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Direct Imaging Exoplanet Searching of the Nearby Solar-type
Star ¢ Eridani

S.K. Nugroho, T.Mizuki, T.Yamada (Astronomical Institute of Tohoku University)

Abstract

e Eridani is one of the nearest stars to the Sun. Previous observation for H-band and CH4 R12-band direct
imaging with Subaru HiCIAO+AO188 in SDI mode which have been analyze with LOCI subtraction
algorithm by Fuji et al. (2012) found a suspicious feature. The S/N ratio was~ 2-3 and it has been
done with several statistical methods to reject the possible feature from the image. However it is not
so strong enough to reject or to accept the possible result. The most recent direct imaging data was
obtained for H-band with Subaru HiICTAO+AQO188 in ADI mode. We analyzed it with LOCI pipeline.
The current observation is deeper than Fuji et al. (2012) but still there is no such possible feature in
the final frame nor the S/N map. We calculated the detection limit with assumption of age is 1 Gyr
(Baines Armstrong 2012). The limit for positive detection is about 5 M;.The possible feature that
detected by Fujii et al. (2012) at 5.4 AU possibly was a noise signal because if it is not it should have
been detected with current observation. According to the COND model (Baraffe et al. 2003) for 1 Gyr
exoplanet with the expected mass by Baines & Armstrong (2012) observation in L-band will be the best
option to detect such companion.

1 Introduction ratio "2-3 (see figure 1). Such a possible feature
has been tried to be rejected with several statisti-
€ Eridani is one of the closest Sun-like stars (K2V, cal methods but it always exists at the same loca-
3.22 pc). It has been known with a strong IR excess tion at mostly every possible final image. In or-
(Aumann et al. 1984) which lead to the discovery of der to confirm what Fujii et al. (2012) had found,
the debris disk around it by Greaves et al. (1998). Strategic Exploration of Exoplanets and Disk with
From indirect method it has been reported for the Subaru (SEEDS) survey (Tamura 2009) team con-
existence of its giant planet companion (Hatzes et ducted the same observation but with only H-band
al.  2000; Deller Madison 2005). Recent obser- filter in ADI mode in order to go deeper than the
vations were with Hubble Space Telescope Fine previous one.
Guidance Sensor observation and ground-based as-
trometry and radial velocity data, Bennedict et al.
(2006) calculated the exoplanet mass was 1.55 +
0.24 M. Baines et al. (2012) conducted an obser-
vation with Navy Optical Interferometer to confirm
the fundamental properties of the host star e Eri-
dani and resulting consistent exoplanet mass 1.53
+ 0.22 M; which orbiting the host star with semi
major axis 3.39 + 0.36 AU. Several direct imaging
observations have been conducted (Macintosh et al.
2003; Marengo et al. 2006; Janson et al. 2007;
Heinze et al. 2008; Morengo et al, 2009) but none

of them detected imaging confirmation of its exis- 1. |oft: final image, right: S/N Map. Fuji et al.
tence. Only H-band and CH4R12—.band direct imag— (2013, Master Thesis) changed the radial size of the
ing with Subaru Telescope and HICIAO+AO.188 M differential area in the LOCI subtraction from 25
2 channel SDI"‘ADI mode and LOCI subtraction all.—. pix to 70 pix, and this is the case in which the fea-
gorithm (Lafreniere et al. 2007) performed by Fujii { e appears most conspicuous (dr= 55 pix)

et al. (2012) detected such a possible feature lo-

cated 1.”7 (5.4 AU) from the host star with S/N
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2 Methods/Instruments
and Observations

