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Synthesis of the Elements in Stars”®

E. MARGARET BURBIDGE, G. R. BURBIDGE, WiLLiAM A. FowLER, AND F. HovLE

Kellogg Radiation Laboratory, California Institute of Technology, and
Mount Wilson and Palomar Observatories, Carnegie Institution of Washinglon,
California Institute of Technology, Pasadena, California

- B2FH paper: Burbidge, Burbidge, Fowler & Hoyle (1957)

- (and also, CRL-41: A. Cameron 1957)
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Abundance, Y

Solar abundances
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Proton number (2)
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Solar abundances
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Solar neutron-capture elements

solar sybtem abundances (Asplund 2005)
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r-process: nucleosynthesis mechanism
M NSE (> 1 MeV)
ucleon and a)

neutron-rich ejecta
in stellar explosion

@ proton
© neutron

@n-capture (0.1MeV): A1

O ® B-decay

@ seed formation (0.5

(o + recombination)
A —~ -IOO -eo

@B -decay : Z1
(A,Z) — (A,Z+1)



r-process: nucleosynthesis mechanisSc

neutron-rich ejecta @ NSE (> 1 MeV)
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Physical conditions for the r-process
- FHEF (owYe) : BFHE (p+e—>n+ve) vs.Za— kU /IRIY |
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- Wanajo, Sekiguchi, NN+(2014), ApJL
- Fujibayashi, Kiuchi, NN+(2018), ApJ



Astronomical site(s) of the r-process

Supernovae (cc-SNe)? neutron star (NS) mergers”

ma’ star
(1 sun)

-no direct observation r-process Is observed

- theoretical difficulty in Kilonova/Macronova
- (no very n-rich matter) w/ GW170817




The “kilonova/macronova” with GW

® O e

= 3. approach w/
GW emission A"
. P

; 3. approach w/ 3. Merger of NS
1. binary NSs GW emission & GW burst

he electromagnetic counter part of GW170817 (17. Aug. 2017)
Energy source? —> radioactive decay (e.g, B, a & fission etc.) of
neutron-rich matter during r-process nucleosynthesis

NGC4993 (39.5Mpc) Srin the remnant

By Magellan telescope; Drout+2017, Science ' Watsons2019 Nature



“*Classic” view: dynamical + post-merger

Freiburghaus, ROSSWOQ & Thielemann (19399)  «* Ye = 0.10
i e=0. E
:,.’ t

: Q A AV N th wr/ ’%
: : (jl 3 /‘WM k\’N“ |
3

m Ty e

10 S5 ? 100 4 A 1
20 | { 200 | e W) ]
- » | e 107 -
80 lOl 186 144 165 186 608 w29 290
0 2 ° 20 20 %o 200 0 200 0 Massnumber A

x Jkm) x [lv)

tidal ejection of “pure” n-rich matter with Ye << O.]

strong fission recyc e
0.5 T i | average for nel 4-nsl. 4 ==mnnn- '
Ye T T
0.4
S 02 | .
S
= 0.3 - _
) 0.1
% . .~J
g 0.2 L 1‘ "
< 10"3 10" ]
“ 01t r [glem?] - 107 b -
pmGK[Q’C"‘a] A E-
: +
0 ' L ’ L : 100 | 12 12 13 1
0 005 01 CA5 02 025 03 L ) 1440, : :
Y. 120 130 140 150 180 170 180 180 200 210

Mass number A

Korobkin+ 2012 (e.qg., Goriely+ 2011, Rosswog+ 2013)



Modern view: dynamical + post-merger
Fujibayashi et. al. 2018 v Dilke
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mass ejection post-merger

S

Eoaes Bns Lo | s R UL T U
o, « solar r-abundance = Q2150 o= |
IO-K E :;.‘~ Inass-ay L'IAlL—‘L'Ll (A=Y lﬂ |ighter r_nuCIei -1 %: ‘: Lanthanides l;,j't:_:g:. : {
T - el 18 465%-60° e~ 3
10 L | 2 . ¥ {: £ 60°-90° ~=-
gl w( iy ',\ (lanthanide poor) _ _EHE VL : :
2107 | y :‘5"‘ A ," % Y : - ]
£ 2 y ? 1 ]
C 10° L *3 ] 3 . .; 1\:50 .'. A 8 ]
| [ 3 lanthanide VAR A ‘:
107 | " & !
Al J Z=57-71 L. . . b\ . 1
10™° e A= e © 30 40 50 €0 70 80 90 100
0 S0 100 150 200 250 Atomic number Z

mass number



The r-process in dynamical ejecta
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NS-NS merger: post-merger evolution

Ye: electron faction (green: heavy nuclei; blue : lighter nuclei)
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Simulation models vs Kilonova

Indicated by the simulation is agree with kilonova observation

heavy r-process elements (= lanthanide-rich) w/ high opacity
— peak temperature becomes low (in low density)
— |late IR peak

