MSTHALQ IELUSTRATION OVER ROCKY T
org/cartents/media/images/2020/46/4735|

! P

un ,




1. 2+1 mysteries from observations



Sr; Watson+2019
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*** heaviest measured element is Ce (Domoto+2022), a light lanthanide
*** Th may be detectable by JWST in the future (Domoto, Wanajo+2024)
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indication from galactic stars

Galactic chemical evolution model with neutron star mergers; Wanajo, Hirai, Prantzos 2021
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¢ r-process enhanced stars originate from low-mass building blocks (M-
/Mg < 10, Ishimaru+2015; Ojima+2018; Wanajo+2021; Hirai+2022)

“* rare (~10 event per Myr) and prolific (0.01 Mg r-elements) sources
such as neutron star mergers (or a rare-class of SNe ?)
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r-enhanced stars with scaled solar r-pattern; Cowan+2021 Rev. Mod. Phys. < good review !!

solar-like r-process abundance
patterns in r-enhanced stars
v ** why the pattern is such
3
A robust ?
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Placco+2023
~® " {factor of 8 variation in Th/Eu

0.9 - 31424 ]

1+ above Th/Eu=0.5
I (Th/Eu ~ 0.9 when the stars
: 1 were born) are defined as
ol e e "1 “actinide-boost” stars

(1/3 of all r-rich stars)

loge(Th/Eu)

1 I 1 1 1 1 l 1 1 1 1 l 1 1 1 1 l 1

35 3.0 25 2.0 15 1.0 what gives rise to the
Fe/H . .
LFe/M] actinide boost ?
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[X/Fe]

“Spectacular Nucleosynthesis”; Ji+2024
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strong odd-even effect in
alpha elements and
light r-process elements

*** nucleosynthesis from
stars of > 50 Mg ?:
hypernovae or pair-
instability supernovae ?

what gives rise to the
weak r-process ?



2. neutron star mergers in MHD



MHD vs viscous models; Wanajo+ in prep.
SFHo, Mys /My —1.20-1.50 | | Ist self-consistent 3D
0 post-merger \, 1 simulation of a neutron star
\ dynamical | merger over 1s (including both
1 dynamical and post-merger

| ejecta; Kiuchi+2023)

*¢* MHD model results in
Y. =0.2-0.26 (and ~0.01
Mg) instead of ~ 0.3 in

viscous model
(Fujibayashi+2023)

0.0 0.1 0.2 0.3 0.4 0.5
Yo

Y. = N(proton)/N(proton+neutron)
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Y(A)/Y (*°Eu)

MHD vs viscous models; Wanajo+ in prep.

g

— wn  1~16000 tracer particles are
I o e solar r-residual | H
10°F A 1 2nd peak used for. nucleosynthesis
: | calculations
10! ) 0 - 3
| T e ?
i . 4% ‘,, 2 . 1
107 { % MHD model results in very
o v | good agreement with solar
r-process pattern including
1072 2nd peak (A~ 130)
R 00 10 200
A
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MHD vs viscous models; Wanajo+ in prep.

Mnys/Mg = 1.20 + 1.50, SFHo, MHD [ total
10_1:' [ dynamical

..} (non-magnetic)
1 post-merger

1072 2

1073 2

1074
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Ye

Y. = N(proton)/N(proton+neutron)
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|dynamical and post-merger

{ components are dominated by
[low (Y. < 0.2) and high (Y. >
10.2) ejecta, respectively

| %* ensemble of both

components exhibit a wide
range of

Y.~ 0.05-0.45 (alsoin
viscous models;
Fujibayashi+2023)
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MHD vs viscous models; Wanajo+ in prep.

102k Mns/Mg = 1.20 + 1.50, SFHo, MHD

s total

—— dynamical

----- (non-magnetic)
post-merger
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{dynamical and post-merger
. | components are responsible
P for heavier (A > 140) and
|lighter (A < 140) nuclei,

| respectively

| %+ ensemble of both

components results in very
good agreement with solar

r-process pattern (also in
viscous models;

Fujibayashi+2023)
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3. black hole-neutron star mergers in MHD



I X self-consistent, 3D GRMHD

Wanajo+2024; adopted from Hayashi+2022 . .