Direct imaging observation was obtained in H-band
using Subaru Telescope with HiICIAO+AQO188 in
ADI mode on November 24, 2013. The central star,
e Eridani, was used as Natural Guide Star (NGS).
450 x 4.2 s science frames (with occulting mask
0.4”) and 8 x 1.5 s frames (without occulting mask
but neutral density filter (ND) 0.1, the transmission
is 0.00063) were obtained. The science frames then
reduced with LOCI subtraction algorithm (Lafre-
niere et al. 2007) and the same dr value with Fujii
et al. (2012) work that is 55 pixel. Only 428 frames
were reduced until the final because other frames
were suffered from AO bad performance. Because
LOCI subtraction algorithm basically reduces the
flux of the speckle around the central star so it could
also reduce the flux from any point source, an exo-
planet for example. Then we injected artificial com-
panion and performed LOCI from the beginning to
measure the flux degradation. The result can be
seen in figure 2. We also made S/N map in order
to see whether there is suspicious feature or not.
Frames without occulting mask were also reduced
and used as photo-metric calibration.
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2: Distribution of the recovered flux after LOCI
was performed in a function of distance from the
central star. It was used to scaled the r.m.s to cal-
culate the detection limit

3 Results

Figure 3 and 4 show that we do not detect any sus-
picious feature around the e Eridani as indicated

3: Final reduced image by LOCI pipeline

4: S/N map of the final reduced image

by Fujii et al. (2012). However we calculate the
limiting magnitude that can be detected by this
observation. We make circular annuli centered at
the central star with width is 2FWHM and the ra-
dius is growing by 6FWHM. We measure the rms
by doing aperture photometry inside the width of
each annuli with isotropic distribution respect to
the central star.

4 Discussion and Conclusion
Figure 5 show the 5 detection limit for our observa-

tion. The figure also show the expected magnitude
of 2.58 My, 3.44 M, 5.16 M, and 8.59 M for 1
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5: Detection Limit in H-band as a function of pro-
jected separation distance in AU

Gyr age. The detection limit is deeper than Fujii et
al. (2012) detection limit by 2 magnitude. Near the
central star (<5 AU), the observation was not deep
enough to detect any companion with mass <5 MJ.
Referred to Baines & Armstrong (2012) and Bene-
dict et al. (2007) with distance about 3 AU and "1.5
MJ it is certainly resulting non detection with cur-
rent performance in H-band given the signal from
the companion is much weaker than the speckled
pattern near the central star. If we referred to the
age that had been estimated by Baines Armstrong
(2012), which is 1 Gyr, the possible feature that
detected by Fujii et al. (2012) at 5.4 AU possibly
was a noise signal because if it is not it should have
been detected with current observation.Given the
current result and facility, it is hard to detect any
companion with low mass near the host star in H-
band observation. In figure 5 based on the COND
model (Baraffe et al. 2003) for 1 Gyr age we can
expect absolute magnitude of various mass of exo-
planet in various photo-metric band passes.And as
we see in figure 6 for the spectral energy distribu-
tion of HR 8799b that it will be brightest in L band
and the host star brightness will decrease so that
the contrast is much smaller. With the estimated
properties of the companion by Baines Armstrong
(2012), the observation in L-band will be the best
option to detect such companion.
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Abstract

WAEBL CBMISN TV S Fy 22y —DOBREZ S 2§ 2BICERZ O, RO Al & &
BEOREEIOMHEE o OMETH 2, PTFO 8-8695 F i3 FED ARl & RE DAL 1 FRE DAY <A
WICHAAEE L TW AR TH D, ZIUTRKNT 2 MR 7 0¥y MEEHRDEHIZ T\ %, Barnes et
al. (2013) 1k Z DzEE 2 ETNALL, o ZALROML 2T A —F R PEL T2, ZORTIdEE
D AERAY & REOAEAMORI & W I MAKEIRIN TV, RFETIE, ZOREZBHIE LA,
X IR T A RER L, FREOHBERESCEMROIRIC KRS BT L2 /AL, 2
o, TOREZRBEL 2 LTBIT — 8 2@ L 72 8a. ¢ 2 &R D/87 X — 413 Barnes et al. (2013)
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DIBERP AN E R I BE CHAINTE D, 2D
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DICEDBAFITN AT LT % (BEHWOL), %
7o b7 v Yy ML 0% D EEORRAS 0.488
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HIRES RIS KE R ($10-1000 Mo; Mo BABEE) TH2 EEZSNTW DR LT, BifE
DREIFIKGEEMRETH 2, REHBOERIZ, BEATZ0E&E (N 7L X )EWIER) OB ERT 28
BolIokiEzonTwD, R, FA L (BEIEHE L TBR SN2 EERBRT) ORBEIC X 2%
HNBEETH 2 2 EDBRAEDMEIC L > THS IR o7, KRR TIE, WL DD DEER D 2 ZE DI
DY Ial—vavitk-T, FHTRYDKREARENER INZ - DEREGEREZ KDL, DL E,
WHITFHICE O THENLG A PETVEHV S, £7, YA MEERYREDBHRREICI>TbRSIN
20T, BPROHEL»SHBONLE A MK, VA A0fFE> IaL—vavofigkte 32, $ik,
IWiET 2 W AENTIE, YA FDBRHTOSEZECATHER (F A FRE) PEEE L5700, KTk
INLEETZ, BEE 107 Zg & 107" Zg (Zop BABEER) I8 L Ty I ar—varifio kil
R, BIETIETA M BEHBATGTH 270, WABEOHZHEMEET, BEHETIEY A FMHEHNC X > TREE
o Te W AEWWINERODTRRNCTHRT D 2 E3ah o7, -7, BASERIZZOMICH S 2 L2

