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Photon Last Scatt. " .
My Cosmic Evolution
e Accelerated Cosmic Expansion

~ Binary Merger

Quantum
Fluct.

First Star at ~a few My
after Galaxy formed in 0.1Gy

Galactic Chemo—Dynamical Evolution
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Wanderman & Piran (2014), t. = 4 Gy (arXiv:1405.5878) R [-By oy | (-0 4 go)0) (211

Argast, et al.,, A&A 416 (2004), 997,

Wehmeyer et al., MNRAS 452 (2015) 1970.
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10 1. Big-Bang Nucleosynthesis
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Atomic Nuclides - Solar System Abundance
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Astrophysical sites for the r-process ?
Core-Collapse Supernovae? Binary Neutron-Star Mergers?

MHD-Jet  Nishimura, et al., ApJ 642, 410 (2006).
Fujimoto, et al., ApJ 680, 1350 (2008).
Winteler, et al., ApJ 750, L22 (2012).
Nishimura et al., ApJ, 810, 109 (2015)

v-DW ? Woosley, et al., ApJ 433, 229 (1994). +

Long-GRB Nakamura, et al, A&Ap 582 A34 (2015)

T =1-10My
Underproduction, off peaks ?

MHD Jet SNe ?

Winteler et al. (2012)

Goriely, et al., ApJ 738, L32 (2011).

Korobkin, et al., MNRAS 426, 1940 (2012).
Rosswog, et al., MNRAS 430, 2585 (2013).
Goriely, et al., PRL 111, 242502 (2013), (2015).
Piran, et al., MNRAS 430, 2121 (2013).
Wanajo, et al., ApJ 789, L39 (2014).

100My < T < 10Ty
Binary NSs arrive too late ?

Credit—-NASA



Sneden, Cowan, Gallino, ARAA 46 (2008) 241. t 2 10 [FeH] Lo Fe/Hy

oy
HST-obs., Roederer et al. ApJ 747 (2012) L8. 10 g F"e/H@

%M@@m "
2 ﬁ —3.1

Does this indicate that the r-process elements are
produced under EXACTLY THE SAME astrophysical site
in the early Galaxy and the Solar System ?

g | o T VY
-0 F WZ‘_E;'_?;_ —"—@ _ —2.2
i =
=t —3.0

SolaFk system

ance

Th U1 Six EMPs
In the early
== Galaxy

Ratio

® CS522892-052: Sneden et al. (2003)
B HD 115444: Westin et al. (2000)
* BD+17°324817: Cowan et al. (2002)

PUURMSRNINNAN ;) ) C\ENTAL Abundance

HE 1523-0901: Frebel et al. (2007)




Hierarchical Galactic Structure Formation
Dwarf Galaxies ==y Milky Way Halo

cretion

Metal-Poor
. . HALO 7 Slow & later accretion
apomax p - Outer halo
. ®

100,000 light years
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N-Body Simulation of LSS Formation

X. Zhao & G. Mathews (2014)
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SUPERCOMPUTING of Galactic Chemo-Dynamical Evolution

Dwarf Galaxies = Building Blocks of Milky Way Galaxy

N-Body/SPH Simulation of DM+GAS+Star Particles with GAS MIXING in star forming region.
SNe = Metals ; NSM (z,=100My) = r-process elements. (ny >100 cm=3 — ~10-100pc)

SPH code = ASURA (Saitoh et al., PASJ 60 (2008), 667; PASJ] 61 (2009), 481)

Yutaka Hirai et al., (COSNAP), ApJ 814 (2015), 41.

M, = 7X108M,,, N;=5x10° particles, M, = 100M,

sun?

Gas Particles Star Particles




[Ba_r/Fe]

SUPERCOMPUTING of Galactic Chemo-Dynamical Evolution of
Dwarf Spheroidals

N-Body/SPH Simulation of DM+GAS+Star Particles with GAS MIXING in star forming region.
SNe = Metals : NSM (z.=100My) = r-process elements. (ny >100 cm=2 — ~10-100pc)

Argast, Samland, Thielemann, Hirai, Ishimaru, Saitoh, Fujii, Hidaka
Qian, A&A 416 (2004), 997. and Kajino, ApJ 814 (2015), 41.

Without GAS MIXING With GAS MIXING

- NQ-MS have arrived
|25 still too late !

—4 7372 71 0 _4 _2 .3.
[Fe/H] ——> Galactic Time [Fe/H] ——> Galactic Time



Observational Data of Milky Way HALO

” 300 L DL
g 3
- [ SDSS Survey
> W} An et al.
.g : ApJ 763 (2013), 65
Z mf
I rs = SNe & NSMs
[Fe/H]

) B -
-4 - -2 -1 0
A\ 4

Extremely metal-poor  Binary Neutron-Star Mergers
component have arrived too late.

SNe | Hirai et al., ApJ 814 (2015), 41.
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Solar System r-Process Abundance BRI \SRERREX 1)

Shibagaki, Kajino, Chiba, Mathews, Nishimura & Lorusso (2016), ApJ 816, 79.
-2
10 ,i } | | | | | |
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Extremely etaI-Poor- .
Stars (pbs.)

Sun (obs.)

BH Merger
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TIME SCALE of Cosmic & Galactic Evolution

Variation of elemental abundances takes the keys
to solve Cosmic Chemical Evolution!

