Explosive Nucleosynthesis in the Outer Shells
of Massive Stars

Thomas Rauscher

University of Basel, CH & University of Hertfordshire, UK



Monburning hydrogen

Hydrogen fusion
Nucleosynthesis depends on:

e Structure of star
Energy and propagation of shockwave

Nuclear reactions during shock passage

Helium fusion

Carbon fusion

Oxygen fusion
Meon fusion
Magnesium ____-
fusion
Silicon fusion
Iron ash
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Explosive Nucleosynthesis
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e L1, B, F from 1-burst

* Ti-Fe-Ni: depends on expl.

1)

mech., mass cut, (n-flux)

* ~-Process (depending on

mass/stellar structure)

ratic production factors post—SH / pre—SH
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Explosive Nucleosynthesis
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« L1, B, F from v-burst

* Ti-Fe-Ni: depends on expl.
¥ mech., mass cut, (n-flux)

* ~-Process (depending on
mass/stellar structure)
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ratio production factors (ejecta)

Ratio:

—_
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H/L

60 70 80 90 100
mass number

L: 0.1 M, >6Ni (1.735 x10°! ergs)

KEPLER code (piston) H: 0.2 M, *®Ni (2.293 x10°! ergs)



The »~Process
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p-Production in
various stellar
models
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production factor relative to s

* Depends on progenitor mass
* Depends on initial metallicity

oo | | | | |
* Already new Lodders 80 100 120 140 160 180 200
abundances lead to some mass number
differences 10

* due to big '°0 differences
* and different pre-SN evolution
(mostly in He-burning)
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Production factors:

production factor relative to 'O
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Hashimoto (1990)

(also used in Rayet et al 1995,
Rapp et al)

25 Msun

KEPLER 25Msun

KEPLER 15Msun

made before explosion, partially destroyed in

y-progess
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initial solar metallicity:
Anders & Grevesse (1989)
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Abundance, log(¥/¥oeax)

Monte Carlo uncertainties of p-production

Element Element
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post-processing with simultaneous
MC variation of all rates, using T-
dependent nuclear uncertainties

(Rauscher et al, MNRAS, in press
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p-Nucleus Production/Destruction per Zone
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Cannot follow detailed temperature evolution,
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Previous variation study using Hashimoto model and manually varying individual rates and rate groups
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ABSTRACT

The astrophysical p-process, which is responsible for the origin of the proton-rich stable nuclei heavier than iron,
was investigated using a full nuclear reaction network for a Type II supernova explosion when the shock front passes
through the O/Ne layer. Calculations were performed with a multilayer model adopting the seed of a preexplosion
evolution of a 25 M star. The reaction flux was calculated to determine the main reaction path and branching points
responsible for synthesizing the proton-rich nuclei. In order to investigate the impact of nuclear reaction rates on the
predicted p-process abundances, extensive simulations with different sets of collectively and individually modified
neutron-, proton-, and a-capture and photodisintegration rates have been performed. These results are not only
relevant to explore the nuclear-physics-related uncertainties in p-process calculations but are also important for
identifying the strategy and planning of future experiments.



Key reaction comparison to the 25 Mso model of Rapp et al. (2006)

SELECTED (7, &) REACTION CHAINS

N.B.: Comparison of our key rates found by

. . ) X Reaction Chains
MC variation of KEPLER trajectories
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has been constrained appear in two of the chains

We find additional key rates not listed in these tables (see list of key rates on previous slide)



Key reaction comparison to the 25 Mso model of Rapp et al. (2006)

SELECTED (7, &) REACTION CHAINS

N.B.: Comparion of our key rates found by

. .. . ) i Reaction Chains
MC variation of Hashimoto (1990) trajectories
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We find additional key rates (Lv 1-3) not listed in these tables.



Abundance change in mass zone:

Hashimoto KEPLER 25Msun KEPLER 15Msun
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Abundance, logig(¥/¥oeai)

Uncertainty distribution functions for final p-production
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» Level 1 key rate: strong correlation with abundance change

» Level 2: strong correlation with remaining abundance after level 1 key rates kept fixed

(level 1 rates covered their contribution before)
» Level 3: strong corr. after level 1 and 2 kept fixed

Consider g.s. contribution to

judge experimental possibility

L i —_ :
Independent of initial magnitude of uncertainty! for improvement.

