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Can nuclear physics solve
“the missing gold problem”

|
in the evolution of Galaxy?
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Talk plan

- Astrophysics part:

a brief summary on the missing problem in GCE, or a bit ironical
overview from nucleosynthesis person

Nucleosynthesis part:

-production of 3rd r-process peaks)

-basics: production of r-process peaks

-previous and on-going studies

-MC-based sensitivity study

-Summary and perspective (personal)




1. Astrophysics part:
“The missing gold problem” in GCE
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Galactic Chemical Evolution (GCE)

Galactic halo stars massive stars low mass stars
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Abundance relative to the Sun

The beginning of the story

C. Kobayashi, A. Karakas, M. Lugaro, Apd 2020

“The origin of Elements from Carbon to Uranium”
-challenge to explain all the isotopes in GCE (Galactic Chemical Evolution)

-they assume supernovae are the main source of r-process (than NS mergers)

Blg Bang Nucleosynthes1s

Bé Core— collapse Supernovae B:
Type la Supernovae Y TR IR i
Na#Mad Neutron Star Mergers ALMSIEP #S MCl A
K |CaffSaTTi IV [CodVinfFedCa N dCodindGad Coffns [SoB D
RR SAY AL ANAVgTC [RagRigPogis c_[n'éfs;...S'T’I ; —
e b b b Dy B [ o Tl P F e PERIODIC TABLE - ORIGIN OF ELEMENTS |
0 138 e Ll ~ ' : " R = 5 . 6 wf7 1’8 | .-rg
I = Q | | I - \ . ‘ ,
LR v (6 W U (P B [ IV [ i Bg Banc nucleosynthesis Explqqu white dwarfs B | G I N Il O ] F !
T Hay.ay V. - 4 aV VW Dving IQW-mass stars Merging neutron stars B Au_An_ A = = :
@ cKan | (¥ Exploding massive stars Al | Si [ S| Cl || Af
v .Kobayas : R~ . - , . a
-»Time [Gyr] A | | ‘ |0 . 2 )
19 120 4 21 (22 |23 120 425 NED | (27 EER D 1(30 13 432 4 1(aa 435 43 |
Ki||Ca| Sc | Tigd Vi Cr|Mn| Fe| Cof Ni |Cul|Zn| Ga| Ge| As | Se | Br || Kr
(37 NET | 39 1/ 40 1[ 41 | (42 |43 (44 | (45 | [46 (47 [4e | (49 | 50 1(61 |(62_ 4[83 54 |
Rb| Sr| Y| Zr|Nb|Mo| Tc ||Ru||Rh | Pd|Ag ||Cd| In| Sn || Sb| Te || I || Xe
55 |[56 *k57 (72 _gf(72 (74 :75 75 A7 8 ' 80 | (81~ 82" (83 _ ‘
Cs'|'Ba | La | bf'|| Td"| ‘W' Re'| 0| 1] "Pe HG "1 | 'Pb | Bi

58 1[ 59 (60 | (et €2 63 B4 65 66 67 68 69 70 71
Ce | pr N | Pm| S| Eull Gdll T Dy Hol| Bl T w5 "Ll
| v

\ C.Kobayashi 2020 )




YOI - =) QC €

Massive stars proto-NS
core-collapse SNe (10>Msun

)
- NO direct r-process ‘ -H
observation ‘ ,
- Theoretically difficult V - wind
-not very neutron-rich | et

NS (binary) mergers

The “observational” evidence NS binari (long time duration) '
with gravitational waves Naries

(GW170817) NS S5
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- Magnetars

- strong magnetic field ~101> G

(~1 % of all neutron stars)
- Magneto-driven Supernovae?

* GRB central engine

* Hypernovae?

- (magnetar driven) Super luminous SNe?

hypernova/jet-like SN magnetars

-variety of r-process patterns in metal-poor stars
-can be rare ~ 1% of ccSN rate
- Galactic chemical evolution

- needed as external sources with NS mergers?

- MR-SNe, “hypernovae”, collapsars etc.??

(see, e.g., Wehmeyer+2015, Tsujimoto&NN 2015,
Cescutti+2017, Siegel+2019, Kobayashi+2020 etc.)
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Prequel story?
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Abundance

Prequel story?
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Evolution of galaxy

galaxy formation simulation

Hierarchical structure formation

super massive Takeda, Nukatani, Saito (2007)
black hole

Our Galaxy (Milky Way) was merged with
a dwarf galaxy (Gaia-Enceladus) 10 billion yrs ago

galaxy

stars


https://www.youtube.com/watch?v=CZixiA7vdIo

GCE: early dwarf spheroidal galaxies

Tsujimoto & NN ApJL (2015)

Tsujimoto & Shigeyama A&A (2014) (see also, Tsujimoto+ PASJ 2015)
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2. Nucleosvnthesis part:

N = 126 isotones and production of
the r-process 3rd peak
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Theoretical Prediction

r-process path is beyond experimental accessible region

reliability??

astrophysics large uncertainty in theory
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Basics of the r-process

-nuclear physics

-“classical” solution : (n,r)/(r.n) equilibrium, waiting-point aprox.
® r-process path : (n,r)/(r,n) equilibrium — nuclear mass
@ r-process abundance : half life (ratio) on the path — B decay
(abundance) / (B -decay half life) = constant
@ decay : smoothing by n-emission — B-delayed n emission
(fission of heavy nuclei : cannot consider?) — fission

(D reverse reaction (photodissociatig_n IS determined by the detalled balance :
Sn (Z~ N)
kT

)\.V(Z,N) X T3/2 exp <O'U>(Z’N_1)

neutron separation E neutron capture rate

r-process path = (n,r) and (r,n) balance

(@ abundance
determined by the ratio of B-decay rate (half life) on the path;

(In contract to the s-process determined by (n,g) rate )



Modern nucleosynthesis simulations

Nuclear physics
-method : calculations by nuclear reaction network
-consider all possible reactions and decays
-(n,9)/(g,n) partially achieved or not realized (cold r-process)
- B-decay, (n,g), fission for a wide range of n-rich nuclel




r-process: nucleosynthesis mechanism

M NSE (> 1 MeV)
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Abundance

B-decay impacts on the 3rd peak

NN+2016
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Collective uncertainties on the r-process

iImpacts on reaction/decay rate variation with MC nucleosynthesis
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Individual impacts

Impacts on the r-process of individual rates
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Summary and perspective(personal
1. “The missing gold problem” in GCE

‘It may be caused by “insufficient” theoretical prediction

- Though variation/differences by astrophysical parameters, significant underproduction of
Au (gold) in some particular GCE studies would be improved by r-process prediction
-Anyway, Galactic chemical evolutions studies are difficult:--:

2. N = 126 halflives and the 3rd peak formation

- B decay of n-rich N = 126 isotones have significant impacts on the 3rd peak formation
- This is also (obviously) confirmed by comprehensive MC sensitivity calculation
— investigations by improved “theory” data is also expected

3. Future perspective (personal)

‘Recent theoretical progresses in Japanese community (DFT studies, Minato-san, Anil etc)
-Personally, although | had already done, it would be worth to revisit it now.
‘| need to clear up any confusion (“the missing gold problem”) in the GCE study.