5T L7z,

1 Introduction

FFREIE— RIS E = ($010-1000 M) TdH
% EEZH5NTWwS (Bromm et al. 2001; Abel et
al. 2002; Omukai & Palla 2003; Yoshida et al. 2006;
Hosokawa et al. 2011; Hirano et al. 2014), #IfURIZ
BEE2EE RO ABEDOIGHC L VPRSI S, 2
DL EEREWHANIAREZTFTHYH, ZOWHHEIL
W NS Wic . A ADER (~ 1000 K) 127
Nz, V- RERBECHHIL TRESHED, 2
DIERRNEREDIBREINE EZEZ5NTVWDE, —
7i. BUEDRIMREHE (RIEHERE) Thsr L
DS T 5 (Kroupa 2002), 2B EOEBIL
D, EDXHRLTRELDD, ZOBEHio—DL
LC, EMP A0&EED ERICHE->T, &FL s
AN DD AEDRHDBA AED 3HEZL S
L7z &2 50T 5% (Omukai 2000; Bromm et al.
2001; Bromm & Loeb 2003), #" A ZE 13 2072 U
eI 5 EARLEEICE D, 3789 % (Larson 1978,
1985, 2005; Li et al. 2003), I HIZZ DA DE
HIFY -V XHBERETH S, FRICFY AL EATAD
BRI ko THEZ 24 2 P ENZEEEICEB VT
RN E 252, ¥ — v AERIZEEICKHHT 20

T, YA MREHIZEZ G 1 A3 & VIRERICHHT 2
(Schneider et al. 2003; Omukai et al. 2005; Dopcke
et al. 2011),

AT, FHORMOBERENBEI NS
O OERGEREZ, W OPDOBEROTAED
Wiz 3 Koty S ab—va vy THEMIT 2
HEHWET S, 202 Ex2FEZLL LETIE, WIHT
HICBIT 25 A - OWE (KL YA 04 HewE
WZHUD 29 B D3H 5 (Schneider et al. 2006, 2012;
Nozawa et al. 2012; Chiaki et al. 2013, 2014), [FIHk
DY 2l —raviFnl2hD 7N —7TfrbiT
3 5% (Dopcke et al. 2011, 2013; Safranek-Shrader et
al. 2014) 28, TNHD I N—TTlE, FAFOWH
LT EFEFEObDZMVTWw S, Ll P
FTHICBT 252 FOWEIE I L3R A5, 5t
FHTIE, KFE, TR 7L vV arvivokin
FBEEAETRTH A MICEHR L T3 (Pollack
et al. 1994) DIZx L, FIHIFHTIIRED H &5 A
MZEHEL T 2EGIRR LI DAIVWI EBFIo T
V% (Molaro et al. 2000; De Cia et al. 2013), #J#
FHH TR, A~ OHERIZ, FarE e KERED
EFTRICIR 5415 (Todini & Ferrara 2001; Nozawa
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et al. 2003; Bianchi & Schneider 2007), I 512, i
WEP TS A 2R T 2 b E 5 (Bianchi
& Schneider 2007; Nozawa et al. 2007), % A b3
Brezids e, FAFZBRL TV 2REETFO—
AR R 2, Z20kO, FA b ORHEE (&
JBICA 2B ) R & D 12 M v,