Nuclide  7com0  Tcorr,1  Teorr2 Key rate Key rate Key rate Xo (2 GK) Xp (3 GK)

Level 1 Level 2 Level 3 capture capture
c BKr 077 TBr + p & y + ®Kr 9.63x102  4.44x1072
7 038  0.66 PKr + n o y + ®Kr 1.28x 1071 7.94 %1072
S 2Mo  —0.87 INb + p & y + 2Mo 8.88x 1071 824 x 107!
%Mo 0.78 SMo + n & y + %Mo 9.14x10°!  7.69x 107!
N %Ru 067 2Mo + a ¢ y + %Ru 1.00  9.86x 10"!
o 12pq  -0.71 101pd 4+ n & y 4+ 102pg 562x1071  3.97x 107!
| 126n  —0.74 Mgn + n oy + 11280 779%1071 673 x107!
E 360 0.53  0.66 137Ce + n o y + 138Ce 416x1071 254 x107!
w 138Ce 0.71 139Ce + n & y + 140Ce 871x107"  6.43x 107!
b4 1387, 0.94 3810 + ne>y +1991a 6.18x 107! 4.92x 107!
144Sm 0.79 5By + p o y + 4Gd 8.06x 1071  6.02x 107!
14 076 I0Er + o o ¥+ 19YD 213x1071  1.24x107!
18yh  —0.80 164Yb + a & y + 198Hf 2.12x1071  1.26x 107!
-0.14 -0.67 16Yh + @ o y + 1OHf 1.80x 1071 1.10x 107!
1807 0388 130Ty + n ey + 18T 7.09%107%2  3.96 x 1072
0.09  0.90 1Ta + neo y+ 80Ta 237x1071  1.46x107!
10w 082 16W + o & y + 18005 1.83x107!  1.04x107!
190pg  —0.79 190Pt + n oy + 9Pt 3.58x10°"  1.58x 107!
19%Hg  -0.86 195Pb +n e y+ %Pb 297x 1070 1.89x 107!
0.17 0.64 0.65 Y7Pb + n oy + %¥Pb §3.28x10°1  2.39x 107!
2Nb 0.75 27r + p o y + BNb 991x1071  9.76 x 107!

Bre 0.89 %Mo + p &y + TTc 9.50x10°!  8.56x 107!
146Sm  -0.65 1449m + a & y + 8Gd 9.99x 1071 9.65x 107!
0.33  0.79 47Gd + n & y + 8Gd 9.92x10°!  9.28x107!




KEPLER 25 Msun

Resulting from simultaneous variation of all rates within uncertainties!

Advantage over (manual) independent variations of individual rates:

1. Complex, changing flow patterns can be explored without previous identification of paths.

2. Rates with larger uncertainty (and even far away from p-nuclide) can dominate uncertainty even
when p-abundance is not strongly sensitive to rate change.

Nuclide  rcom0  Tcorr Teorr2 Key rate Key rate Key rate Xo (2 GK) Xp (3 GK)
Level 1 Level 2 Level 3 capture capture

BKr -0.84 TBr + p & v + BKr 9.63x1072 4.44x1072

0.34 0.87 PKr +n o y + 0Kr 128 x 107" 7.94x 1072

92Mo -0.74 %INb + p & v + 2Mo 8.88x 1071 824x107!

%Ru -0.73 2Mo + @ & y + %°Ru 1.00 9.86x 107!

-0.43 —-0.69 BSTec + p o ¥+ PRu 7.64% 1071 6.60 x 107!

102pg —0.87 Wipd + n &y + 192pPd 5.62x 1071 3.97x 107!

H2gp —0.88 Mgy +n ey + 128n 7.79%x 1071 6.73 x 107!

11480 -0.77 Sy +n e y+ Sn 1.82x 107" 1.28 x 107!

120 -0.64 —0.66 9Te + n o y 4+ 120Te 243x107!  1.77x 107!

124%Xe -0.74 1BXe + n & y + #Xe 825x 1072 4.38x 1072

126X e —0.75 125Cs + p & v + 126Ba 1.17x 1071 7.41x1072

0.30 0.64 0.65 127Ba + n <y 4+ 1%Ba 578x 1072 3.59x 1072

130Ba  —0.66 129Ba + n & y + 13Ba 577%x1072  3.55x 1072

132B, -0.77 BIBa + n & y + 132Ba 1.07x1071  585x 1072

136Ce —0.69 135Ce + n & y + 136Ce 1.86x 1071 8.94x 1072

0.31  0.72 139Ce + n & y + 40Ce 8.56x 107"  6.09 x 107!

138Ce —0.66 137Ce + n o y + 138Ce 416x 1071 2.54x 107!

-0.16 —0.19 —0.66 36Ce + no y+ ¥7Ce  757x107"  4.70x 107!

1448m 0.70 145Fu + p & v + 146Gd 8.06x 1071  6.02x 107!

1524 -0.74 151Gd 4+ n & y + 192G4d 6.18x 1071 3.87x 107!

043  0.76 18Gd 4+ n o y4 %4aGd 538x 1072 278 x 1072

-0.14 -0.26 -0.73 18Sm + ¢ & y + 2Gd  8.14x 107! 5.22x 107!

164 —-0.78 10Er + @ & y + 1¢4YD 2.13x 1071 1.24x 107!

180w -0.83 W + a & y + 1800sg 1.83x107"  1.04x 10!

-0.19 -0.60 -0.68 I0s + no y+ 1890s  489x102 249x 1072

196Hg  —0.83 195Ph + n & y + 9Pb 297x107!  1.89x 107!

0.31  0.70 97pb + n & y + %8Pb 328x107"  239x 107!

0.17 035 0.67 9Ph + neoy+20Pb  637x1071  3.47x107!

