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1964’s book by Otto Struve (1897-1963)

FHEUSS 3. £8A, PhbhiL, HE D& RVIBREEVLT, Mok

THE UNIVERSE by OTTO STRUVE

PEBHSTATLEET ZRAVT, COXSRBREXRRTELITHA I —ExiE, %

O.AML~%E/BRES ARER

BOLOURENLSREERONDVARDOMIZHEBLT, %
DRED 1 A -2/ 2 E%2n{TDOT, EORANFTOHB 2%
PITHOREWTH LD, HHVCIREOMEEHNNREDAEEH
LT LENT 0%, Fov 75— E2FELCENTSE
POFEEZRCT, ¥, Noe=ii, 2p+75 7B o KER
RETERCEX L, L LAEBEORERTAZ 7 « &Y
ZUIRCHELT, ZORERENDE L B 5iebiE, €OK

DERRLTWS, L L,
REDL A ZDRAZGT Foun,

Proposal for a project of high-precision stellar radial velocity work, Struve (1952)
"But there seems to be no compelling reason why the hypothetical stellar planets
should not, in some instances, be much closer to their parent stars than is the

case in the solar system.”



Otto Struve (1897-1963)

FAKEICW T DRV & Transit ;EDIRME (Struve 1952) ¢

% Radial Velocity (Mayor & Queloz 1995)
+/ Transit (Charbonneau+ 2001)

Habitable Zone (Su-Shu Huang 1959,1960; Struveh‘adviser)

+/ Classical HZ (Kasting+ 1993)
+/  Several Small Exoplanets discovered in HZ 2010’s (Kepler & RV)

¥ Characterization of Terrestrial Planets
“astrobiology” (Struve 1955)
¥ Search for Exolife and their Habitat

OZMAzTE (Drake) DEDNRAODdirector
? SETI
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Density [g/cc]

y
Terrestrial

rY-

a<0.05AU
0.05au<a<0.1au
O1lau<a<0.5au
05au<a

Mass [Earth mass]



Density [g/cc]
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Close-in Rocky Planets
TXTILKK

T>~2600K 2%hH a~0.01 au iBED
EAXERS. ZRETHERZED %

)
B,

Ito, lkoma, Kawahara et al. submitted



Magma Ocean Planets
EERK R
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Hamano, Kawahara, Abe et al.




Close-in Rocky Planets simulation

e & =
=X XTI KK Sio
Sio
K Fe
Na
Magma-Ocean Planets simulation

== m/KEIAR,

Water Vapor
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Kawahara, Hirano, Kurosaki et al. (2013), see also Croll, Rappaport, Levine (2014)
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Density [g/cc]
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Planetary Radial Velocimetry

o . ~50 cO lines V=110 = 3 km/s
E+XREDARI BMILE, FHRTVTL—FDIE . (VLT/CRIRES: R~87,000)

B Z &5 ETRFEREDHRGEREZIR L 0650+ ——
1. B EL9 Y (R~105) T e ¥ ) i 4
2. le<SADZ14>Z2FHWS/NFLE (N> 50)

blue shift

Orbital phase
)
o)
o

Qbserver

red shift
Vo (km s77)
Brogi et al. 2012, Nature 486, 502



Spectroscopic Coronagraph
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W >
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Extreme Adaptive Optics
@ -1 - :

Visible Nuller " ? :
28 A '
-2 -1 0 1 2
\/D
mock 55 Cnc b
a=0.11 au
d=12.3 pc
2.3 micron (CO)
D=30m

Kawahara, Murakami, Matsuo, Kotani 2014
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No strong abiotic sources
(not always true)

Wavelength (micton)



Metabolic Biomarkers

S~ ADP+Pi

882—>8H3C00'
§oHS HS —> S
S042—>HS- HS—> S042
Fe3+ —_— >Fe2+ Fez+ —_— >Fe3+
0O2—>H-20 H0—> 0>

v v

electron acceptor electron donor



imai is of Habitable Z
Semimajor axis of Habitable Zone A - albedo

(1 — A)FyymR2 = AroggR2T2 Ty planctary radius
_ : p _ PP a : semimajor axis
Incoming energy outgoing radiation L, : stellar luminosity

F.. =1L, / 47!'0,2 . incoming Aux T’ : equilibrium planet temperature

M O @ : 0.1 AU 1:108

1 AU 1:10-10

6 O

Planet-Star Contrast in HZ

A
Lp,rcf — ARIIWR?) —

1-A

ie. Constrast = Ly ref/Ls X L !

47TR;2,0'SBT;1 ~ const. fora fixed T)



Contrast ~ 10-10

TPF-type space missions

HD 209%58°b %
- _CoReT:7 b 54 Peg Me . J° 3
. —v’ - “22b <
L eplers*Q2
Contrast ~ 108
Ground-based 30 m class telescope
® GJ 1214
0.050.10 0.50 1.00 5.0010.00

B ERFF [AU]
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Planet - Star Contrast
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Planet Detection

Crossfiﬁeld 2013
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Kawahara, Matsuo, Takami et. al 2012



Expected number from Kepler results by I. Crossfield (2013) MNRAS
Lo Expected Number of Detections = 87}
] 5 R D
0.8
=z i
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Earth Radii
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Spinrad et al. (1963)
Doppler-shifted Water Vapor
in Martian Reflection Spectra

of

|

X m— Stacked H20 lines
817.697 nm, 818.927 nm,
822.696 nm, 828.202 nm




Benchmark test using a simulated Earth-twin

for Earth twin @early M(b5 pc)
D=30m (ground)
20 days, R=50,000

Fspeckle : Fp ~ 2000 : 1

’ molecular binary template

CCF
>



ExAO+Coronagraph (raw contrast = 10-9)
+ High-d spectroscopy (R = 50,000)

Water forline intensity = 10-24-10-22cm2/cm Oxygen 1.27 micron (J band)

Kawahara in prep



Chlorophyll Concentration

Normalized Difference Vegetation Index (NDVI)

-
0.1 0.4 0.9 0.1 .0 60

(mg/m-)




Flux variation of an Earth-twin @ G-star, d=10 pc
D=16 m (space), 0.5 yr

reflectivity

0.7

06}

05F

epoch

74 =7 REDEH RERIERE

I(t) = / dQW (6,0:1) S(¢, 6)

Tomography

Kawahara and Fujii, 2010, 2011, Fujii and Kawahara 2012
see also Ford+2005, Cowan+2009, Oakley & Cash 2009, Fujii+ 2010,2011



Inversion O#LEE

0.4-0.5 micron

0 34 e—— es— 0 94 50— — () ()
Reflectivity annual mean optical depth of clouds (log scale)

Reflectivity (0.8-0.9 micron) - (0.4-0.5 micron) Reflectivity (0.8-0.9 micron) - (0.6-0.7 micron)

-0_ 12_ _0_12 —0_02_ _0_12

Reflectivity Difference Reflectivity Difference

Kawahara and Fujii, 2010, 2011, Fujii and Kawahara 2012
see also Ford+2005, Cowan+2009, Oakley & Cash 2009, Fujii+ 2010,2011
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