Recent progress of
the r-process nucleosynthesis
and electron-capture supernovae
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1. overview of the r-process



origins of the elements from Zn to U are
still unknown....

understood (big bang, cosmic rays, stellar evolutions, supernovae)
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s-process contribution is not sufficient (0~80% for each)

< another process (r-process) is needed



fate of stars and nucleosynthesis
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solar system abundances
Lodders Katharma 2003 Ap] 591 1220 1247
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heavy species heavier than iron

< associated with the neutron magic numbers (N=50, 82, 126)



neutron capture nucleosynthesis
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Clayton D.D.,1984, University Of Chicago Press,586 |
S s(low)-process : N, =107-101° cm (Fhisaninre = Tatderay)
< r(apid)-process : N, = 102°-10°° cm (1, cqpture < Tp-decay)



Wanajo& Ishimaru,2006,NuphA,777,676
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solar r-abundance (s-process residual)
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r/s ratios in the sotar system
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@ S-process: Sr, Ba, Pb, ....

@ r-process: Eu, Pt, Th, .... (Eu is taken to be representative)



S-process (slowneut ron capt ure process)

neut ron-capt uretlm%scale = B-decay timescale
neut ron density ~ 10~ cm

main S-process:

He-shell flash of

lowmass stars (~ 2-3 Me)
BC +He-->P0+n
Fe+n--> ..

Weak S-process:
He-flash of

massive stars ( > 15 Mp)
2Ne + “He-->2°Mg+ n
Fe+n-->..

product ion of elements A > 90 (Ba, Pb, etc.) product ion of elements A <90 (Kr, Sr, etc.)

r-process (rapid neut ron capt ure process)

neut ron-capt ure t imezsscale = B-decay timescale
neutrondensity > 10°° cm

\u

SUPErNOVae? = © o

//[’

NS mergers?

neut ron
stars



Galactic evolution of r-elements (Eu)
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<@ [I/Fe](=0.4£1.5) shows large scatter at [Fe/H] ~ —
< no star (below the detection limit) at [Fe/H] < -3



robustness of the r-process
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< r-process-enhanced stars in the Halo ([Eu/H] = 0.5-1.9)
< remarkable agreement with the solar r-pattern (from Ba to Pb)



“weak” r-process?
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< r-process-deficient stars ([Eu/H] < 0.5)
< weak r-process, producing Sr, Y, Zr, ..., up to Ag, Pd?



[Eu/Fe)

“standard” Galactic evolution model

Mathews & Cowan 1990

¥ NG | “standard” model
1.5 N o — . .
Wi S assuming instantaneous
5 p 7 7 mixing of ISM, and
° N
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< global trend was reproduced with low-mass SNe (e.g.,
10-11 M), but

< Star-to-star scatter was not considered at all



“inhomogeneous” Galactic model

Ishimaru & Wanajo 1999
| | .. ... | inhomogeneous” model

5 s stars ~ = | D assuming instantaneous
v | mixing of ISM, but

< stars have the unique
compositions different

from ISM

Ishimaru & Wanajo 1999
Tsujimoto et al. 2000
Ishimaru et al. 2004
e P R Argast et al. 2004
Cescutti 2008

<= global trend is reproduced with limited mass range of SNe
(e.g., 8-10 My), and

< Star-to-star scatter (more than 2 order of magnitude), too!!



key parameters for the r-process

rkm] neutron/seed
10000 ~ A(3rd peak) - A(seed)
~ 100

LR high entropy:
5 S,.q (oc T3/p) > 200 k/nuc
100 ”4e A:o N, & short expansion timescale:
% I %, 70 Texp < 10 MS

L 2 prevent seed production

40---.22 -
low electron fraction
10 (proton per nucleon):
Y.<0.2
PLOLO . P et [10°K] = |eave free neutrons

neutron star
cf. Hoffman et al. 1997



r-process in neutrino-driven winds
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“As a caveat, however, we note that
this agreement may be too good.”
by the authors

|
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high entropy matter from a proto-neutron star
(1D hydro, 20 Mg, star, ~ 400 k/nucleon; Meyer et al. 1992; Woosley et al. 1994)

< reproduced the solar r-pattern, BUT

< such high entropy is unlikely
(=100 k/nucleon, Takahashi et al. 1994; Qian et al. 1996)



S [k/nuc]

surviving scenarios for the r-process

r-process site classification = neutrino-driven winds

10°

10°

NS-NS
n-rich |
matter

of 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.

| © neutron-rich
decompressed matter

of NS-NS

Freiburghaus et al. 1999

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

< black hole winds

05 of NS-NS, BH-NS

Surman et al. 2008



2. nucleosynthesis In
2D ECSNe



fate of ~8-10 Mg, stars ---
ONeMg WDs or ECSNe

final evolutionary stage
fec |oea < thermal pulsing SAGB stars
3 MONeMg:1'1_1'38 M@

core growth AM by H-burning

\ < e-capture induced collapse
nvelope \ when IVIONeI\/Ig-I_ AM—1.38 M@

@ core-collapse SNe (ECSNe)

mass loss from the surface

< core growth ends
when |\/Ienvelope_)o

< ONeMg WDs



fate of SAGB stars?

