2019F E 549 KX - RIEYEEFEDFER

07 Y—)LRTILER 2019/07/30

SBRZETRD
FEHOEMR L2

REB 5% (BoEKXZF / RARESCEU)

1 /58



. BA

Contents

ERBRZE CHRDIIRIZEF

. I\ - PEBEEER

DIEL

(KEBEEE20DE1L)

. EBRZED

yl

- OOV TBVWEDIER
. TERRZEDIEZIHMK
. EERRZEDER

Il.==/BR =2 2 Dj

0RE U CDEERER(T)

. RERBEIEBRZENDEL
. REGHIEEBRZECIEDIEBRZEZDYHAE SR
. IRURICHI(FTDUERE

V2B R 2 ZE Ditc

FFEI=1$

- KBESsE8FYFUA

ﬁ%/\zb k= X

OBZIEFiRREZL &)

SEHDRE

BE UTOEERIRER(2)

EZA Y%

JW\CEBFEFRAE EHEDEHZKE

8 L\T;/\Egﬁ:ﬁﬁ:ﬁg

2 /58



Contents
. BA
- FRRZECHRDIIRIZEF
- I\ - PESEDE
(KREEZDEIL)
. EERZE2DETH
s ROIKDPEVEDIRE
. BBRRZE2DILZIEK
. FERRZEZEDIIR
Il.EBRZE2DIRE LTODEE2RE7(1)
- RRBEIEBREENDE
. RRERIFBRZE CESIERBRZEDYIHIESREH
. IRR(CEH (TDYIHAESERFANDE B
V.EBRZE2DICRE UTDELE{RER(2)
. NBsE2EE2YFUA
. SPHY=a L—y 3 VAW EBHEEREHEDEZE
. OBEEBISRELZEE=Y U VI ERW - ABEEERE

3 /58



o il oo (DDA

Mini-halos Metal-deficient stars
~106 Mo = ancient stars
B9 - FH® fih X k) 885 - SRS
First Stars/Q Dwarf gaIaX|es
No elements Current Milky Way

heavier than lithium

eI ~Near Field Cosmology
£ - REWR ARG L EE marﬁi*i

Protostars

Molecular Clouds

C ELLEE

iy m
g {114 * il Galactic
: Main Sequence nk b LS
i Archaeology
NGC2440 :

+ stars
; LA :
: ‘A R
KI‘%: ¥ 'IE‘:E Th 4 . \ : rom
| LS (T SN VNI Planetary Nebulae: SRt

Red Giants . from Subaru
White Dwarfs

D L | 4 /58




Chemical Evolution and Stellar Initial Mass Function
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Can we find the first (Population lll) stars in our Galaxy?
- formation of low-mass Pop. |l stars.
- detectability of Pop. lll survivors.

How can we understand the synthesis of elements in stars?

. stars with peculiar abundances like
. carbon-enhanced metal-poor stars
. stars with unusual abundance patterns for neutron-capture elements
. stars showing anomalously enhanced/depleted alpha-elements

What is the star formation history in the early Galaxy?
- Initial mass function of Pop. lll stars or low-metallicity stars

How is our Galaxy formed?
- dwarf galaxies in the local group are building blocks of our Galaxy?
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+~Mass conservation (Eq. of continuity)

anitiiiii L
ﬁ dM,  Arr2p
~Pressure balance
dP | GM,
-h dM, = Axrd
~Radiative transfer
dT 3k L

dM, ~ 64mr2acriT3
~Energy conservation

dL

d M,

~Rate equations

dX; p i
it ENAWUM 1 ENMJUM{

Other constituents: Mass loss, Convective overshooting,
Convective boundary mixing, etc.
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Stellar Structure and Evolution - H-R Diagram
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Evolution of Massivys
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Evolution of Low- and Intermediate-Mass Stars

log Teff 10 /58



Evolution of Low- and Intermediate-Mass Stars
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Evolution of Low- and Intermediate-Mass Stars
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Evolution of Low- and Intermediate-Mass Stars
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Evolution of Low- and Intermediate-Mass Stars
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Evolution of Low- and Intermediate-Mass

log Teff 15 /58
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Evolution of Low- and Intermediate-Mass Stars N
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Evolution of Low- and Intermediate-Mass Stars
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Evolution of Low- and Intermediate-Mass Stars
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Mass - Lifetime relation
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What Is important in
Galactic Archaeology?

Element Abundances!

