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

s-process does not contribute below

[Fe/H] <-2.5
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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.
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He Shell r-process

Proposed in Epstein, Colgate and Haxton in 1988

Idea: v + *He — free neutrons captured by Fe — r-process

Neutrons formed by NC v reaction

‘He(v, vn)’He(n, p)°H(°H, 2n)*He

‘He(v, vp)°H(°H, 2n)*He

r=10%m, p = 3 x 10°g/cm?,T = 2 x 10° K
Neutron Poison: 4N

12C not considered, burning by shock

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

p"¢(E, = 20 MeV ) = 1600 g/cm?

He Shell
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ve = v, (NH) (T,, =4 MeV — 8 MeV) ve = U (IH) (15, = 5.33 MeV — 8 MeV)
ve +4He — 3He +p+ e~ U, +4He - 3H+n+e™
)\feg X Tf@ )\ge% X TDGe

Only IH can work!
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He Shell r-process

Revised Scenario (201 1)

Requirements:

*Low abundance of poison
*low shock temperature
*high n/s ratio

*Beyond MSWV resonance

11-15 My, Z = 10747 (Woosley, Heger, and Weaver 2002)
r =10 cm, p = 50g/cm?, T = 9 x 107 K

TP =2 — 4 x 10® K (no burning)

Neutrons from CC v reactions

NC is inefficient as *H(*H,2n)*He does not work

Teoll > Tsh — Pre-shock is hydrostatic

T, =8 MeV, T, =5.33 MeV, T, =4 MeV

LV:U — Lﬁe — LV@ — %e_t/777- — 3 S

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

"Li and 3Li are the main poisons

Some neutrons are recovered by ®Li(c,n)!'B due to shock heating

Allows r-process to reach the third peak.

9Be is produced via neutron capture on “Li Be is destroyed via Be(p, *He)%Li

to produce ?Li followed by B-decay. B-decay of ®Li hinders “Be production

9Be survives shock for low explosion energies
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Hydrodynamic Evolution

(KEPLER)

E =1 x 10°Yergs

-10F

(n,~y) — B-decay equillibrium
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r-process takes longer than estimated before! 14
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this is due to ®Li(n,y)?Li reaction not included before

3rd r-process peak is still reached but takes ~60 s.Hard spectra needed.
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Effect of Explosion Energy

LU e s L L L L B 10 SIS R B B L B BN B

E =1 x10° ergs (red)
E =1 x 10°! ergs (black)

10 T -

k

| 1
10_6|IIIIIIllllllllllllllﬁ 10_6|I|l|l|l|lllllI'I'III\I

isobaric production factor
S
1

isobaric production factor

0 20 40 60 80 100 120 140 160 180 200 0 20 40 60 80 100 120 140 160 180 200
mass number mass number
Abundance pattern not very sensitive to Fallback for low explosion energy

Explosion energy
He and H shell is ejected for low energy
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Effect of Initial Composition
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New ull model with E =1 x 10°Y ergs. New Poisons: 23Si, 32S
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Elemental Abundance

-10

1T | | | G LIS LI

- —e—Data .

I --9--Solar-r norm to Sn i

11 ]

[ E=1050ergs ]

[ @ i

~12F 9 ]

> [ 0% ¢? N i

S I voesfite 1% e

o - TR ; : .

~13f $ Tl e8 iy 5

i X X¥ ]

i 6 ]

_1 [ [ I [ [ [ [ I [ [ [ [ I [ [ [ [ I [ [ [ [ I [ [ [ L i
?‘50 40 50 60 70 80

Atomic Number

new ul | model: Fits reasonably well to
Solar r-pattern
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2002 ul | 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

.

10

* Not made efficiently in stars as they are fragile.

e Li- BBN, Galactic Cosmic Rays (GCR),AGB stars/ g o
Novae 2 o
* Be- Only from GCR _j
* B- GCR, nu-process in SNe R

‘A | Asplund M, et al. 2009.
LN Annu. Rev. Astron. Astrophys. 47:481-522
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Light Elements from GCR

dYrL ccr
dt =¢

ISM GCR

Always produces secondary LiBeB

YGCR ~ YISM

produces secondary LiBeB if Y \5 CNO

produces primary LiBeB if YgévRO ~ const

dNgsn
dt

Yp?o? B Ypl?f N~ const

Standard GCR Scenario: PO (t) oc YOOI (1)

GCR I1SM
Yono ~ Yoo < Nsn(t)

ISM GCR ISM
D, O-POé‘FCNOYC’NO T ¢CNOOP@+CNOYp,a + ¢O{ O@+aYa

Always produces primary Li

Standard scenario can only produce secondary Be, B
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Evolution of Be and B

:lb'g'(Eé'/H) o ‘ :

Prantzos

EE e
[Fe/H] [Fe/H]

Evolution with Standard GCR Scenario

Need a primary source for Be (and B)
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Primary Be and B

~10 F ]

Solution for Primary Be and B by GCR: YSS&(t) ~ const _
-12

Problem: What kind of source can give YSCE ~ const? ~'*

16 |

Such a GCR source is a still a matter of debate

nu-process can account for primary B production

1B produced via v(**C,vp)!'B and v(*?C,vn)C e I E—

Prantzos, 2007
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Neutrino-induced Be in the Early Galaxy

We consider two different scenarios: 8.1My, Z = 10~*Z (Heger, 2011)
11-15 My, Z = 107*Z, (Already Discussed)

We use a FD neutrino spectra with a soft (T, , Ty, ,Thy, = 3,4,6 MeV)

and a hard (7T,_,Ty_, Th,, = 4,5.33,8 MeV) spectra

Oscillation scenarios: Complete v, = v,., and no oscillations.
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Low Mass CCSN

Inner ejected zone: Initial Composition: X(1¢0)a 0.41, X(**Ne)~ 0.48, X(**Mg)~ 0.1
T ~1.8x10° K, p~8x10° g/cc, r = 1.7 x 10% cm

TP ~ 1.1 x 1010 K, pP¢*" ~ 6 x 107 g/cc

Outer ejected zone: TInitial Composition: X(*He)~ 0.95, X(1*C)~ 0.04
T~22x 108 K, p~2.8x10% g/cc, r ~ 1.6 x 10 cm

TP ~ 8 x 108 K, p¢™ ~ 1 x 10% g/cc
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Be Production in CCSN

log(Y)

Time (s)

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 ‘He(®*H,~)"Li(*H, n)Be

log(Y)

10 12 14 16 18 20
Time (s)

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

9Be produced when T' < 2 x 10° K
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Results: Be Yields
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model
u8.1H.1
u8.1H.3
u8.1H.1
u8.1S.1
u8.1S.1
ullH.1
ull*H.1
ull*H.3
ul5H.1
ul5*H.1
ul5*H.3

Mpe (Mg)
2.0 x 10710
2.6 x 10710
1.2 x 1071
5.0 x 1071

2.55 x 10~

1.4 x 107?
9.1 x 107°
9.8 x 1071°
5.2 x 10710
2.9 x 107°
7.2 x 10710

|Be/Fe]
—0.01
0.18
—0.24
—0.61
-0.90
—0.79
0.01
—1.0
—0.99
—0.24
—0.87
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Other Non-GCR Sources of Be?
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Goriely, Bauswein & Janka (2011)

1.35 — 1.35M5 NS merger

X("Be) ~5 x 107*, X ("Eu) ~ 5 x 107*, X ("Be) ~ 5 x 10~*

Be/Eu ~ 8 comparable to (Be/Eu)g ~ 7.76
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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.

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