M/M,
Poelarends 2008; from Langer’s talk in NIC IX

SN channel for SAGBs

< highly uncertain due to
unknown mass loss
Nomoto 1984, 1987, Siess 2007

< synthetic models predict
~4% of CCSNe (Z=Z.)
Poelarends+2008

< ~50% In the early

Galaxy?
Poelarends 2008; Langer



r [km]

self-consistent model of 1D ECSNe

10° Fitdura, Janka, & Hilebrandt 2006~ = 1D, self-consistent
; explosion of a 9 Mg
star

Kitaura, Janka, & Hillebrandt
2006; with the initial model
of Nomoto 1984, 1987

10%E

o 2 small explosion
energy
10° ~ 10% erg
-_-~ — - :) ||tt|e 56Ni (__> Fe)
=3 = ____======~: ~ 0.003 I\/I@

Wanajo+2009, 2010



origin of faint supernovae?

Crab Nebula, hubblesite.org

progenitor of Crab SN?
Nomoto +1982; Hillebrandt 1982

< low explosion energy
4x104 erg; Chevalier 1985

Bl 2 little amount of a-elements

Davidson et al 1982
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origin of faint supernovae?
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Pastorello et al. 2009
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low-luminosity SNellP?
SNe 1994N, 1997D,
1999br, 1999eu, 2001dc, and 2005cs



Absolute magnitude

origin of faint supernovae?

days from maximum
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I SN2008S-like transients?

Prieto et al. 2008

< dust-enshurouded AGB
(AGB SN = ECSN)



nucteosyntheSts in 1D ECSNe

Kt Janka, & Hillebrandt 2006
r-process in ECSNe? AR A r

< prompt explosion? i
Hillebrandt et al. 1984 :
Wanajo et al. 2003 s A
cf. Sumiyoshi et al. 2000 £ 10

for and iron core SN - !

< shock-heated core-

surface layers?
Ning et al. 2008

to, [Ms])

1D, self-consistent, neutrino-driven explosion of a 9 Mg star
Kitaura, Janka, & Hillebrandt 2006: with the initial model of Nomoto 1984, 1987

< NO I-process Hoffman et al. 2008; Janka et al. 2008, Wanajo et al. 2009

< production of Zn, Zr and light p-nuclei during the first 1 s
Wanajo, Nomoto, Janka, et al. 2009; Roberts et al. 2010



no r-process in proto neutren star winds

U_IIIIIIIIIIIIIIIIIIIIIIIHIIIIIIIHIIIIIIIIIIIIIIIIIHIIHIIIIIIIIIHIIIIIIIIIIIIIIIIIIHI T
0.6F -
136 B 7
>~ 0.55F -
B — SKA g
B — Shen 3
0.5 — LS ]
e 1 2003 4 5 B 71 8 9
t [s]
O ST 6 8.0 100 120 110 160 self-consistent eXpIOSion ofa 9 M@ star
¢ (sec) Hldepohl et al. 2009 .

Woosley et al. (1994)

< Y. > 0.5 all the way in the neutrino-driven phase

due to the similar neutrino energies for all flavors
Hudepohl et al. 2009, Roberts et al. 2010; cf. Fischer et al. 2009 for iron core SNe

< No r-process in the neutrino-driven winds....
BUT we should wait the self-consistent simulations of more massive SNe



2 D self-consistently exploding

model of an electron capture
supernova (ONeMg SN)

Wanajo, Janka, & Muller 2011



Wanajo, Janka, & Miller 2011

0.00 2 PisAY 0.40




2D self-consistent explosion
of an ECSN (a 9M, star)

—2000 0 2000

0.56
< convective n-rich lumps

1054 (down to Y, ., = 0.40)

A5,

e, min
0.51
< Nn-rich lumps have

°4° low entropy
_ ~13-16 kg per nucleon

20

15 0.4

0.44

< nucleosynthesis

10 42 for 2000 tracer particles

s [ky/baryon]

