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Standard “hot” bubble r-process CCSNe runs 
into problems with seed overgrowth. Requires 
high entropies not observed in simulations.

Neutron Star Mergers  are attractive sites 
But not efficient below [Fe/H]<-2.5

Need a r-process site at early times to account 
for MP Stars if “hot” bubble does not work.

R-process in Metal-poor Stars ([Fe/H] <- 2.5)

s-process does not contribute below 
[Fe/H] <-2.5

Only high mass star (CCSNe) can contribute 
at early times.
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He Shell r-process

Proposed in Epstein, Colgate and Haxton in 1988

Idea: ⌫ + 4He ! free neutrons captured by Fe ! r-process

Can Neutrino oscillations help?
If yes, then CC reactions will make the difference 
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MSW Effect

PNS
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Only IH can work!

He Shell
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He Shell r-process

T⌫
x

= 8 MeV, T⌫̄
e

= 5.33 MeV, T⌫
e

= 4 MeV

Revised Scenario (2011)

(Woosley, Heger, and Weaver 2002)

L⌫
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= L⌫̄
e

= L⌫
e

= E
B

6⌧ e�t/⌧ , ⌧ = 3 s

Requirements: 
•Low abundance of poison            
•low shock temperature
•high n/s ratio 
•Beyond MSW resonance

11-15 M�, Z = 10�4Z�

r = 1010 cm, ⇢ = 50g/cm3, T = 9⇥ 107 K

T peak

sh

= 2� 4⇥ 108 K (no burning)

Neutrons from CC ⌫ reactions

NC is ine�cient as 3H(3H,2n)4He does not work

⌧
coll

� ⌧
sh

! Pre-shock is hydrostatic

KEPLER code is used to calculate the nucleosynthesis
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Pre-shock Hydrostatic Result

Model u11: zone 597

PB, W. Haxton & Y. -Z. Qian, PRL 106, 201104 (2011)

Friday, July 6, 12



Effect of Shock

Some neutrons are recovered by

8
Li(↵, n)11B due to shock heating

Allows r-process to reach the third peak.
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Hydrodynamic Evolution (KEPLER)
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t = 18.5 s
t = 32.0 s
t = 61.3 s
t = 200 s

Before Shock

E = 1⇥ 1050ergs

r-process takes longer than estimated before!

3rd r-process peak is still reached but takes ~60 s. 

this is due to

8
Li(n, �)9Li reaction not included before

Hard spectra needed.

(n, �)� �-decay equillibrium
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Effect of Explosion Energy

Fallback for low explosion energyAbundance pattern not very sensitive to 
Explosion energy

E = 1⇥ 1050 ergs (red)
E = 1⇥ 1051 ergs (black)

He and H shell is ejected for low energy
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Effect of Initial Composition

New u11 model with E = 1⇥ 10

50
ergs. New Poisons:

28
Si,

32
S
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Elemental Abundance    
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new u11 model: Fits reasonably well to 
Solar r-pattern

2002 u11 model: Pattern is somewhere in 
between Solar r and s-pattern  

Cannot account for the robust r-process pattern at low metallicities for Z>56

Might still play an important role in MP star abundance (eg. “r+s” stars)
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Origin of Light Elements Li-Be-B

• Not made efficiently in stars as they are fragile.

• Li- BBN, Galactic Cosmic Rays (GCR), AGB stars/ 
   Novae

• Be- Only from GCR

• B- GCR, nu-process in SNe
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Light Elements from GCR

Always produces secondary LiBeB
Always produces primary Li

�GCR(t) / Y GCR(t)
dNSN

dt
Standard GCR Scenario:

Y GCR
p,↵ ⇠ Y BBN

p,↵ ⇠ const

Y GCR
CNO ⇠ Y ISM

CNO / NSN (t)

Standard scenario can only produce secondary Be,  B

dYL

dt
= �GCR

p,↵ �p↵+CNOY
ISM
CNO + �GCR

CNO�p↵+CNOY
ISM
p,↵ + �GCR

↵ �↵+↵Y
ISM
↵

produces secondary LiBeB if Y GCR
CNO ⇠ Y ISM

CNO

produces primary LiBeB if Y CNO
GCR ⇠ const
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Evolution of Be and BStandard chemical evolution of Be and B
[Standard GCR spectra and X(GCR,t) v X(ISM,t) ]