HHRIC L > TSNS A M iE, XOHRD
EPPRS N A AEICHGAT NS &, T ADHH
HlE LCHERES 5, JefTiI%ED X TTIE, A
DEEERIFE AP IC—E L LT3, LaL,
—HF A MEIEIZ X o TRMHIC B S B IE
BRGNS THADEE EIMENRE 5D &
S R b ICHEHE S % AJREMED H % . Nozawa et al.
(2012) Ik > T, EKBERONZAERTH, 2
DM DORIEFET 2D ALBR (52 MEE) »
BIRINTH 5 Z DRIt £/, bibh o
TR 22 PRI B VW T Z ORISR C & 72
W I &P 7z (Chiaki et al. 2013, 2014), L7z
23T, AWHETIE, FMVEDHTRE TR, S
NIF AN DK E DA Azt e L, &
HICHAEDQE NP ICE T 25 A FEZEE
L. 3Jtliifky S 2L —vavzfii,

2 Methods

2.1 Simulation set up

AWE%E Tl SPH Jiff 2 — F GADGET-3 (Springel
2005) 2\ %, FAAFHE & ERHC, 27 Ol A
IZDWT, 55 DAL ERIGF v b7 — 27 2R (G
l& Chiaki et al. 2014, ), £7-, KFE, KK, B
FrEUETF. A4 v, FToBEHsHIcZ T8
A NGHEEET S, S5l AFETIZK2 IR
LTw? 9 HHHOY A MlEZEELTw5, ¥ AL
W, B A MEEYA AT EICHEIEZFEL,
Z0HE 2V 5,

WIS & LT Hirano et al. (2014) OS5l
YIial—yarTEHREINLZI u—0fFH 1
kpe Z#UWIDH L7 b D (K% ~ 200 000) %M\
5, ¥72, 2D I=2/ B —IT 1070 Zy, 1071 Zy D
&EEx 52 %, YA MREESBERICHHIL 5L
55,

0.3
0.2

0.1

[X/Fe]

-0.1

02 o -

03 W 1 1 1 1
5 10 15 20 25

Atomic number

1: KBGO T 2 &l@ilif, J68E X oL
T, [X/Fe] = log(Nx /Nre) —log(Nx,/Nre,)o

2.2 Supernova dust model

GIFICEDOMIR & 5 A+ DHK, ¥4 X341
Nozawa et al. (2007) ® b D ZHv>5%, Nozawa et
al. (2007) T, FR4 BHIREDE I LT, HHT
By A MK EBEZFIF L TW 5, 2T,
BUROER M, =13 Mg DbD2Mw2, K1
TaeEtROMKE . KGR E Dl LTHL
T, Kbk e L T, K#E. 2V arr%
CABRINTRE ZEWTh 5, R, K213%5
A MEOBEICHNT 2 EERLZRL TV 5, EHT
TS V7 A+ (MggSiOy, MgSiOz 7% &) 23ET
HoH, BPFRENTHELZZ TP T VO, PIHF
HICBITD2HEEIINI W D25,

= =
S o
N -

Dust/ Metal Mass
5

MgSiO;
Mg,S0, C MgO

SO, FeS

Total Fe
Si Aly,O3

X 2: KFETERT S 9D A DY R+ K,
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2.3 Grain growth

FA P ERRIE, PR S 72 D I8 A P IChHE
T3 REE T OB 6 b 5, RISREIZ. K
JGWIE S 2 B 7 (B /7 <—) OWEE. Kt o
LR T ADEGEE & LCRD, 22T 2 BT
Db R (HEHEEL) THYAMIREINL LT
%, ZIZTIEMEMREIZ 1 £ T % (Tachibana et al.
2011), 2D XIHICLT, 9DDF A MEZNZF U
DVTH R MRERZHET 2, HlZ21X, >V 7 A
FO—FETHZ 7 ANVAT T4 F (MgySiOy) 1354
D Mg Ji5 & SiO 7 ¥ DEiEZEZ 5, £z,
TELZ7 7R -H—HRY (C) IF5MB D C JETD
FEHER 2R T %,

