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The s-process

- produces a half amount of heavy Isotopes beyond iron

(a recent review, Kaeppeler et al., 2011, RvMP, 83, 157)

- (n,r) and B-decay from Fe seeds along the stable nuclel
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Two sites of the s-process

weak s-process Mmain S-Process

- massive stars (> 10 M) - low mass AGB stars
- core He and shell C-burnings _ thermal pulses

- neutron source: ““Ne(a,n)*>Mg _ neytron source: 13C(a,n)160

- weak component (A < 100) - main component (up to Pb, Bi)
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The s-process in massive stars: uncertainties

Nuclear Reaction Cross s2ction, Astrophysical Reaction
Abundances
property model Rate model network

by Rauscher (arXiV:1412.6990)

Stellar environment
- Stellar (structure) evolution models
- mass, metallicity, dynamics: convection, rotation and
magnetic fields, single/binary stars etc.

- Nuclear burnings in the stellar interior
- main fusion reactions: triple-a, 2C(a,g) 0, -
- n-source and n-poison reactions: ¢2Ne(a,n)2°Mg, -
(see e.g., Nishimura et al., AIPC 1594 p 146, 2014)

Network calculation Monte-Carlo simulation

- (n,g) reaction |
- pbeta-decay h

- Nucleosynthesis

uncertainty in the
final abundances

feedback (find key reaction/decay)
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MC nuclear reaction network:
Method and Results
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Monte-Carlo network code

- Monte-Carlo framework
- PizBuin MC-driver
(developed by Rauscher, NN, Hirschi)

.

-a simple "Brute-force” approach NN
- parallelized by OpenMP for shared %7‘&‘ e - i
memory architectures Piz Buin (mountain)

(paralleled easily, but harder debugging. . .)

- Nuclear Reaction network
- Network solver:
- WinNet: the latest Basel network, Winteler+, 2012
- Reaction rates:
- Reaclib: (Rauscher & Thielemann 2000)
- [-dependent beta-decay (Takahashi & Yokoi 1987, Goriely 1999)
- T-dependent uncertainty:
- Provided by Reaclib format, based on Rauscher 2012




T-dependent uncertainty: (n.v) & 3-decay

(n.g) reactions

Experimental rates
- base rates: KADoNiS v0.3 (Dillmann+, 2009)

- consider both g.s. and e.s. (Rauscher, Apd, 775, 2011

U(T) =Ugs. X +Uecs (1 —X)

B -decay: a similar method using partition functions
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MC calculation with reaction network
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Propagation of uncertainty: ®4Cu(-)%4Zn
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Uncertainty by MC: (n.g) and 3-decay
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Uncertainty by MC: (n.g) and [3-decay
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Correlation factors
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Screening of the reaction rates
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all Lv1 reaction all Lv1l+LvZ2 reaction

Key reaction list

are fixed are fixed
Nuclide  reor,0  7cor,1  Tcor2 Key rate Key rate Key rate Xo 30 keV)  Xp (80 keV)
Level 1 Level 2 level 3

647n 0.76 %4Cu(+8)%Zn

-0.47  -0.73 4Cu +e” o v + ®Ni
677n -0.67 77n +ney+ %Zn 1.00 1.00
2Ge -0.85 2Ge +no y+ BGe 1.00 1.00
BGe -0.84 BGe +neoy+ "Ge 0.88 0.81
"4Ge -0.44 -0.53 -0.67 4Ge +neo v+ PGe 1.00 1.00
S As -0.50 -0.58 -0.70 BAs +neoy+ OAs 1.00 1.00
71Se -0.86 Se +n ey + 8Se 1.00 1.00
8Se -0.71 8Se +ney+ Se 1.00 1.00

0.37  0.68 87Zn +neoy+ 9Zn 1.00 1.00
80Se -0.76 80Br(+8)8Kr

0.27  0.73 80Br(-B)80Se

0.16 044 0.88 80Br +e” & v, + 80Se
Br -0.63 -0.73 ®Br +neovy+ ¥Br 1.00 1.00
81Br -0.80 81Kr +neoy+ 2Ky 1.00 1.00
8Kr -0.76 BKr +neoy+ ¥Kr 0.81 0.74
84Kr -0.49 -0.64 -0.76 ¥Kr +neoy+ BKr 1.00 1.00
SKr 0.84 ®Kr +n o y+ SOKr 1.00 1.00