A
B

B
A

Need a primary source for Be (and B)

Evolution with Standard GCR Scenario

Prantzos
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Primary Be and B

 nu-process can account for primary B production

11
B produced via ⌫(12C, ⌫p)11B and ⌫(12C, ⌫n)11C

10 N. Prantzos

Figure 6. Left: Evolution of Be/H and B/H (solid curves) assuming that the GCR composition
is independent of time (or ISM metallicity); Be and B are then produced as primaries, in agreement
with observations. Dotted curves indicate primary (P) and secondary (S) behaviour with respect to Fe
(while Be and B are produced from CNO, behaving not exactly as Fe). Note that ∼40% of solar 11B
has to be produced by a source other than standard GCR, like e.g. ν-nucleosynthesis in supernovae,
which is a primary process (this is not included in the figure). Right: Production rates of Be and B as
a function of metallicity, for GCR components A (fast protons and alphas impinging on ISM CNO)
and B (fast CNOs impinging on ISM H and He). Component A (producing secondary BeB) slightly
dominates today, but component B (assumed to be metallicity independent) largely dominated during
the halo phase, i.e. at [Fe/H]<-1, producing primary BeB. Standard GCR injection spectra, energetics
and confinement are assumed throughout galactic evolution in this figure.

3.1. PRIMARY BE AND B VS. ENERGETICS OF GCR

As pointed out in MAR, there are two components in the production of BeB from
GCR (Fig. 6b): component A (fast protons and alphas impinging on ISM CNO)
and component B (fast CNOs impinging on ISM H and He). Component A has,
in principle, a production rate proportional to the steadily increasing CNO abun-
dances of the ISM and produces secondary BeB. To boost the BeB production of
component A at low metallicities, one may assume either that GCR (part of which
is “leaking” out of the Galactic disk today) were much better confined in the early
Galaxy (Prantzos et al. 1993a) or that their total energy content was much larger
than today; in both cases, the number of induced reactions with ISM CNO (per unit
H atom) is increased with respect to its current value. The former option was shown
to be inefficient (although improving the situation, it cannot produce a linear BeB
vs Fe relation, as found in Prantzos et al. 1993a) where the latter was shown to be
unrealistic by Ramaty et al. (1997): already a large fraction (10-20%) of the kinetic

et al. 1990, Olive et al. 1994); this produces primary B and could explain the observed linearity of B
vs Fe (but not the one of Be).

Prantzos.tex; 5/02/2008; 15:50; p.10

Solution for Primary Be and B by GCR: Y GCR
CNO (t) ⇠ const

Prantzos, 2007

Problem: What kind of source can give Y GCR
CNO ⇠ const?

Such a GCR source is a still a matter of debate
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Neutrino-induced Be in the Early Galaxy

We consider two different scenarios: 8.1M�, Z = 10�4Z� (Heger, 2011)

We use a FD neutrino spectra with a soft (T⌫
e

, T⌫̄
e

, Tnu
x

= 3, 4, 6 MeV)

and a hard (T⌫
e

, T⌫̄
e

, Tnu
x

= 4, 5.33, 8 MeV) spectra

Oscillation scenarios: Complete ⌫̄
e

⌦ ⌫̄
x

, and no oscillations.

11-15 M�, Z = 10�4Z� (Already Discussed)
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Low Mass CCSN

Inner ejected zone:

Outer ejected zone:

Initial Composition: X(16O)⇡ 0.41, X(20Ne)⇡ 0.48, X(24Mg)⇡ 0.1

T ⇡ 1.8⇥ 109 K, ⇢ ⇡ 8⇥ 105 g/cc, r ⇡ 1.7⇥ 108 cm

T peak
sh ⇡ 1.1⇥ 1010 K, ⇢peaksh ⇡ 6⇥ 107 g/cc

Initial Composition: X(4He)⇡ 0.95, X(12C)⇡ 0.04

T ⇡ 2.2⇥ 108 K, ⇢ ⇡ 2.8⇥ 102 g/cc, r ⇡ 1.6⇥ 109 cm

T peak
sh ⇡ 8⇥ 108 K, ⇢peaksh ⇡ 1⇥ 103 g/cc
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Be Production in CCSN 
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Material is dissociated into free nucleons due to shock.

