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A new perspective of Solar
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1. Solar. System science explores the |

. formation and evolution of the Solar System |

~incl. the life on the Earth, Whlch isa part of
“the evolution of the Galaxy |

2 Many of Celestlal bodles in the Solar System B
are reachable by spacecraft that provide
geophysical and geochemical lnformatlon of
the bodies and even samples for us it




3 Extraterrestrlal materlals incl. the samples
returned by spacecraft tell what happened in

,' their parent bodies and/or in the Solar System \
“(in case of meteorites, we even do not what the

parent bodies werel), but do not tell in detall
how the Solar System archltecture formed at
the begmnmg | ' ‘

4. Astronomlcal observatlon should help usto
~understand how the Solar—System dynamlcally
- and chemically evolved to the present state, as
“a part of the Galactic evolution, )% Hcombmlng
with the extraterrestrial material research =
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Astronomical observation

- Spacecraft exploration




1. Solar System science explores the 3
~formation and evolution of the Solar System
~incl. the life on the Earth, Wthh isa pa'rt of W
“the evolution of the Galaxy ’
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Solar abundance of nuclides
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The Solar System is made
of nuclides synthesized
in various types of stars
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Abundance (Si=106)

Mass number Lodders (2003)
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Hitomi SXS
@® Perseus core (290 ks)

XMM-Newton
A Perseus core (150 ks)
B 44 objects (4 Ms)
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Universality of

Sloan Digital Sky Survey (optical) Solar abundance
¥ early-type galaxies
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The Solar System is fnadéfbf‘.nulclides“ .
synthesized in vari'ous types ofsst’ars
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. Molecular
e clouds

Solar System

Protoplanetary disk

Presolar grains with isotope =
anomalies are real ‘stardust’ -

f Singlé.crystal Corundum (ax-Al,O3)
from a low-to-intermediate AGB star

Grain
CoII|SIon’?

Takigawa+ (2018)
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Mmeralogy revealed 13-m|cron feature
as vapor grown corundum

' Single crystal
from a low-to

: ' 4
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- 13-micron feature = vapor-grown corundum |

Takigawa+ (2

Takigawa+ (2015)

ALMA first observed alumina-dust forming

region around an O-rich evolved star

Takigawa+ (2017)

W Hydrae

Ohnaka+ (2016)

Condensed aluminum oxide dust accelerates the stellar
wind and prevents the efficient formation of silicate dust




2% Many of celestlal bodles in the So]ar System, SRy
~ are reachable by spacecraft that provide
- geophysical and geochemical mformatron of
,‘the bodles and even samples for us S W

Hayabusa2 visited Ryugu

Watanabe+ (2019), Sugita+ (2019), Kitazato+ (2019)




OH signature at 2.7 micron

2.72 um

MET 01072

Heated CI1
lvuna (500°C)

2.5
Wavelength (um)

Kitazato+ (2019)

OSIRIS-REx has been investigating Bennu




OH signature at 2.7 micron

MET 01072

Heated CI1
Ivuna (500°C)

Bennu
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Hamilton+ (2019)

2.5 o Dehydration?

Wavelength (um)

Kitasato+ (2019)

Weak aqueous alteration?

Rosetta sniffed organic molecules from 67P/C-G

H20

CHa

HCN

CO

CHsNH2
CHsCN
HNCO
CHsCHO
HCONH2
C2HsNH2
CHsNCO
CHCOCHs
C2HsCHO
CH3CONH:
CH20HCHO
CH2(OH)CH2(0OH)

80.92 (%)

0.70

1.06 Comet
1.09 67P/C-G
1S

0I5

0.47

1.01

Siad

0.72

313

1.02

0.44

2120

0.98

0.79




Chemical dlverS|ty of molecular clouds —
Ilkely to be related to star formatlon process

#Hot Corino

CH,OH [K km/s]
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CCH [Kkm/s]
Modified from Yamamoto (2017)

Chemistry of protoplanetary disks is
inherited from moleculak

Sakai+ (2013)




ISAS Small Body Exploration Strategy

Mary small bodes are bom culside the snow bns
By delverng water and organic compounds, these small bodies may have ¢ w habitabdity of our planet

When, who and how?

