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Galactic Chemical evolution

Which elements are synthesized
by a single r-process event?

7

A rarity of r-process event . 5

. ‘
2
KPS

12/ 10 8 6 4 ) |
r-Process enrichment |71 02.7 {11/ 27/ aN

i

¥ s

\

P FHERICCERFEEDITES A on 10 February 2023




Galactic Chemical Evolution

Calculation of the evolutionary change in the mass fraction, Z,
of each heavy element, i, 1n gas

creation of elements
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@Longland ejection of elements into gas

Each time’s Z; of gas can be recorded as stellar Z; at each time
i (at a stellar surface)

can be compared with the observed Z; of long-lived stars
(M<0.8 M)



stellar abundances
[Fe/H]=log (Fe/H),, - log (Fe/H)q

[ X/Fel]=log (X/Fe)g,, - log (X/Fe)e

(core-collapse supernovae)

:lused as a cosmic clock
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Two domains of stellar abundances

| piesieeslesleslestestestesbeenlentente
Il o
|
[ S K NN KM e R ———
' :
|
_ 0.51H E_
L i
~ I I
3 ! |
- 0 i N | L
\|  Physicists are | :
| / [ I_ ___________________ -
] welcome!
_O.S : 1 | ! | | |
e S N B4 1 v .0
ar,[Fe/H] .m, Evolution phase
Nucleosynthesis phase — =)+ / ( )dm(b(m)r(m)w(t —im) + A(1)

Individual stellar abundances 4z __, 0. /m
may reflect each nucleosynthesis

— dmAY (m)y1a,i
event

dr

max(my ,m;)

t
% /O dtrag (L) — i)

; / T a1 = A yees + Zilt — tm)

max(my,n;)
rw(m)Y(t —tm) + Za,i(1)A)



A single r-process event makes all 7-nucleil
(Se ~ U)



GW170817 :GW from a binary neutron star merger

Sr is identified in the spectrum !
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La and Ce as well (yesterday’s talk)



Relative log €

r-process enhanced stars (r-11 stars) in the Galactic halo
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r-1l stars ([Eu/Fe]>1)

0 Lo | Individual r-process patterns, in particular
= Lo /7> 56, match the solar r-process pattern

presumably,

Q J a huge amount

A rarity

solar r-process pattern (solar — s- process) Individual r-process patterns
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Atomic number (Sneden+ 2008)

likely reflect ones by
a single r-process event

|V All r-process elements

are synthesized

’ :/ little difference in nucleosynthesis

among events
(universality)

Really, a single event?



A single r-process event is verified !

galaxy mass
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A very bright -II star HD222925
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But, caution!!

‘;This star 1s relatively

metal-rich ([Fe/H]=-1.5)

Gas where the star 1s born

— must be polluted, thus

# nucleosynthesis of
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r-Process events should be rare

Regular CCSNe can not be a candidate
(v-driven CCSNe) of the r-process site



Argument based on abundances in dwarf galaxies

I. faint (small-mass) dwart galaxies : no r-process event is detected
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An increasing Eu/H trend 1s reasonable
since NSMs happened ~100 times 1n total
in the Fornax dSph (4 X 107 My).

NSM: neutron star merger



Can we completely exclude regular CCSNe
from a candidate?
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Last r-process event at the early solar system

Short-lived mdzonuclzdes

in meteorites

(1960~)
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Solar System today

formation meteoritic

analysis

half-lives: 4’Cm: 1.56 X 107 yr, 12°I: 1.57 X 107 yr, ***Pu: 8.1 X 107 yr

meteoritic abundances

unstable/stable

production ratio

time interval between
last r-process event and the
solar system formation

247Cm/235U= (1.1-2.4) X 104
129]/127]= 1.1940.20 X 104

244Pu/238U ~ 0.008

0.4
1.35

0.53

123 Myr (Lugaro+2014)
109 Myr (Lugaro+ 2014)

100 Myr (Dauphas 2005)

The last r-process event occurred ~100 Myr ago, which
can be compared to ~2-3 Myr ago for the last CCSN event

(12°1/24’Cm can constrain r-process model: Cote+ 2021)



Candidates of r-process CCSNe

1. Magnetorotational SNe @ -

v/ An explosion triggered by fast rotation

and high magnetic fields
(e.g., Takiwaki+09, Kuroda+20)

v’ r-process nucleosynthesis
(e.g., Winteler+12, Nishimura+15)

(#10T +©ISOIN)

v associated with magnetars (?)
2 C()]]apsars torus around BH

v/ Powered by energy from the rotating BH ™
(MacFadyen & Woosley 99) g

(220T+991M0D)

v/ r-process nucleosynthesis
(Siegel+ 18)

v associated with long GRBs (?)

200 -100 0 100 200 300 400
z [km]



r-Process enrichment 1n the Milky Way

Identifying
the production sites of r-process

Based on

Jradial migration
Jsolar twins




A new paradigm of Galactic dynamics

Stars radially move on the Galactic disk : radial migration

(@Danna Berry

This theory predicts that the stars in the solar vicinity represent the
mixture of stars born at various Galactocentric distances over the disk.



solar twin stars

v’ stars that are nearly identical to the Sun
dan effective temperature (< 100 K)

Jda logarithmic surface gravity (< 0.1)
Jd[Fe/H] ratio (< 0.1)

v 79 twins in the solar vicinity (< 100 pc)

v precise age determination (an uncertainty of 4X10% yrs) together
with high-quality chemical abundances (an error of <0.01 dex)

v/ the ages are widely distributed over 0 — 10 Gyr!

> There is a large span in ages among the stars
having the same metallicity



The ages of solar twins are widely distributed over 0-10 Gyr

-

Locally 1dentified solar twins might be the assembly
of stars migrating from various R in the inner disk

—— consistent with the view on radial migration —
Older twins were born at the disk closer to the center
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Change 1n abundance ratios as a function of age (1.e., Rgc) can be
explained by the models with a different speed of star formation
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[-process/Fe] ratios don’t follow the monotonous trend

elapsed time for the
‘chemical enrichment

‘up to [Fe/H]=0 from

‘the start of star formation

(= an age of the Galactic
disk — twin’s age)
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the possible sites of r-process elements
9 neutron star mergers (NSMs) ;§ Xt

the sole site or not? é O_ 10Gyr
9 specific core-collapse supernovae (CCSNe) ;%“

v magneto-rotational supernovae "

v collapsars 0 T few 107 yr

To explain the trend of [r-process/Fe] (down&up) on the Galactic disk

I
two sites with largely different delay times (short&long) is indispensable

—
major contribution from both CCSNe and NSMs 1s suggested



[Eu/Fe] evolution on the disk
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Summary

J A single r-process event makes all 7-nuclei (Se ~ U).

J r-Process events should be rare. Thus, regular (i.e.neutrino-driven)
CCSNe can not be a candidate of the r-process site.

J Enrichment of r-process elements for solar twins in the Milky way
strongly implies, r-process elements are synthesized in not only
neutron star mergers but also in a subclass of CCSNe.