Reassembles into He and Fe group elements.

Neutrino interaction on He gives Be.

Only contributes to about 1% of total Be production.

9Be produced via 4He(3H, �)7Li(3H, n)9Be
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Bulk material such as He remains unchanged as the 
shock temperature is low.

Other light elements are dissociated and re-assembled.

Neutrino interaction on He gives Be.

Accounts for 99% of the total Be production

Fast expansion is the key

9
Be produced when T . 2⇥ 10

8
K
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Results: Be Yields 
1

TABLE I: Sample results for neutrino-induced Be production

model MBe (M�) [Be/Fe]

u8.1H.1 2.0⇥ 10�10 �0.01

u8.1H.3 2.6⇥ 10�10 0.18

u8.1H.1 1.2⇥ 10�10 �0.24

u8.1S.1 5.0⇥ 10�11 �0.61

u8.1S.1 2.55⇥ 10�11 -0.90

u11H.1 1.4⇥ 10�9 �0.79

u11*H.1 9.1⇥ 10�9 0.01

u11*H.3 9.8⇥ 10�10 �1.0

u15H.1 5.2⇥ 10�10 �0.99

u15*H.1 2.9⇥ 10�9 �0.24

u15*H.3 7.2⇥ 10�10 �0.87

1

TABLE I: Sample results for neutrino-induced Be production

model MBe (M�) [Be/Fe]

u8.1H.1 2.0⇥ 10�10 �0.01

u8.1H.3 2.6⇥ 10�10 0.18

u8.1H.1 1.2⇥ 10�10 �0.24

u8.1S.1 5.0⇥ 10�11 �0.61

u8.1S.1 2.55⇥ 10�11 -0.90

u11H.1 1.4⇥ 10�9 �0.79

u11*H.1 9.1⇥ 10�9 0.01

u11*H.3 9.8⇥ 10�10 �1.0

u15H.1 5.2⇥ 10�10 �0.99

u15*H.1 2.9⇥ 10�9 �0.24

u15*H.3 7.2⇥ 10�10 �0.87

1

TABLE I: Sample results for neutrino-induced Be production

model MBe (M�) [Be/Fe]

u8.1H.1 2.0⇥ 10�10 �0.01

u8.1H.3 2.6⇥ 10�10 0.18

u8.1H.1 1.2⇥ 10�10 �0.24

u8.1S.1 5.0⇥ 10�11 �0.61

u8.1S.1 2.55⇥ 10�11 -0.90

u11H.1 1.4⇥ 10�9 �0.79

u11*H.1 9.1⇥ 10�9 0.01

u11*H.3 9.8⇥ 10�10 �1.0

u15H.1 5.2⇥ 10�10 �0.99

u15*H.1 2.9⇥ 10�9 �0.24

u15*H.3 7.2⇥ 10�10 �0.87

4

−3.5 −3 −2.5 −2 −1.5 −1 −0.5 0−1.5

−1

−0.5

0

0.5

1

1.5

[Fe/H]

[B
e/
Fe
]

FIG. 3: Figure to be revised. Data on [Be/Fe] vs. [Be/H].

of Be production. A recent study [7] shows that
[Be/O] ∼, [Be/Mg] ∼, [Be/Ti] ∼, and [Be/Fe] ∼ for
a large sample of stars covering [Fe/H] ≈ −3.5 to
−0.5. These results confirm earlier ones from smaller

samples (see [8] for a review) and provide severe con-
straints on the GCR production mechanism (e.g., [6]).
The data on [Be/Fe] vs. [Be/H] are shown in Fig. 3.
To compare our models for neutrino-induced produc-
tion of Be with the data, we consider that the ejecta
from a CCSN is mixed with a total amount Mmix ∼

(300–1000)(Eexpl/1050 ergs)6/7M! of ISM [28].A single
CCSN would give [Be/H] ∼ log[MBe/(X!

BeMmix)], where
X!

Be = 1.5 × 10−10 is the mass fraction of Be in the sun
[29]. The results from our models are shown in Fig. 3. It
can be seen that the range compares very well with the
data for [Be/H] ! −xxx.