- to identify the first stars in the universe

- to compare stellar models with observations

- to constrain star formation history

- to understand the formation and evolution of galaxies

21 /58



Solar Chemical Composition
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Sun (Disk star)

Extremely
Metal-Poor
stars

(Halo stars)

Stellar Spectra
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Summary & Discussion
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Formation of the First Stars
< Typical mass of the first stars

< >>100 Me (BH formation, Ohkubo)

< >>100 Me (Explode as Pair Instability Supernovae, PISNe: ~260 Me)
(Abel, Bromm, Larson, Loeb, Omukai, Inutsuka, Palla, Schneider,
Ferrara)

< ~140 M® (Photo-evaporation of disks: McKee, Tan)
< >>10 Me (Type |l SNe dominant: Brian, Norman)

< ~40 M® (Cooling by HD molecules; Accretion disk around protostar:
Hosokawa, Omukai, Yoshida, Hirano)

< ~1 M® (bimodal peak (~1 and >10 M®) IMF: Nakamura, Umemura;
Fragmentation of disk: Clark, Greif, Susa)

- Extrinsic factors
< Low-mass star formation by UV radiation (Omukai, Yoshii)

< SN-induced star formation (low-mass stars: Salvaterra, Ferrara,

Schneider, Machida) 26 /58



History of Search for Pop. llI

[Fe/H]
Al 948:Gamov Big Bang

o L= primordial nucleosynthesis

Dra0ess: B L

a/H]=-1. ‘ L el o e Ll
' [Fe/H]~-2.6 .

Al [Fe/H)=-1.2 (-2.5) "B : d/1 9]70 T TR A TR

Chamberlian & Aller (1951) et ’ Al .(J .9.8.5. ] .9.9.2.).' HE survey E ___________
-2/ 1 1 no stars below [Fe/H]<-3 '_ (1990:2001) + SEGUE, E

Bond (1981) , Skymapper
-3 4 G64-12 HE0557-4840 < Sl Oae e
[Fe/H]=-3.5(-3.28) [Fe/H]=-4.75 SDSS
4 1 Carney & Peterson (1981) Norris et al. (2007) J102915+172927
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Bessel & Norris (1984) Christlieb et al. (2002) " A
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saga Hyper Metal-Poor Stars

- are considered as the candidates of the first stars

- are related to low-mass star (~0.8M®) formation
- What is the minimum metallicity to form low-mass stars?
- How many low-mass Pop.lll stars are formed and how
much of them have survived until today?

6 """"" i P ERSE PR YR IE MY TEY | OB RArE RO I FYOEVIE EYEi S 1} MY T NERB L § FRFII TTT 1S TTEE 1208 YEPEEY TS
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Data taken from SAGA database (TS+08,11,17, Yamada+13) 28 /58
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saga Metallicity Distribution Function
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SAGA Sample Stars on H-R Diagram
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Large Number of Carbon-Enhanced Stars

5.0
4.0 hCEMP: 13
EMP; 74
s unknown: 2
3.0 .3/6 are CEMP for -
:[Fe/H] < -3.5 :
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$e%8
saga Properties of Carbon-Enhanced Metal-Poor (CEMP) Stars
wcommon in Extremely Metal-Poor (EMP) stars
w> 20 % for [Fe/H] < -2 with [C/Fe] = 0.7
wdivided into subclasses
wCEMP-s (s-process) [Ba/Fe] 2 0.5
wCEMP-no (no s-proces) [Ba/Fe] < 0.5

¢ lower and higher CEMP-no (Bonifacio+15)
wCEMP-r (r-process), CEMP-r/s (s+r), etc.
. : : . 4.0

1.0

" CEMP (5) —&—

i CEMP-s CEMP-s (119) —o— _+_
A  unclassifiable 1. @t } 10| CEMP-no (67)
" |CEMP s | N, '
10 | 20 CEMP-s
o i _.:‘.'“ﬁ»‘: 1
520 CEMP-not L & 1 g 10 T ¢ i
n g e k-
40| CEMP ¢ il ao| HI R LE" CEMP-no
7 il ¢ |
t C-normal
5.0 - - - — - - 2.0 TS D
80 70 60 50 40 30 20 -1.0 40 -35 -3.0 -25 20 -15 -1.0 05 00 05 1.0 1.5
[Fe/H] [C/H]

See also discussions by Aoki+07, Bonifacio+15, Yoon+16, Matsuno+17, etc.
Data taken from SAGA database (TS+08,11,17, Yamada+13) 32 /58


http://sagadatabase.jp

Summary & Discussion

- YIREDBEREBVEEHLIFZE DD 2 TLVRLY,
- ROHIKDDIZVWE(L[Fe/H] < -7.1
- 8mifith EEmiE TR LR (S [Fe/H] ~ -8
- TBRZE([Fe/H] < -3)DZ K hixxiBFEI([C/Fe] = 0.7)=
AR