Wanajo Shinya, Janka, Hans—Thomas & Miiller Bernhard,2011,Ap;,726,15



Y, distribution: 1D vs. 2D

5 _I ' L g | . e 1 1 pet &
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Wanajo Shinya, Janka, Hans—-Thomas & Miiller Bernhard,2011,Ap;,726,15



mass-integrated yields relative to solar
(production factors)

1D model (wanajo+2009)
@ only upto N =50
- (A= 90)
\ 24 < only Zn, Ge, and Zr

2D model
< still up to N =50
< but can be the source

mass fraction relative to solar

10‘ 1 L L " ) 1 L N L s 1 L
= = i of Zn, Ge, As, Se, Br,
atomic number Rb, Sr, Y, and Zr
< BUT, no r-process....
Wanajo Shinya, Janka, Hans—Thomas & - 56N1:
Miiller Bernhard,2011,Ap;,726,15 > I_Ittle e ( NI) RS
= 0.003 M,

consistent with obervations



contribution of ECSNe to the Galaxy

86Kr has the largest production factor (=610)
> f=0.048

2 ~18% contribution to 8Kr from the s-process
Arlandini +1999

< ~4% of all CCSNe (averaged over the Galactic history)
consistent with the SAGB synthetic model of Poelarends+2008



how low Y, i, IS Needed for r-process?

g, < ' test calculations
1D 2D 2
4l = ¥ Y min=0.40, 0.35,
= F=t =
. 3IS O < 1-2x10~ Mg, for
= 2:_?.1 b - A B AY. = 0.005
- |
1:>” =
Ye, min i e ___
Ml m
0.40 0.45 3 0.f

Wanajo Shinya, Janka, Hans—-Thomas & Miiller Bernhard,2011,Ap;,726,15



how low Y, .., IS Needed for the weak-r?

-1 “i"e'“ “ulllle”a' ““rll'lsl < -
10, i LS K ARSI PN S BEGOSHs, 1  comparison with an
3 i . g el
10_3 F = 040 0300.250.200.15 r-deficient star
o "HRR2%s 1  HD122563
§10_5 : 1 Honda, Aoki, Ishimaru, Wanajo,
S 10 i E
E]O'6 \I\/\/\’\/‘\/ - sk e
e g i @ Ye min= 0.40 (original)
- Ge and Sr-Y-Zr
10° Frer A koo il Pttt atifd O v, = 0.30
30 40 50 60 70 80 up to Pd Ag Cd
atomic number i ’
DNa2 =020
Wanajo Shinya, Janka, Hans—Thomas & all, BUT out of reach of

Miiller Bernhard,2011,Apj,726,15 our ECSN model



3. another scenario



black hole winds

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

NS-NS or BH-NS mergers
< low Y, (~0.1-0.3?) _black hole winds

|vlcore > 2.5 M@ \ f

black hole .‘
formation j \

hypernovae (collapsars)
< high Y, (=0.57?)




Argast et al 2004_
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- observation
- calculation |

< BUT a clustering model of mini

halos does not exclude this

possibility!!
(Prantzos 2006, 2008;

- heutron star mergers?
- 2 long lifetime (> 100 Myr) and low

frequency (10> yr-1) would lead to
the delayed appearance of r-
elements and too large scatter Iin
the Galaxy (Qian 2000; Argast et al. 2004)
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formatlon of ablack hole accretion torus

coalescence

3 tidal disruption of n-rich matter
(only for NS-NS)

4 < r-process?

neutrino-driven winds from the
black hole accretion torus

‘ < r-process? short GRB?

www.mpa-garching.mpg.de



abundance

nucleosynthesis in black hole winds

comparison with solar r-abundance

1 total r-nuclei mass (A>100)

: @ M, ~0.05 Mg
assuming t,.. = 100 ms

< event rate should be
s 10 2y

r-abundance distribution
< reasonable combination

100 150 200 with Yoo = 0.1 - 0.3 can

mass number :
fit the solar r-pattern
Wanajo & Janka, in prep.



summary 1

Yttrium .
39 il A
& Wl |

nucleosynthesis In the self-consistent 2D ECSN of a 9M, star

< production of many “light n-capture” elements between the iron-
group and Sr-Y-Zr (but made in QSE and NSE)

< contribution to the Galaxy: ~4% of all core-collapse events

< Ye min from 0.40 (original) to ~0.3 Is needed even for a weak r-
process (up to Pd, Ag, and Cd); a high res. 3D study is needed!



summary 2

black hole winds resulting from NS-NS (or BH-NS) mergers
< expected low Y, (=0.1-0.3) leads to production of

the heavy r-process elements

< more studies are needed ! (hydro., nucleosynthesis,
Galactic chemical evolution, relevance to GRB, etc.)



origin of gold (r-elements) still remains a mystery....