Go farther

More pnhmaterl e
oot Comits NEINM n,—/. -

Jupiter Tro

IRIS. R ROSETTA s
OSIRIS-RExmass

The fleet of ISAS small body missions explores these questions
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Chemical diversity mSoIar System ;o‘r"gani“cgi i

’é* Interstellar ice
analogues

Anhydrous
IDP e UCAMM DO05IB80
(This study)

67P/C-G 01 Comet Wild 2
(Fray+ 2017)  yeamm  Initial chemistry of

"Ilﬁ D°5'38° the Solar System?

m Types 1and 2

chondritic IOM
Comet +—4— (Alexander et al. 2007)
O Interstellar ice
analogues

<
Types 1 & 2 UCAMMS (Engrand+, 2018) | (Nuevo et al. 2011)
Chondritic IOM
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Spacecraft go farther to the scale comparable
to astronomlcal observatlon | ER
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Astronomical observation e s UI oA

- Spacecraft exploration

3 Extraterrestrlal materlals incl. the samples
returned by spacecraft tell what happened in

~their parent bodies and/or in the Solar System - |
“(in case of meteorites, we even do not what the

parent bodies were!), but do not tell in detall
how the Solar System archltecture formed at
the beglnmng | | | ’

Lt When and where dld the first. sohds
~form in the Solar System?

e What IS the Earth made of?




First solids in the S(‘)‘*Ihar; System

.

@ CAls (Calcium-, Aluminum-rich inclusions)
Oldest solids in‘the Solar |
- System, consisting of minerals
-enriched in refractory
elements (Ca, Al, Ti etc.)

First solids in the Solar System 4

24 CAls (Calcium-, Aluminum-rich inclusions)

.
»

Oldest solids in‘the Solar |
System, consisting of minerals
-enriched in refractory
elements (Ca, Al, Ti etc.)

»They formed
at high temperatures

When and where did the first
solids form in the Solar System?




First solids |n the‘ S(i)__‘l.arj' System f :

.‘,.‘.

F 1P *"“ CAIs (CaICIum Alumlnum rich mclusnons)

‘Oldest solids in the Solar - ;
- System, consisting of minerals

-enriched in refractory

elements (Ca, Al, Ti etc.)

.They formed
4.567 billion years ago

(Amelin+ 2002; Connelly+ 2012)

When and where did the first
solids form in the Solar Systenj?
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of the Solar System - S8
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Astronomical & Cosmochemical timelines
| Astronomical tieline |

Class 1411 (disk lifetimes)

t=1Ma
I(‘ Al formation

. Iron meteorite parent body accretion

— Chondrule formation

_ Mars accretion
-!ﬁactory inclusions formed

Extraterrestrial sample timeline Nittler & Ciesla (2016)

First solids in the Solar System 3

24 CAls (Calcium-, Aluminum-rich inclusions)

Oldest solids in‘the Solar |
System, consisting of minerals
-enriched in refractory
elements (Ca, Al, Ti etc.)

Let us look at other
systems!

When and where did the first
solids form in the Solar System?




High-temperature gas around a young star

Orion Source |

A massive young star candidate

| (5—7 Msun: Plambeck & Wright 2016;
15 Msun: Ginsburg+ 2018)

» v ®

High-temp?'riature gas around a young star

CAls (Calciums, Aluminume-rich inclusions)
g

21 AlO 497 GHz Observation 201 AlO 650 GHz Opservateon
(N=13-12) &~ Fit (cach line) (N=17-16) () | Fit(each linc)
1.0+ A TN 151

Flux [Jy]

1.0}

Flux [Jy]

497.31 49734 49737 9740 9743 9746 650.05 650.10 650.15 65020 65025
Frequency |GHz| Frequency [GHz|)

Tachibana+ (2019)




High-temperature gas around a young star

First obs. of spatial distribution of
AlO 497 GHz emission around a YSO

<
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Orion
Source |

0.00 lt;k“y/‘

Dec. offset [arcsec]

Brightness [Jy beam™! km s™1]

0.25 0.00 -0.25 -0.50
R.A. offset [arcsec)

Condensation front of
refractory minerals?

Hirota+ (2017)

Tachibana+ (2019)




First solids.in the Solar System
- 4

...... :‘”_'f'CAls (Calcium-, Aluminum-rich inclusions)
L :
.=~ 7% Further obs. of Sun-like
T 3 'J young stars combined w/
L ‘:‘ “-’# CAl analysis and lab.
=* Jexperiments to constrain
“time 0” of the Solar System

1

When and where did the first
solids form in the Solar System?