. s-processitx(Ba)@F|ZmR9d 2(CEMP-s)E RS 7ELE

(CEMP-no)lcn 5N 3,
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- Na, Mg, AlDx@F, @/ N\zZzmR9T Z2,
- LAk DB ERFIE
- r-processitRDiBF | Z R I (r-1, r-11) £
- I-, s-processi 5 D&%z~ (CEMP-r/s)2
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saga

Origin of Extremely Metal-Poor (EMP) Stars

wcommon in Extremely Metal-Poor (EMP) stars - Possible origins

w> 20 % for [Fe/H] < -2 with [C/Fe] = 0.7

wdivided into subclasses
wCEMP-s (s-process) [Ba/Fe] 2 0.5
wCEMP-no (no s-proces) [Ba/Fe] < 0.5

wCEMP-r (r-process), CEMP-r/s (s+r), etc.
1.0 - - - - . | 4.0
 CEMP-s
A _uncIaSS|f|abIe
~ |CEMP
-1.0 |
i L*P—
5 20| CEMP-no
3.0 |
40| CEMP Ly
{ C-normal
5.0 - - T - -
-8.0 -7.0 -6.0 -5.0 -4.0 -3.0 2.0 -1.0
[Fe/H]

¢ lower and higher CEMP-no (Bonifacio+15)

3.0 ¢

-1.0 ¢

-2.0

) CEMP-s and no come from
binary mass transfer

I)CEMP-no from supernova
models (Umeda+02)

1) CEMP-no from rotating
massive stars (Meynet+00)

" CEMP (5) —&—
CEMP-s (119) —e—
CEMP-no (67)

prise

CEMP-s
e
l | l CEMP-no:
40 35 3.0 25 20 15 10 05 00 05 10 15

[C/H]

See also discussions by Aoki+07, Bonifacio+15, Yoon+16, Matsuno+17, etc.
Data taken from SAGA database (TS+08,11,17, Yamada+13)
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- Mixing and Fallback Supernova Models
Fallback (0.002% ejected)

It . Fallback (0.012% ejected) <
Mixing Region < Fallback (0.0087% ejected)
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faster mixing (HE1327-2326) 4
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e _ J x30 larger diffusion coefficient
Ishigaki+ 14, Takahashi+14
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- Binary Mass Transfer Models
i
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Gil-Pons & Doherty (2010)
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M, ; TS+Fujimoto |0, see also Fujimoto+00
He-Flash Driven Deep Mixing: H-ingestion into the He-flash convective zone

Fujimoto+90, Hollowell+90, Cassisi+96, Fujimoto+00, Schlattl+02, Suda+04,
Iwamoto+04, Picardi+04, Herwig+05, Campbell+Lattanzio+08, Lau+09, Cristallo+09,
Iwamoto09, Campbell+09, Suda+Fujimoto 10 38 /b8
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- Binary Mass Transfer Models

C, N, s-elements

CEMPE2DEIEIMEZ/I\NDOXI —([CKDTRED, =>EEEEERK
AE R
WIEBEEDBEEDH
WIEEZDEEID

Eiiﬁ/ﬁ‘i > j]l&%ﬁ:

It IS expected that the typlcal mass of stars are more massive than ~
that expected from the present day II\/IF (Komlya+07 LucateIIo+O6) ‘

1S+04, 10 13, Komlya+O7 09, 10, 15, lehlmura+09 39 /58
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Ly , —SUpernova-scenario——-
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. Mixing and fallback models | _
Mixing region & fallback parameterzsiz2d 52 & TEZ < DER R 3 RS T Sh SRSt e o :_::::f
RZEDHEK/ Y —>7Z57BH0]EE, (Tominaga+14) af
faint supernovah SRR DEEIEB  ENTEBINESHER LS

| -
0 5 10 15 20 25 30

-t 1 A
BN

ST CL\B, (Chiaki+16,17) Rotating star scenario
I TCDPop. lllIZfaint supernova & {RE U7Z3ZED([C/Fel & °f A —
[Fe/H1H 7 & DLLEATTHIN TS, (Cooke+Madaul4) ; /\ P

. Fast rotating massive star (FRMS) models — .| o
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AR D E2[BES (FEE UL, (Tanaka+17)
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hemically evolved éémpanion, which

*d in the binary, we rely on the results N
sics. Nucleosynthesis in a helium-flast QQ