-0.31 -0.71 8Kr +neoy+ ¥Kr 1.00 1.00

-0.33 -0.62 -0.90 SKr(+8)¥Rb
*’Rb -0.57 -0.64 -0.95 *Rb +ne&y+ °Rb 1.00 1.00




Key reaction list: 8°Kr

Key reaction Key reaction Key reaction
Level 1 Level 2 level 3
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main S-process
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main S-process
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One more exam

le: gamma-

TOCESS

Rauscher, NN+ (2016), MNRAS (in press) arXiv:1606.0567 1
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126Xe  -0.75 125Cs + p ery + %Ba L17x107  7.41x1072 mge g.;s 0.66 139G 10G Ce+nery+ ™Ce ‘;'_1,6" lg_l 2‘5;" 18_1
030 064 065 Ba 4 nery+ BBa  S78x102 3591072 e 71 e s Fnoyt [ Ce T1X107 643X 107
1308, ~0.66 19Ba +n e y+ ¥Ba 577x 1072 355x% 1072 La 0.94 La+ney+ “La 6.18 x 10 492x10
2By 077 BiBa 4 n ey + 32Ba 1.07x1077  585x 1072 1448 m 0.79 SEu 4 p & y + %Gd 8.06x107"  6.02x107!
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031 0.72 PCe + n ey + Ce 8.56x10"  6.09x107! 168yh  -0.80 164Yh + a & y + 18Hf 212x1077  1.26x 107!
3¥Ce  -0.66 ¥Ce 4+ n e y + ¥Ce 4161077 254x107! 0.14 0.67 166y}, 170 -1 -1
- - -0. 0. + a oy + OHf 1.80 % 10 1.10% 10

-0.16 -0.19 -0.66 Ce+nery+ VCe  757x1070  470x 107! 1807, ~0.88 180Ta 4 n oy + $1Ta 7.09%102  3.96x 10-2

4sm 070 SEu + p &y + 1Gd 8.06x10"  6.02x107! ) 179 180 ’ 1 ) 1
12G4 074 151Gd 4 n e y + 2Gd 6.18x 10" 387 x 10~ ) 0.09 0.90 , Ta 4+ ney+ ®Ta 237x10 146 x 10

043  0.76 9Gd + n oy + %Gd 538x107%  2.78x 1072 180y -0.82 W + @ o y + %005 1.83x107"  1.04x 107

014 -026 -0.73 45Sm + @ ey + 12Gd  8.14x107"  522x 107! %0py  -0.79 199Ppt 4 n ey + 9Pt 3.58x107"  1.58x 107!
e 078 0B 4 @ & y + '$YD 213x107" 124x 107! 19%Hg  -0.86 195Pb 4+ n &y + %Pb 297x107"  1.89x 107!
w083 W + @ y + 1905 1.83x 107" 1.04x107! 017 064 065 9Pb + n ey + Pb  328x107!  239x107!

-0.19 -060 -0.68 MOs+ney+ ™0s  489x107  249x1072
%Hg  -083 %Pb + n ey + Pb 297x107"  1.89x 107! 92Nb 0.75 R%7r + p &y + ®Nb 9.91x10°" 976 x 107!

031 070 'Pb +n &y + ¥Pb 328x101 239107} BTe  0.89 %Mo + p & y + 7Tc 9.50x 107 8.56x 107!

9 -1 - g -

017 035 067 ¥Pb+ney+PPb  637x10 347x107! 46Sm  —0.65 ¥4Sm + @ o y + ¥8Gd 9.99%10~!  9.65x 10-!
92Nb 0.76 NZr + peo y+ ¥Nb .00 9.95x 10! 0.33  0.79 “1Gd 4+ n & y + 8Gd 992x10°"  9.28x107!
W6gm 057  -0.75 HSm 4 a ey + 5Gd 9.99x 10" 9.65x 10"

034 044 079 “IGd + ne v+ "Gd  992x107"  9.28x 107!



F u tu re photo-disintegration

and (n,r)/(a,r)/(p,r) ”

- Other nucleosynthesis

P-process, vp-process,
r'p-process, r-process eic.

- UK Supercomputer facility

DIRAC
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meeting
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Summary:

-MC nuclear reaction network code

- applicable to general nucleosynthesis

- statistical analysis to find important reactions

- parallelized by OpenMP for shared memory systems
- S-process

- [-dependent uncertainty enhanced by exited state
contribution

- (n, r) contributes global uncertainty, while few beta-decay
affects uncertainty around branchings

- key reactions (n,g) and B-decay are identified
-weak s: 10+ reactions/decay
-main s: ~50 mostly (n, y) reactions
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Backup slides

. [-dependent uncertainty

. (n,9)

. beta
. the main s-process key rate full list
. performance tests



Importance of T-dependent uncertainty:

ground state contribution: X, by Rauscher, ApJS, 201, 2012
b [ o (E) @vp(E, T)dE
T rGD) [T EO(E, T)E | o = 33 B B g — )

(n,g) at 30 keV (0.384GK)

faCtOr X(T) ) at 1.5 GK only g.s.  Rauscher+ ApJL 2011
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T-dependent uncertainty: (n.q)