..... o Ao T Ty . BH-NS simulations over 1 s
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GEF 2021/1.1; Schmidt et al.

v GEF: Mass yields for Z=92, A=236 (CN), En = 0 MeV - x| Computed by using the GEF
nu-bar = 2.423
B ((;222 E?f"g lJlaok: JEFF 3.3 |for U235T COde (free BASIC) for
12| Yielgs>o 015 isotopes with Z=90-110
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Wanajo+2024

1073 -

107%F

- Q4B5H-DD2, dynamical ejecta
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== KT75-symmetric 7
solar r-residual |
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160
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Shinya WANAJO

240

** GEF well reproduces the
solar r-pattern for A > 140

** Kodama & Takahashi 1975
(phenomenological
double gaussian
distribution) cannot
reproduce the solar r-
pattern

22



Wanajo+2024

QuBSHDD2 —emen ] g00d agreement with the

o o post-merger

e —— total | solar r-process abundance

solar r-residual 3

L

+* tidal (cold) component:
responsible for A > 140

Y. | N AR | P

¢ post-merger (hot)

u' A {  component:
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log [Y'(Z)/Y (Eu)]

Wanajo+2024

R T ommome 4 seivsamisne ] actinides (Th and U) after 13
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' boost star)
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Wanajo+2024

wo—on | amonz]  tests with Y, = 0.01, ..., 0.1

(v/€) =020 " dynamical ejecta ]

)
)=
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| metal-poor stars (13 Gyr ago)
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** presence of actinide-boost
stars (Th/Eu > 0.9) implies
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Wanajo+2024
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* Ce;nter for 1.35M stau“I | 2.6 % 1014 g/cm? 10~1 ! ! ! ! !
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p (g/cm?) .

¢ range of Y, ~ 0.05-0.1 excludes some nuclear equations of state (e.g.,
Togashi EOS)
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4. hypernovae in MHD



Shibata, Fujibayashi, Wanajo+2024, in prep.

Model Bmax (G) aqd oc(s™")  peus (g8/cm®) Az (m) Explosion Jet
B11.1.8h 10 10~* 10° 10° 360 Yes Yes
B12.1.8h 1012 1074 108 108 360 Yes Yes
B12.1.81 1012 1074 108 10° 360 Yes Yes
B12.3.81 1012 3x107* 108 106 360 Yes Yes
B12.1.71 1012 104 107 106 360 Yes  Weak
B12.1.91 1012 1074 10° 10° 360 Yes Yes
B12.1.81-H 104 104 10° 10° 300 Yes Yes
B12.3.81-H 10%2 3x107* 108 10° 300 Yes No
B12.1.71-H 102 1074 107 10° 300 Yes  Weak
viscous . — — - 360 Yes No

long-term (> 10 s) 2D neutrino-radiated, GR-MHD simulations of BH-
forming SNe (collapsars) from a 35 Mg, star (Aguilera-Dena+2020)
with phenomenological dynamo parameters (Shibata+2021)

+*»* all models explode with or without jets (depending on the stochastic
nature of magnetic field evolution)
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100.

107! 3
t 1 B12.1.81-H
[ 1 B12.3.81-H
L 1 B12.1.71-H
L 1 viscous

Shibata, Fujibayashi, WanaJo+2(l)24,linlplrgp.
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107457
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matter is modestly neutron rich but with high entropy for jet models

¢ ejecta near the jet achieve the conditions for successful r-process
(and vp-process ?)
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Shibata, Fujibayashi, Wanajo+2024, in prep.
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observed SNe Ic-BL (hypernovae) exhibit large explosion energies and
large °®Ni masses (Taddia+2019)

** models well reproduce the observational trends for explosion energy,
ejecta mass, and *°Ni mass
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Shibata, Fujibayashi, Wanajo+2024, in prep.

S T o — weren ] high entropy and mild

- —— B12.1.8h —— BI12.3.81-H i . . .
10 ~mois —sbinn 4 neutron-richness in ejecta
11l B “opera el for models with jets

| % no r-process in non-GRB
I SNe

** weak r-process in GRB-SNe

1075}

| % no kilonova-like transients

1076} | 2] W0 Y T/ | N
10—7 ||| . 'é‘iéo' 1020 2550 because of low lanthanides
A (consistent with
observation of SNe Ic-BL;
Rastinejad+2024)
Nucleosyhthesis and Evolution Shinya WANAJO ”

and Neutron Stars



log [Y'(Z)/Y (Fe)]

Shibata, Fujibayashi, Wanajo+2024, in prep.

—— BI11.1.8h
~——— B12.1.8h

B12.1.81
B12.3.81
B12.1.71

B12.3.8]1-H
B12.1.71-H
viscous

B12.1.81-H |

| Ji+2024 (J0931+0038)

& J0931+0038

i normalized at Fe
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comparison with the star of

¢ different dynamo

parameters lead to
variation in weak r-process
patterns

| ** more observation of stars

with such rare abundance
patterns constrain models
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-) both NS NS and BH NS merger a'n:ﬂ'be the_sntes :-._j_.- e

f-"‘, actlmde bogst f Fr s Fgeetl e E Sk
9 hlghly neutron r|"c_h dynamlcal ejecta leadmg te fISSIOn recyclmg

e

9 BH NS mergers ‘are’-{_favored than NS NS merge-rs--

{'j“ pecuhar nucleosynthemsjﬁ{(the;star}of"'J|+202‘4 . o
% large *°Ni production with. weak r-process in hypernovae wwth JetS .
9 I\/IHD drlven BH ol mlng;SNe (collapsars) may be p055|ble S|tes
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