We expect that enrichment by CCSNe would domi-
nate evolution of Be in the early Galaxy. At later times,
new sources with similar mechanisms of Be production
to those presented here may appear. For example, the
merger of two white dwarfs is likely to produce a CCSN
similar to single progenitors of ∼ 8 M! (e.g., [30]). In ad-
dition, recent simulations of the merger of two neutron
stars showed that a significant amount of Be is ejected
[31]. It is quite possible that a variety sources including
GCRs are responsible for Be enrichment over the Galac-
tic history.
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Other Non-GCR Sources of Be?

The Astrophysical Journal Letters, 738:L32 (6pp), 2011 September 10 Goriely, Bauswein, & Janka

Figure 3. Time evolution of the total radioactive heating rate per unit mass, 〈Q〉, mass number 〈A〉, and temperature 〈T 〉 (all mass-averaged over the ejecta) for the
1.35–1.35 M# (solid lines) and 1.2–1.5 M# (dotted lines) NS mergers.
(A color version of this figure is available in the online journal.)

Figure 4. Final nuclear abundance distributions of the ejecta from 1.35–1.35 M# (squares) and 1.2–1.5 M# (diamonds) NS mergers as functions of atomic mass. The
distributions are normalized to the solar r-abundance distribution (dotted circles).
(A color version of this figure is available in the online journal.)

the neutrons are exhausted, as shown in Figure 3 by the time
evolution of the mass number 〈A〉 mass-averaged over all the
ejecta. After several hundred ms, when neutrons get exhausted
by captures (Nn ∼ 1020 cm−3), n-captures and β-decays compete
on similar timescales and fashion the final abundance pattern
before the nuclear flow becomes dominated by β-decays (as
well as fission and α-decays for the heaviest species) back to
the stability line. The average temperature remains rather low
during the late neutron irradiation, around 0.5 GK (Figure 3),
so that photoreactions do not play a major role.

The final mass-integrated ejecta composition is shown in
Figure 4. The A = 195 abundance peak related to the N = 126
shell closure is produced in solar distribution and found to be
almost insensitive to all input parameters such as the initial
abundances, the expansion timescales, and the adopted nuclear
models. In contrast, the peak around A = 140 originates
exclusively from the fission recycling, which takes place in

the A & 280–290 region at the time all neutrons have been
captured. These nuclei are predicted to fission symmetrically
as visible in Figure 4 by the A & 140 peak corresponding
to the mass-symmetric fragment distribution. It is emphasized
that significant uncertainties still affect the prediction of fission
probabilities and fragment distributions so that the exact strength
and location of the A & 140 fission peak (as well as the possible
A = 165 bump observed in the solar distribution) depend on
the adopted nuclear model.

While most of the matter trajectories are subject to a den-
sity and temperature history leading to the nuclear flow and
abundance distribution described above, some mass elements
can be shock-heated at relatively low densities. Typically at
ρ > 1010 g cm−3, the Coulomb effects shift the NSE abun-
dance distribution toward the high-mass region (Goriely et al.
2011), but at lower densities, the high temperatures lead to the
photodissociation of all the medium-mass seed nuclei into

4
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to the mass-symmetric fragment distribution. It is emphasized
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1.35� 1.35M� NS merger
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Be/Eu ⇠ 8 comparable to (Be/Eu)� ⇠ 7.76

Goriely,  Bauswein & Janka (2011)
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Summary
• Neutrino-induced r-process can occur in the He zones in metal-poor 
    stars with [Fe/H] <~ -3.

• Neutrino oscillations, mass hierarchy, and the CC reaction on He play 
    a critical role.

• Sensitive to neutrino parameters and initial metallicity but insensitive to explosion 
energy.

• The effect of shock is beneficial as it increases free neutron density.

• The r-process is long (about 60 s) and cold (about 108 K).

• Elemental abundance pattern is in between solar r and s pattern. Could possibly 
help in explaining abundance pattern of so called “r+s” stars?

• This mechanism can be part of multiple r-process explanation of Galactic 
    chemistry.
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Summary

• Two new mechanisms to produce Be was discussed.

• First mechanism works in low mass SN and is independent of 
   metallicity. Less sensitive to neutrino parameters and explosion 
   energy.

• The second mechanism is tied to the He shell r-process and works 
   only at [Fe/H] <~ -3 with a hard spectra and low explosion energy.

• Other mechanisms such as NSM can contribute to primary Be
   production.
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