\ \
ved, allowing us to explain the origin in W (bp [S;Dys]@ ©

enrichments and to dlscusq the abundances of s-process elements. From th
that HE 0107—5240 has evolved from a wide binary (of initial separation ~20 AU) with a pnmary of initial

Q@Q@@QQ@ %a R QQ

K [km/s]

mass 1n the range 1.2—3 M. On the assumption that the system now consists of a white dwarf and a red giant,
the present binary separation and period are estimated at ~34 AU and a period of ~150 yr, respectively. We
also conclude that the abundance distribution of heavy s-process elements may hold the key to a satisfactory
understanding of the origin of HE 0107—5240. An enhancement of [Pb/Fe] ~ 1-2 should be observed if
HE 0107—5240 is a second-generation star, formed from gas already polluted with iron-group elements. If the
enhancement of main-line s-process elements is not detected, HE 0107 —5240 may be a first-generation secondary
in a binary system with a primary of mass less than 2.5 M, born from gas of primordial composition, produced in
the big bang, and subsequently subjected to surface pollution by accretion of gas from the parent cloud metal-
enriched by mixing with the ejectum of a supernova.
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Parameter Ranges of the IMF

Search for typical mass (M,,4) consistent with observations. (A, = 0.33)

CEMP-s fraction is predicted from
35 n(m,/m Ay (M)
Y camp-s = |, 4 E(m,) ( r2n l)dml | f(A4)dA log normal IMF

Ape_FpDM (Ml (log m — log Mmd>2

| ¢ (logm) o< exp ( >
maSS d ° o > 2 A2

range of Mass ratio  djstribution of o

primary distribution hinary separation

1 - ' - ' /B Required range of Mmd to
account for CEMP-s
0.8 | Observations ,
\ fraction
C o6} :,:";; CEMP_n_O . ~1Me and ~10 Mo
¥ Predicted CEMP-s / CEMP-k  Required range of Mmd to
o fraction / Predicted
£ 04T N, /' CEMP-no account for
Observations fraction CEMP-s ~ CEMP-no
M g A N | : ~10 M@
. Seas

Figh-Viass IWF|

Komiya, TS+07 42 /58
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Frequency of C-rich stars
Frequency of C-rich stars

Transition to Low-mass IMF

‘Ob:sel:xaﬁi‘olns imply high-mass star dominated IMF.

CEMR fragtion vs. [Fe/H]

0.6

05 f

IMF:

. AXLAIL3

|
SEGUE, Outer halo —¢—
SEGUE, Inner halo

e AR LAN)L4
Rt 4 Model J —3-
“ERE 2 1og 1)

SAGA —a—

Model B
Model G —o—

. pransition qf

the IMF -

-

[Fe/H]

-2 -1 0

SAGA database (TS+08, I 1)

[Fe/H] seGUE (carolio et al.2012)

Modell|  IMF  |CEMP/EMP

A | u=5, 0=06| 0.19

(10, 0.4) 0.25
c | (20, 0.45) 0.19
D | (30,0.5) 0.17
E | (50, 0.6) 0.18
e l@li7al a5 0.031

© | x=135 0.08
H 0.85 0.1
| 0.35 0.12

Q) 0 0.14
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Summary & Discussion
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Supernova binary scenario

Massive Pop Il star

Low-mass Pop lll companion

w Stripping of surface layers
w Accretion of SN ejecta

w Binary separation has to be
small enough.

w Evolution to red supergiants
(>~ 5 au) will inhibit this
Scenario (cf. Marigo+01,
Heger+10, Kinugawa+14).



Simulations of SN binary scenario

- Stellar evolution models: 1D hydrostatic (Suda+10)
. Supernova explosion models: SN1987A (Shigeyama+90)
- SPH simulations: ASURA code (Saitoh+08)

+ Binary system: 20 Me + 0.8 Mo
. Separation : ~0.05 au (~10 Re®) or ~0.1 au (~20 Re)
- Num. of particles: ejecta: ~16M, companion: ~1M

- Previous studies on the stripping by the collisions of
supernova ejecta

- la: Marietta+00: PPM

- la: Pakmor+08: GADGET

- la: Pan+12: FLASH

- |l: Hirai+14:. yamazakura, massive + massive

- lbc: Rimoldi+16: Gadget-2
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Evolution of 20 Me Stars
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SN ejecta of H15[_2] models

(Shigeyama+90 prescription based on Heger+10 models)

8
10 veloty o]+ 0.04
Ekin [101\; erg]
X
107 [ mass [Msun] 0.035
10° | 0.03
10° 0.025