First solids.in the Solar System
- 4

S8 CAIs (Calcium-, Aluminum-rich inclusions)
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- e ‘ Hydrogen pressure at the
B s 'J CAIl forming region —
e "‘:‘ *£10-4~10-5 bar (107>-16 cm—)

b & 4 Mendybaev+ 2006;
! Kamibayashi+ in prep.

When and where did the first
solids form in the Solar System?




Oxygen isotope evb_lutidh .

<Th rée_‘ isoto.‘p_es: ~

T 160,170,180

8 Earth is made of dust with non-

Solar O isotopes, but why was
i dust non-Solar?

@ bulk Earth, Moon
B Mars

() chondrules (OC)
@ chondrules (CC)
O 'O rich chondrule

Refractory inclusions
O CAl
@ Hibonite

@ H,O (Semarkona)
O H,0 (Acfer 094)

20 40

McKeegan+ (2011)




Oxygen is’otdpé exci,fhangie i‘ea‘ctioh*‘ .

Hz16o szo H2180
170, 14O- rich

C16Q C17Q C18O
170, 18O poor |

e. g Yurlmoto & Kuramoto (2004)'

Oxygen isotope exchange experiments

t
Butterfly valve

Quartz glass furnace tube I'hermocouple

= Starting material:
| Amorphous forsterite & enstatite (~80 nm)

T: 803, 853, 883, 953, 1023, 1123 K
Pr2o: 1x10-7, 3x10-6 bar
t: 0-336 h

Yamamoto & Tachibana (2018); Yamamoto, Tachibana+ (2018, 2019)




O isotope exchange b/w amorphous S|||cate & HzO

structural ) Hz*O ’:, *OH + OH oy structural *O + HzO

Polymerized SiO, tetrahedra  MgO,_ polyhedra

S H20 molecules

Dlﬂused H,O

Hydroxy! fo s Structural ‘
(breaking of Si-O-Si & nds) rearrangement Crystalline forsterite

Yamamoto & Tachibana (2018); Kuroda, Tachibana+ (2018);

Fxcl;:‘mge amorphous olivine amorphous pyroxene

raction (M82S|O4) (MgSlOg)
| : :

| 883 K 1l

0.8F D=(4.4£0.8) x 1022 m? sec ] ]

*» 853K
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duration (hour)



O isotope exchange b/W-afhbrthus silicate & HzQ |

0.08 micron-sized dust

\
\

Crystallization of
amorphous Fo
(Pr20=3x10-5 bar)

Time (s)
(a4) oumy

500 K for ~1My
10+ 600 K for ~10 ky
700 K for ~100 yr
1“)0 s A

S00 700 800
Temperature (K)

Yamamoto, Tachibana+ (2018, 2019)
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Crystallization of
amorphous Fo
(Pr20=3x10-5 bar)

Time (s)
(a4) oum

O-isotope exchange b/w sub-micron
* 1 amorphous silicates and H,O occurs |
| within 1T Myr at >500 K

1000
500 700 800

Temperature (K)

Yamamoto, Tachibana+ (2018, 2019)




Oxygen iSOtdpe evOlutidh o

8 Earth is made of dust with non-
Solar O isotopes, but why was
¥ dust non-Solar?

@ bulk Earth, Moon
B Mars

() chondrules (OC)
(@D} chondrul% (CC)
O 'O rich chondrule

Refractory inclusions
O CAl
@ Hibonite

@® H,O (Semarkona)
O H,0 (Acfer 094)

20 40

McKeegan+ (2011)

Oxygen is’otdpé evdlutidh o

Whtis the Earth made of? | % |

8 Earth is made of dust with non-
Solar O isotopes, but why was
¥ dust non-Solar?

- Oxygen isotope exchange reaction =
Did all the dust experiencé heating at abové 500 k?» iy
Are there any residual 1O-rich prlstme dust anywhere ‘
in the Solar System? »

Ryugu? Another comet sample return?




Oxygen isotope evolution

- 160-poor H,O
160-rich CO

Oxygen isotope
homogenization-line?

4, Astronomlcal observatlon should help usto
~ understand how the Solar—System dynamlcally
~and chemically evolved to the present state, as |
“a part of the Galactic evolution, by combmmg
~ with the extraterrestrlal materlal research e

Astronomical observation

 Spacecraft exploration