For details, see T. Rauscher, ApJL, 775, 2011

- Theoretical rates (incl. some experimental ones)
- basic rates: Reaclib (Rauscher & Thielemann 2000)

- a constant factor 2
- Experimental rates

- pase rates: KADoNiS v0.3 (Dillemann el al., 2009)

- the formula: Rauscher, ApJ, 775, 2011
11

U(T) — Ug.s.X + Uve.s.(1 — X)

e ground state (experimental based):
Ugs. ~ 1.0 - 1.3

e ecxcited states (theory based):
Ue.s. = D (given constant)

X (T): the fraction of particles
in the ground state

0.1

2
10
10

X: 83Kr(n,g)®*Kr

— X-factor

s-process

P-process

10

Temperature, GK

10° 10*
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T-dependent uncertainty: beta-decay

- beta-decay: only the ground state 1.3 (30%)
- beta-decay: T-dependent
(Bruslib: Takahashi & Yokol 1987, Goriely 1999)

1
go(T')

U(T) = 2 e, (1 _

e ground state: ugs = 1.3 (30 %)

e excited states: ue.s = 10

go: partition function
of the ground state

)

decay rate

107

10

107 }

10}

-]
o
©

Beta-decay: '°Se — 7°Br

- upper

6|| — standard

- |lower

S-Process,” . .- ------o__ _

————————

P-process




main s-process: full list

Nuclide 7cor,0  Teor,t  Teor,2 Key reaction
Level 1
Sr88  -0.65 88Sr(n,y)%Sr
Y89  -0.83 89Y (n,7)0Y
Zr90  -0.89 WZr(n,y)" Zr
Zr91  -0.91 NZr(n,y)"*Zr
Zr92  -0.92 2Zr(n,y) " Zr
Zr94  -0.86 MZr(n,y)"Zr
Nb93  -0.97 93Zr(n,y)"Zr
Mo95  -0.85 ¥ Mo(n,y)"*Mo
Mo96  -0.94 % Mo(n,y)""Mo
Mo97  -0.87 9"Mo(n,y)"*Mo
Mo98  -0.94 ““Mo(n,y)""Mo
Ru99  -0.91 W Te(n,y)'"Te
Rul00  -0.93 199Ru(n,y)'"""Ru
Rul02 -0.86 12Ru(n,y)'""Ru
Rh103 -0.95 13Rh(n,y)"""Rh
Pd104  -0.97 104p(n,)19Pd
Pd106  -0.97 106P(n,)17Pd
Pd108  -0.96 08P (n,v)19Pd
Aglo7  -0.81 07Pd(n,y)'"*Pd
Agl09  -0.80 109Ag(n,y) "Ag
In115  -0.97 5In(n,y) °In
Sn119  -0.97 1198n(n,y)"*"Sn

Sn122

Sh121
Tel25
Tel26
Xel28
Xeld2
(Cs133
Bal34
Bal3b
Bal36
Bal37
Bal3s
Lal39
Gd152
Erl166
Erl68
Tal81
Os187
Pt192
Hgl198
Hg200
Hg201

-0.73

0.57
-0.33
-0.92
-0.92
-0.69

0.66
-0.97
-0.89
-0.85
-0.70
-0.88
-0.84
-0.65
-0.87

0.59
-0.81
-0.86
-0.84
-0.86
-0.89
-0.63
-0.67
-0.77

0.86
-0.49

-0.71

0.60

-0.65

-0.96

0.66

-0.68

‘22Sb(¥3)'22Tc

l2le(n’7) 1228hH
125’1‘0("’7) 126 Te
'%Tc(n,'y) 127Tc
l281(+6) 128xc
l(i')xc(n’,y) l.'l!lxc
“”’Cs(n,'y) IJMCS
134 Ba(n,'y) 1358,
l(lSBa(nn,) 136 R,
l(lﬁBa(n’,Y) 13788
lZlTBa(n’,y) l.'lSBa

lIS‘JLa(n’,),) M()La

166Er(n’7) 167 Ry
168Er(n’7) 16Oy
"“Ta(n,'y) 182Ta
l&?os(n’,y) 18808
192Pt(n’,7) 198pt

2()0Hg(n’7)201 Hg

201 I’ig(nﬂ’)?(ﬁ Hg



Large-scale MC calculations

for shared memory systems
- Fortran + OpenMP
- parallelized well
- optimized code/matrix library
for large scared memory
computers (multi threads)

- Computer resources

numascale

PR E—— }

~~~~~~

Shyne cluster
@Keele (ERC)

performance tests of matrix solvers
on shared memory system

80

=8)

Speed-Up (normalized by N

number of core

Cosmos2 @Cambridge