Birth of the Universe (t=0) — Big-Bang Nucleosynthesis (3m)
— Photon Last Scattering (3.8x10%y) — 1st Stars (1Gy)
— Stellar Evolution — Supernovae — 2"d gen. Stars — <+

— Formation of the Solar System (10Gy)

Today’ s Purpose:-
is to construct a relation between
“Elemental Abundances” and “Cosmic Time™ !




Solar System Abundance
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Solar system formation (before4.56Gy) ~present
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Simple Galactic Chemical Evolution (GCE) Model

http://mww.kabegamilink.com/act/0704/03242.html HaIO_GaS (MG) and Stars (Mtot _MG)

- Z, = Mass Fraction of Nucleus-i
- y; = Stellar Production Yield

- W= Star Formation Rate

] ¢= Galactic Cosmic Ray

- ¢ ¥ = Galactic Wind
- R = Returned Fraction R =) R, Z,

f—%{‘%"f:— cY (1)
e =—(1-Rr+) Y 2)

< JL/ZGZJ: ;P%D’— (7"}?4'6)7/;-2' — (3)
a{(MGZA)'—A_T-I_MG—* (AL><0_ Py — (1-R+)¥Z—
s

\~ AL
Stellar Production GCR production


http://wallpaper.pro/shashinlink.html

Local — Global Model

Y =—’%§CPG€, ) di M. (1) =§g Fq(z t) dx
[Me/y ] HALO [Mca/y/ABJ RS

Three-ASSUMPTIONS in simple GCE Model

(1) Homogeneous Mixing & Instantaneous Recycling

SNe evolve rapidly in 10—107y which is much
shorter than the time scale of Cosmic and Galactic
chemical evolution 10° — 100,

(2) Star formation rate (SFR=¥) oc (Gas-Mass=Mg)"

n=1: Tinsley’s law for the halo stars
n=2; Schmidt’s law for the disc stars

(3) Cosmic Ray=@ o< SFR=%¥



do Mg
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Biggest contribution from MASSIVE STARS (SNe)
with T(m)=10%-10"y << t~10Yy =mmmp [NStanteneous Recycling
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yi = elemental production yield
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Stellar Evolution of Massive Stars
— Supernova Explosion

H-burning

He-burning
Burning Main reaction Final
Hydrogen _ process processes product 108K)

\ C-burning
pp chain 0.15

KE [T CNO cycle 0.2
He 3a—>12C 12 1.5

\ 12C+a->10 160

\ He”gmg C R2C+12C>20Ne+a 20Ne 7
24

Carbon Helium ~>"Me 24I\/Ig

O,Ne,Mg  '°0+°0->28Si+a 28G; >15
Oxygen N . .

28 32 56
Neon N Oxygen Si . .S|.+.a$ > Fe 40

Silicon \
Sulfer Magnesmm
Iron Calcium

\\

Si-burning  O-burning




Cluster Nucleosynthesis Diagram (CND)

Energy
;0 S86 BBOD SRS 2080 009655 SHL9D50D (R?|ease
©‘\‘@ O (Ooee (mes (Cloeses 4 aEc:/r:)%ution)
@ @. @.. @... @..“(e-Procéss>

(euming ¥ A~ Gaunng

Nuclear Burning I
H-Burning ’
; @<

He-Burning

\
C,0-Burning
V

Si-Burning

S. Kubono, Z. Phys. A 349 (1994), 237- 240.



Time — Metallicity Relation
Observable Measure.

[Fe/H] = log(Fe/H) — Iog(Fe/H)@

4.56 Gy
=1;
[Fe/H] -0 ... -54 -3 -2 -1 0
Cosmic O:-- Early 10My 100My 1Gy 10Gy
time =1 Universe
Redshift + « .- ~1000 ~100 ~20 ~4 0

=Z

aoc (1+2)1ec t23 .. (1/13.7Gy)?2 = 1/(1+2)



Something
in the air

Theodor Wulf, 1910
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LiBeB-Production in Spallation or Fusion Reactions

Example: O+H — Be
9{(/’/62&>:|

H,He + C,N,0 — %7Li°Be,*B

IO“ P dE D

or = Z5(7)
/ N =

Target Nucleus in ISM Cross Section  GCR Flux X
Energy Spectrum

T = T .
Transport equation
FUED) Ao EFED)_FED o
a 12 i) A l
@, : energy loss H 'r — oy, |-
rate g Y ey
. . . 00001 £ ) - - -t=5Myr _
(ionization) > B D ]
S 10k ]
A :loss length ER .
(spallation & < 1010 I, ™ i
. ’ Pl Y escape) g 0L BN i
= 12 [ _
1 10 e 1o @ 77T SN 1998bw model i
e [MeV/A] S 10" ng=1 cm? (ISM) g
Cross sections AT R R
(Read & Viola 1984; Mercer+ 2001) 1 10 100 1000 10*

Energy [MeV/nucleon]



GALACTIC COSHIC-RAYT FROFPAGATION
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Ex-c'rtaﬁon Functions for Alpha on Carbon
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Analytic Solution of Egs. (1) — (3)’



Big-Bang — Galaxy Forms — Star Forms

Ryan, Kajino, Beers, Suzuki, Romano,
Matteucci & Rosolankova 2001, ApJ 549, 55.
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SUBARU Telescope HDS

=l

CS228572-05=2

T ¥ T ¥
© Ryan et al.
v  McWilliam et al. 1

e Hondaetal. , 40]

Honda, Aoki, + Kajino et al.
(SUBARU/HDS Collaboration),
2004, ApJS 152, 113; 2004, ApJ 607, 474

1 Hé'v,@l—u B Subaru/HDS (2002)] - ' -
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