92Nb 0.76 NZr + p & v + %INb 1.00 9.95x107!

1465m -0.57 -0.75 4om + a & v + "8Gd 9.99x 107!  9.65x 107!

0.34 044  0.79 4Gd 4+ neoy+ "Gd  9.92x107"  9.28x 107!




Remaining rates with some correlation: Cannot account for the remaining uncertainty alone!

Not “key rates” but of interest in combination with other rates after key rates have been
determined.

Nuclide  reor3 Rate Xo (2GK) X (3 GK)
M8e 04 TAs+pen+PSe 353x1070 1.76x107
73 74 -1 -1
N e ROO0 ROON s, S, s iTOTier e b
Se 05 TPAs+peoey+MSe 339x107!  241x107! -05 BRb+pey+ ¥Sr 283x 1071 247x107!
-04 Get+aoy+™Se 987x1071 9.15x107! BRu  -06 Y"TRu+ney+PRu 807x1070  626x107!
-04 PSe+neoy+Se  437x1071  322x107! 0609 —06 Cd4+neoy+1%cd 525x1070  3.71x 107!
9484Sr -0.6 923Rb +pey +986481' 2.83 x 10:1 2.47 X 10:1 0.6 109111 +poy+ 1IOSn 0.89 % 10—1 0.28 % 10—1
Mo 0.6 931\/[0 +ney+ 94NIO 8.93x 10 : 7.59 % 10 ; 1UBCd —0.6 107Cd +ney + IOSCd 6.19 % 10—1 4.22 % 10—1
Wne  —of % e A . ceniol o3 g0 . 04 MIhtpoy+!%n  989x107 928x107
04 Cd4noy+%Cd 525x107 371107 e . e rmoBdEE il LD
04 nipeoyilSn  989x10- 928 107! 115Sn -0.6 114Sn +ney+ 115Sn 1.89 x 10_1 1.37 x 10_1
%BRu 06 YRu4+noy+BRu 807x107!  626x10°! s THE L pisenerpes mn SRRl - Sl
1060d 06 15Cd+neoy+1%0d 525x1071  371x107) 16 03 O la-mergtd ol 202RI0T SS0xI0
04 I +peoy+08n  989x10-! 928 x 10! 124Xe  -05 1BXe+neoy+1%Xe 819x102 478x1072
1804 06 7Cd4ney+1BCd 619x100  422x 107! Ba 05 Batney+PBa 375x1070 1.65x 107
131 05 "“Int+neoy+In  194x1071  9.60x 1072 05 YlBa+4+ney+*2Ba  1.07x107!  585x1072
15gn —04 MSnt+neoy+15Sn  993x107!  9.14x 107! 132Ba 04 PBa+ney+!3Ba 117x1070 691x1072
18yh  —06 !%Yb+aoy+ BHf 214x1070  1.28x 107! 2gd 06 B2Gd+ney+18Gd 439%x1071  1.97x 107!
74gf 04 '"Hf+aoy+ W 178x1077  1.08x107! 04 BGd4+ney+1Gd 538x102  2.78x1072
Tc 05 BTc+neoy+PTc 283x1071  225x 107! Dy 06 “Dy+ney+ Dy 823x107  412x107
05 %Tc4noy+9Tc 300x10"  2.53x 107! o 05 e rOEPss O leiElin il

Er -05 Er +a oy +1%Yb  3.10x10 1.71 % 10
gf 04 MHf+neoy+ PHF 101x1070 556x1072
25 Msun 805 05 30stney+ 80s  139x1077  7.78x 1072
BoHe 05 "Pb+ney+29Pb  421x1070  2.03x 1071
15 Msun T¢ 04 %PRu+neoy+9Ru 1.00  9.91x 107!




Possible Discussion Topics

e Stellar structure from stellar evolution > Nuclear physics uncertainties
models

» differences from numerical modelling
 effects of rotation
* going beyond 1-D: how nucleosynthesis is

— involves nuclei at or close to stability

— high Coulomb barriers pose problem for
experiments at relevant energies

affected by — experiments cannot constrain most rates
« differences in structure (shells, convection zones) directly due to high T and high level
« differences in convection densities
e Stellar explosions — most reactions are non-resonant compound
* Differences from numerical modelling (Hauser-Feshbach)
* Explosion energy, mass cut (mostly affecting inner zones?) » low energy ywidths (y-strength function, NLD)
+ Differences from “effective” explosion treatment » low energy a-widths (c-optical potentials)
(piston, thermal bomb, PUSH, etc) — comprehensive test of dependence of
* Neutrino fluxes “far out”, neutrino spectra nucleosynthesis on nuclear input:
* beyond 1-D: Further MC studies planned!

asphericity in burning front?
aspherical explosion (ejecting chunks in different directions)

* how do these really affect explosive > Observational constraints
nucleosynthesis in outer layers?! —  mostly indirect (ws-process, j-process)

— weak interactions for v-process

— e.g., hodirect obs. possible for p-nuclei

> Feeding into GCE models

— contribution of stars with different masses
and metallicities