P mass contained in the shell [&
X 0.02

A M [Msun]

X
£ | 0.015
- X
shell velocity |
£ 0.01
%
X
X
o *1 0.005
I X
L 1
L 0
6 8 10 12 14
MI’ [MSHH]
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Configuration with ASURA codeg M Sm %’

Saitoh+08

. Target: 0.8 M, with R=0.64 R

« Distribution of mass and temperature from
Z = 0 models
« N~106 (sink particle in the center)

« Supernova: Heger & Woosley (2010)
(15,20,25 M,)
| « N~7/x106 (reduced the number of
) particles for offset collision)

particle mass ratio : 1

256
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Coordinate [0.1 au]

e ~— | ELS|eH

Simulation Result

-1 M1 = 15Me FEBE
| | M2=0.8Me fEHE

-2 Vr 1 a=0.1au 2 B PRk
| ]  t=0-20 hours 5ERZ

“1 —05 o G5 1 '

log o [9/cm3] -5-4-3-2-10 1 2 3 Density
logTIKl 3 4 5 6 7 Temperature
log P [10'7 dyn/cm?] - g_5.4-.3-2-10 1 Pressure
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Stripped mass for the H1 5 2 model
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Accretion of ejecta
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o1 D

@
o)

107 |
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L3 —#—

14 —=— | not weII mlxed ejecta |
L5 - - - N s igeraps ot iyl
L6 —=— Si+0 i

— il - e 45. ]
Total s ﬁﬂﬁﬁ}ﬁﬁ' 566600000
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Preliminary result of
Dependence of accreted mass on separation

~ 0 at 0.1 au, ‘

10 [[Fe/H] |
— _ ool | but [Fe/H] = -» at 0.4 au |
1021 | oo e e

1x10-3
10-3

1041

105 1

Accreted mass [Me]

106

10-7

a: Separation [au]
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Observational Counterparts

Massive Pop. Ill stars cannot survive preliminary results for radial velocities

until today. . - HIID1644'38
w Mayer+17
v« P=10.25 days
'« M1=19Me 1
e M2=2.02-4.32Me d

30

- Observational counterparts in nearby

OB stars
- Radial velocity monitoring
- MALLS on Nayuta telescope (Mid Res.)
- 20 nights (16B-18B) + 3 nights (19A)
- HIDES on Okayama (High Res.)
« 17A: 6 nights I
. GAOES on Gunma Obs. (High Res.) 0o 5 1015 Hds‘fmizse 0% 408
- 2016/11/12-2017/2/4: 7 nights HD 93521 (P=15.3)

60

- Target: Massive (+Low-mass) stars pjg_@ or 725 dis Fossible.
40 - ]
:

60

50

20

Relative Radial Velocity [km/s]

10

- OB stars from spectroscopic catalog
(Skiff, 2009-2016) [64112 stars]

- Exclude double-lined, eclipse, and visual
binaries from >20 references [62940]

- Spectroscopic SB1 [62] a0l i

- brighter than 8 mag. [24] ool | | |

- Dec. > -25° [14] ->ﬁO stars) 0 05 HJD_21457789 1> 2
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OB star binaries in literature
TII— (excluding X-ray binaries)

@gervational counterparts in solar neighborhood >

Orbital periods Mass ratios

Total sample Total sample =378

500 i 1 1 1 1 1 1 I I 1 1 _ 100 i T T T T T T T T
400 | . 80 [ -
o 300 | - o 60 .
g o f I S :
£ £ SR RN \“\ N \ T
Z 2m | ] Z wf \ LN -
: ] i 0 \\ N A \\\tt\ \ AR \ NN N \\\ k 0 \“\ \ :
i i C \ \\ N \ \\ \\ \ W \ MWW i
B 7] I A \\ N \\I\\ :\ ARRRRRNN DY RN ]
100 .I-_ __ 20 -— \\?\ %\\\\ \ \\\\ \\\\x \\\'\ \ N \\\'\ \:: \\\\ \\\ \\\ \\\\.\‘ —-:
C : : | \\\ \\ \ \\ \\ \: ARRARRRRY \ ]
0 [ " : ; i : i i ; j i 0 [ R\\\\\\\\\\\\\ \\\\\\\ %\ \\\\e\ \\Qx\\; RN \1 \ AR \S\\N ]

5 4 3 -2 - 0 1 2 3 4 5 6 0 01 02 03 04 05 06 07 08 09 1 11
log10(P) [yr] mass ratio q

* multiple systems are counted separately. * Most of them are derived in eclipsing
or spectroscopic binaries.
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Summary & Discussion
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