(= La-poor -> early “blue” peak)
bolometric luminosity

post-merger
(14 929
. blue” (UV) peak Villar et al. 201
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hort Summar

- NS mergers can produce (all) r-process elements in

- based on “Modern” hydrodynamical simulations
- dynamical ejecta: lanthanide- and actinide-rich
- post-merger ejecta: lanthanide poor

- observations confirmed theoretical models

- kilonova w/ GW170817
- the light curve: blue -> red
- detection of Sr in the remnant?
(indicate “weak” r-process components)
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- Winteler+NN+ (2012) ApJL

NN, Takiwaki & Thielemann (2015) ApJ
- Tsujimoto & NN (2015) ApJL

NN, Sawai, Takiwaki+(2017) ApJL
NN, Matsumoto+, in prep.

- Hasegawa+NN+, in prep.
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of r-process elements, e.g., Eu?

Multiple r-process sources in GCE?
NS mergers cannot explain early chemical evolution

— shorter delay time or another source

1.01

0.8

|Eu/Fe]

standard DTD cannot explain

Eu evolution? (Co6té+2018)
— single r-process source

scenario fails to explain

- Burst +¢ I(/'},=IOO) Power law (¢

Burst + ¢ : (/b: 10) - Power law (f-l )
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Eu evolution by MR-SNe in dSph galaxies

Chemical evolution models

glp; M oot Tsujimoto & NN (2015)
it passe AT i -~ |GCE models suggest:
! e | - event rate: 0.5 % of CC-SNe
ot ]::,'jgm.p,o, i - large Eu ejection: ~10- Msun
Lol of ¢ - |agree with our MR-SN models
e e a2 s (6.9, NN+2015, 2017)
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What we learned from faint dwarf galaxies
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Time (Metallicity)
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cc-SNe as a long-expecting r-process site

Wanajo 2013
only > 2.2 Msun NSs

produce heavy
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Astrophysical r-process sites
NS-NS binaries

core-collapse SNe

magnetar

ess was “observed”
W170817




Magneto-rotational SN scenario

- Magnetars

- Hypernovae??

- strong magnetic field ~ 1015 G
(~1 % of all neutron stars)
- Magneto-driven Supernovae?

- GRB central engine

- Super luminous SNe

hypernova/jet-like SN

-variety of r-process pattern in metal-poor stars
-can be rare 1%

+ Galactic chemical evolution

-large DTD problem of NS mergers?

- needs external sources?

- MR-SNe, hypernovae, “collapsars”??

(see, Wehmeyer+2015, Tsujimoto&NN 2015,
Cescutti+2017, Siegel+2019, Kobayashi+2020 etc.)
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3D effects on jet-propagation

strong jet in 3D

deformation

by hydro-instability B-filed and rotation

misalliance of

Winteler+NN+(2012)
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magnetic-field amplification process?

axi-symmetric (2D); long-term, high-resolution

B-field winding
NN+2015

MRI w/ v -heatino
NN+2017
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magnetic-field amplification process?

axi-symmetric (2D) w/ detailed v -transport

Reichert+2021
(based on Obergaulinger+2020)
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Various r-process in several jet SNe
very neutron-rich matter in SN core (“proto-magnetar”)

significant effect of e—-capture (off B -equilibrium)
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Brief summary: MR-SNe

- MR-SNe are (still) possible r-process sites
- However, strong magnetic jet explosions are required to
produce heavy r-process elements?
- difficult for “canonical” progenitors and MHD conditions
— initial rapid rotation and strong magnetic fields?

We want to discuss possible “observational” properties
of such events (if happened): r-process-jet supernovae.

long-term evolution of r-process ejection
(propagation of r-process-rich ejecta in the progenitor)
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Monte-Carlo network code
- Monte-Carlo framework

- PizBuin MC-driver
(developed by Rauscher, NN, Hirschi)
- a simple "Brute-force™ approach -
- parallelized by OpenMP for shared ‘;:.,.“é. u
memory architectures |
(paralleled easily, but harder debugging. . .)

Piz Buin (mountain)

- 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 56




Impacts of (n.g) and B -decay

(n,g) x50, B x10
| |

10 g * solar abund, |
oo (20121 ADUNCANCES — heak of individual -

1073 = . .‘& abundance distribution =
8 E oo ° : l" E
% 10_4 = °e """:'$ '0:0 0: A
R, epm ol 1A
E 10° I 90% probability oy ‘e
< = range

1070 &

107 L /\M A J | | | |

o0
-

100 120 140 160 180 200

does not consider

Mass number, A : C (ficai
ass number, heaviest nuclei (fission)



Individual impacts of rates

weaker r-process (NN+2017)
(less neutron rich)

All("intermediate" r): n,B-decay 1
T | T | & ] : §

All: B-decay
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The impacts of rates on r-process abundances
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