References 1

Lodders Katharina,2003:Solar System Abundance and Condensation Temperature of the
Elements,Apj,591,1220,1247

Wanajo & Ishimaru,2006:r-process calculations and Galactic chemical evolution,NuphA,777,676

Sneden Cristopher,McWilliam Andrew,Preston Georeg W,Cowan John,Burris Debra,Armosky
Bradley J,1996:The Ultra-Metal-poor,Neutron-Capture—rich Giant Star C522892-052,Apj,467,819

Honda Satoshi,Aoki wako,Kajino Toshitaka,Ando Hiroyasu,Beers Timothy C,lzumira
Hideyuki,Sadakane kozu,Tkada Hidai Masahide,2004,Apj,607,474

Francois P.,Depagne E.,Hill V.,Spite M.,Spite F.,Plez B.,Beers T. C.,Andersen J.,James G.,Barbuy
B.,Cayrel R.,Bonifacio P.,Molaro P.,Nordstrom B.,Primas F.,2007:First stars. VIIIl. Enrichment of the
neutron-capture elements in the early Galaxy,A&A,476.935

Sneden Christopher, Cowan John J.;,Lawler James E., Ivans nese |., Burles Scott, Beers Timothy C.,
Primass Francesca,Hill Vanessa,Truran James W., Fuller George M., Pfeiffer Bernd, Kratz Karl-
Ludwig,2003, The Extremely Metal-poor, Neutron Capture-rich Star CS 22892-052: A Comprehensive
Abundance Analysis,Apj,591,936

Honda S.;,Aoki W.,Ishimaru Y., Wanajo S., Ryan S. G.,2006, Neutron-Capture Elements in the Very
Metal Poor Star HD 122563,Apj,643,1180

Mathews G. J.,Cowan J. J.,1990,New insights into the astrophysical r-process,Natur,345,491

Ishimaru Yuhri,Wanajo Shinya,1999,Enrichment of the R-Process Element Europium in the Galactic
Halo,Apj,511,33

Hoffman R. D.,Woosley S. E.,Qian Y.-Z.,Nucleosynthesis in Neutrino-driven Winds.Il Implication for
Implications for Heavy Element Synthesis, 482,951

Woosley S. E.,Wilson J. R.,Mathews G.J.,Hoffman R.D.,Meyer B.S., The r-process and neutrino-
heated supernova ejecta, 433,229

Kitaura F.S.,Janka H.-Th.,Hillebrandt W.,2006:Explosions ofO-Ne-Mg cores,the Crab supernova, and
subluminous type II-P supernovae,A&A,450,345



References 2

Pastorello A., Valenti S., Zampieri L., Navasardyan H., Taubenberger S., Smartt S. J.,

Arkharov A. A., Barnbantner O., Barwig H., Benetti S., Birtwhistle P., Botticella M. T., Cappellaro E.,
Del Principe M., di Mille F., di Rico G., Dolci M., Elias-Rosa N., Efimova N. V., Fiedler M.,
Harutyunyan, A., Hoflich P. A., Kloehr W., Larionov V. M., Lorenzi V., Maund J. R., Napoleone N.,
Ragni M., Richmond M., Ries C., Spiro S., Temporin S., Turatto M., Wheeler J. C.,2009, SN 2005cs
in M51 - Il. Complete evolution in the optical and the near-infrared, MNRAS,394,2266

Prieto Jose L., Kistler Matthew D., Thompson Todd A., Yuksel Hasan, Kochanek Christopher S.,
Stanek Krzysztof Z., Beacom John F., Martini Paul, Pasquali Anna, Bechtold Jill,2008: Discovery of
the Dust-Enshrouded Progenitor of SN 2008S with Spitzer,681,9

Wanajo Shinya, Janka, Hans-Thomas & Mduller2 Bernhard,2011; Electron-capture Supernovae as
The Origin of Elements Beyond Iron,Apj,726,15

Argast D., Samland M., Thielemann F.-K., Qian Y.-Z.,2004; Neutron star mergers versus core-
collapse supernovae as dominant r-process sites in the early Galaxy,A&A,416,997

Ishimaru, Wanajo, & Prantzos, in prep.
Wanajo & Janka, in prep.

Clayton D.D.,1984,Principles of Stellar Evolution and Nucleosynthesis, University Of Chicago
Press,586

http://www.mpa-garching.mpg.de


http://www.mpa-garching.mpg.de/

