The weak vs. main r-process
IN heutrino-driven winds
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0. astrophysical
r-process scenarios

1. weak r-process
In supernovae

2. main r-process
In black hole winds



0. astrophysical
r-process scenarios



key parameters for 3rd peak formation

neutron/seed

[km]
10000 ~ A(3rd peak) - A(seed)
~ 100
1000 high entropy:
| S,.q4 (oc T3/p) > 200 k/nuc
100 -----.He \ short expansion timescale:
5 o Texp < 10 ms |
9 prevent seed production
40----2 L low electron fraction
(proton per nucleon):
3 Y, <0.2
proto 9K]= leave free neutrons

neutron star
cf. Hoffman et al. 1997



surviving scenarios for the r-process

10

5 r-process site classification = nfegtrino-driven winds
n  Oof SNe

Woosley et al. 1994
Takahashi et al. 1994
Qian & Woosley 1996
Hoffman et al. 1997
Otsuki et al. 2000

£ Wanajo et al. 2001
Thompson et al. 2001, etc.

1< heutron-rich
| decompressed matter

of NS-NS

Freiburghaus et al. 1999
Goriely et al. 2005
Metzger et al. 2010, etc., etc.

| @ black hole winds

f NS-NS, BH-NS
ST e e e e o N B

Y least studied one !!

NS-NS
n-rich
matter




1. weak r-process
In supernovae



Neutrino-driven wind model

< spherical steady flows in Schwarzschild geometry
Newtonian: Qian & Woosley 1996
General Relativety: Cardal & Fuller 1997; Otsuki et al. 2000
Wanajo et al. 2001, 2002; Thompson et al. 2001

parameters: M and L,



abundance

only weak r-process in neutrino winds?
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< A ~ 130 with reasonable < “‘extreme” parameters of
parameter choices of Yo~ 0.20r Mg = 2.0 Mg
Mys = 1.4 Mg, Y= 0.30 for the main r-process

(weak r-process;
Wanajo & Ishimaru 2006)



10° Kltaura Janka & Hlllebrandt 2006 :

10*E

o 200 400 600 0
tob [ms]

weak neutrino-driven (not prompt) explosion of a 9 Mg star
Kitaura, Janka, & Hillebrandt 2006

BUT, no r-process m an “exploding™ SN

r-process in 8-10 Mg
stars (with ONeMg core)?

< prompt explosion?
Hillebrandt et al. 1984
Wanajo et al. 2003

< shocked-heated matter?
Ning et al. 2008

< NO I-pProcess Hoffman et al. 2008; Janka et al. 2008
< but, production of Zn and light p-nuclei wanajo et al. 2009
< later neutrino winds? (no, perhaps....)



no r-process in protoneutren star winds?
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Time after bounce [s

Hudepohl et al. 2009 .

artificial expldsion of a 10 Mé star
Fischer et al. 2009

< Y, > 0.5 all the way in the latest long-term simulations
< NO r-process Is expected .... (but vp-process?)



2D effect ?

Y -distribution of the ejecta
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(Kitaura et al. 2006) (Mdller & Janka in prep.)

< low-Y, bubbles appear (down to ~0.4)
< weak r-process? (S, Y, Zr, ..., Pd, Ag, ...)



mass-averaged yiel

dr "N Ge Kr' 7r
T S

1111111
.......................

Sr Mo

mass number

1D model

Wanajo et al. 2009
also Hoffman et al. 2008

< only up to N =50 (A =90)
< and only the source of
p-rich isotopes

relative to solar

ds
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mass number

2D model

Wanajo, Janka, Mduller, in prep.
< still upto N =50 (A = 90)
< but the source of

“n-capture” elements of Zn,
Ge, Se, Br, Kr, Rb, Sr, Y, Zr



3. main r-process
In black hole winds



black hole winds

= peutrino-driven winds from the torus
around an accreting black hole

oo

NS-NS or BH-NS mergers
< low Y, (-0.1-0.3)  black hole winds

M., = 2.5 Mg

black hole
formation

massive supernovae (hypernovae)
< high Y, (=0.5)




formation of a black-hole accretion torus

| 05

.....

gl coalescense

| ' tidal disruption of n-rich matter
. (only for NS-NS)

< I-process?

I neutrino-driven winds from the
black hole accretion torus

| & r-process? short GRB?



modeling the black hole winds

spherically symmetric model
Wanajo et al. 2001; 2002

S Mg, = 4 Mg
e.g. 2.5 My BH + 1.5 Mg, NS
or 2.0 Mgy NS + 2.0 Mg NS
2 “R,” = 2R t0 5Rq
= 23.6 10 59.0 km
(Rg = 11.8 km)

> distance from the center

Mgy = 4 Mg

SR

S



“ad hoc” neutrino luminosity
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100 3 Inner wind from 2-3 Rq
3 = . | _ |
0 E A 3 < linearly increasing
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distance from the center [km] g, = 15, 20, 30 MeV

for e, anti-e, others
e.g. Janka et al. 1999



entropy and timescale
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= 0.00E+00 s N,, = 0.00E+00 cm™®
= 0.00E+00 g em™ S, = 0.00E+00 MeV
= 0.00E+00 K Y, /Y, = 0.00E+00

X,, = 0.00E+00 Tg/Tp = 0.00E+00




neutron-to-seed ratio

10

neutron-to-seed ratio (at Tq = 2.5)
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A fission

N 3rd peak

N 2nd peak

initial Y, (at Tg = 9)

D o T A, 030
e.g., Setiawan et al. 2006

outer wind

< n/seed ~ 30-50
2nd peak formation

Innermost wind

< n/seed ~ 100-1000
3rd peak formation
fission cycling



nucleosynthesis

5 comparison with solar r-abundance
"y =030 0.25 020 0.15 0.10 ] total r-nuclei mass (A>100)
-l A
Y < M, ~0.1 Mg
assuming t,.. = 200 ms

< event rate should be
= 1O 2= yr et
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r-abundance distribution

.. . 1 @ reasonable combination
100 150 200 with Y, = 0.1 - 0.3 can

mass number :
fit the solar r-pattern

e.g., variation in time and space;
Setiawan et al. 2006




summary

www.mpa-garching.mpg.de

neutrino-driven winds of core-collapse supernovae
<N0 r-process, or at best, weak r-process
@source of up to N = 50 nuclei (Sr, Y, Zr)

black hole winds of NS-NS or BH-NS mergers (or hypernovae)
<main r-process? (at least with a simple model with low Y,)
<source of all r-process nuclei? (fission in the inner winds)



cold vs. hot r-processes
Wanajo 2007; also Blake & Schramm 1976

hot

cold r-process |
2 r-process |

__—_—__w R NI T [10° K]
0 0.4 0.7 1.3

< n-capture and 3-decay < nuclear masses
determine the r-path determine the r-path
(no ny-yn equilibrium) (ny-yn equilibrium holds)
< Insensitive to temperature < sensitive to temperature
<@ relevant to many sites < relevant to limited site
(e.g., low-mass SNe, (e.g., massive SNe)

NS-NS, BH-NS, collapsars)



