ∼ 10
−8 M⊙, comparable to ∼ 4 · 10−8 M⊙ in the

Sun. Abundances of heavy r-elements in MP stars with

[Fe/H] < −2.5 are ∼ 3 · 10−4
–10

−1
times those in the

Sun [3]. At least some r-enrichments in this range could

be produced by an SN in the early interstellar medium,

but this process then turns off as progenitor metallicity

increases. Both nn(t) and the A > 56 yields decrease sig-

nificantly with increasing progenitor Z. In the scenarios

studied here, r-process conditions are not found beyond

Z ∼ 10
−3Z⊙. Yet net neutron production by νs is in-

sensitive to metallicity, depending only on SN energy, ν̄e
temperature, and shell radius, so neutron capture con-

tinues on stable seeds like
56
Fe, modestly increasing the

A > 56 yields. The net mass of heavy nuclei continues to

be incremented by ∼ 10
−8 M⊙. The associated Galactic

chemical evolution [19] should be studied to determine

how the ν-driven mechanism might merge into other r-
processes, such as NSMs, that may only be viable for

[Fe/H] >∼ −2.5 [5].

We have used two separate networks to estimate nn(t)

third peak forms ∼ 15 s



❏ long times not intrinsic to mechanism, but reflect 1) large radius
    2) inefficiency of  the NC channel 3) u11-u16 environment

❏ corresponding neutron capture rate ∼ 10/Fe “seed”/s

❏ IH produces r-process conditions for Heger Fe-core models
    u11-u16 and u49-u75 for [Fe/H] between -4 and -3:  
    for u17-u48, H is an inhibiting n poison

❏ without oscillations, operates only near  [Fe/H] ∼ -4; with NH
    oscillations, the process does not operate [all conclusions in the
    context of standard MSW: no ν-ν effects]

❏ u49-u75 zones are hotter (2-3 ×108K) and denser (200-600 g/cm3),
    so that n-capture is completed in much shorter times

❏ IH yields at [Fe/H] = -4  are ∼10-8 Msolar which compares to the solar 
    metal inventory of ∼4 ×10-8 Msolar



❏ observed enrichments in MP stars with [Fe/H] < -2.5 are (3 × 10-4) - 10-1

    of solar:  thus the ECH mechanism could be a candidate explanation

❏ r-process conditions are not found above [Fe/H] ∼ -3

❏ yet neutron capture continues, mass continues to be added through
    such neutron bursts.  This inventory greatly exceeds the r-process
    products discussed here, as it includes the integration over inner
    He and C/O shells, with both NC and CC neutron poison channels
    yielding 7Li, 11B, 13C, 17O, ...   The consequences of such n “banks”...?
          - new way to think of ν-process impact on galactic chemistry

❏ the post-shock phase is currently being explored, potentially interesting
          - larger explosion energies > 1B limit the pre-shock phase to
            < 10s, and imply significant n densities in the compressed
            (×7) post-shock phase, where n-capture rates will be higher
          - does the shock also produce unwelcome seeds?



❏ much stronger instantaneous neutron production is found in the
    inner He zone, where C and O are significant
         - neutrons are efficiently “banked” in the n sources 13C, 17O
         - are there conditions where subsequent shock-wave heating can
           release the neutrons, yet not lead to seed proliferation?  (typical 
           temperatures remain well below 109K)

❏ the original ECH proposal was to implement this process in more
    compact environments, below 109 cm, where neutron production
    is 100 times greater.  The needed temperatures and radii are
    potentially available in expanding outflows, ONeMg core explosions,
    and in AI collapses.   But what are the seed densities...?



Outlook

❏ several arguments suggest that a SN-associated r-process operated in
    the low-metallicity early galaxy
          - we have not been able to make the hot-bubble r-process work
          - the difficulties are associated with seed proliferation in highly
            explosive SN environments
          - these difficulties led us to explore an alternative, a cold SN 
            r-process operating only at low metallicity

❏ its features match requirements: a very stable astrophysical 
    environment, associated with a subclass of Fe-core  supernovae, 
    producing a solar-like distribution.  The process is calculable.

❏ success would open “phase space” for complementary r-processes   
    to account for the bulk of metals in the contemporary galaxy

❏ does the mechanism operate in other, potentially more favorable
    sites (work in progress)?  inner He zones, ONeMg core supernovae,



    late stages of neutrino-driven winds, ...

❏ does it survive in the outer He zone when Kepler nuclear physics is
    improved? 

figure of merit ∼
�

T

8MeV

�5 � R

1010cm

�2 τ

3s

plus adequate time for the nucleosynthesis