3 Results

3.1 Gas collapse

K31k, Z=10"*Zg TR L, #AIREE L BHED
BfRE R LT3, BEIRKEL (KDL 6 HIC
7)) BEFAEZEORMOREDL, T, TAED
NGl SR RIS L CIRIEHEERM S 2 0
T, KoL SANRRINEZRTLEBRT LD
TE2%, X3 Tk, WAZE ng ~10° & 10" em™3
BT, KIROEEA 2 DRATW» 2, KEEH
& HD 23 FInEIDSZIRIN 2 fHIR . & N 57 R
MR TH B, B ADEHD IR EA,
HADIHEBF ER I NS (1 FHBIH) », WiE
TIEWHBATITH Y, FRTH SRV, —T7,
BEICBOTHAED 34 BT 21k
THHER S iz,

K413, ¥AMEEICEZ5 A MEOZELEZEL
T3, FRIZ7ANVAT 74 F (MgeSiOy; ARV AR
M), = 2% %4 b (MgSiOs; EV 7)., v 7 %>
7 (MgO; %th) 3% ng = 10°-10'2 em =3 IZH
WTRE(EELTWS, TNoDy A MEOME
WX D FRAMRHEDS LA L, TAZEONHEZL &
L7 e h s, £, TNHDF A MR,
LA D Mg 239 RCEEfT 5 L REDILE %,

1fm, 10°M7 MG

=
o
w

Temperature [K]

=
Q
N
T

10°m

10° 10> 10* 10° 10® 10 10" 10™ 10%
Hydrogen number density [cm'3]

M3:Z=10"* 20 DEZD, HAFEIINT 20
AR, FRUE 3 RILY T aLb—v avick 3 SPH
KDoA, RIS HERATINETRIC X 2 & D,

3.2 Evolution of protostars

A AEPEIINHME L T, LD EED ny ~
101°-1016 em™3 FEEIC R % £, A ADEFENICE
(D, BB OMIFEINS K R D, ZOEE R
R LIRS, 20, A ADIEAIEE D . S
DHAEEE I L > TFIRRIZERZEE T LW
BE23#i41 % (Shu et al. 1987), HORKERZIRD 5
7-dIzlk, 20RO EREDMEE B X Z 105 4F
B9 REDD 205, RO B 2 RN KA R 72

8
o
%
i3
3 2

=
QS
)

Condensation efficiency of metal

100 100 10° 10° 10° 10" 10% 108
Hydrogen number density [cm'3]

B4 Z=10" 20 DEEZD, HAEELIIHNT 2,
5 A T iR



2014 HEFE 95 44 0] KIC - RIS T H DO FEL

Iog(nH/cm's)

155
- 15
4 145
414

4 135
13

4 125
12
115
11

4 2 0 2 4
x [AU]

| og(nH/cm'3)

155
15
145
14

135
13
125
12
115
1
4 2 0 2 4
x [AU]

5. Z=10"% Zg (M), 107" Zey (FilX) DEEDRF v T ay b, & HITRHPDBFIREITHR S

nTH» 5 1.3 yr DT,

O, G b 2ET 5, AGEETIE 2 =107°Zg
IR LT, BUIREIERA 5 1.3 R0 238 - 7
2, ZOKRATE W THMZEDOENIFHHTH 5,
513107 Zy, 1074 Zy ZNZHUKIT 2, i)
DEIREDIEIL S NTH S 1.3 HFHERDAF v T ay
FCTH 2, 107% Zg Tid, 2-3 HOFHR (ng >
10 cm ™3 OFRVEEIER) PILS N T2 DITH L,
107% Zy TEAADTEDBES 0o, HiIH DYt
BV DGR O HRICEEMEPIER S v, 2h
WY A MHENC &> THHL, Hir BRI
INTwD, ZNENOFETIIOERLELR 5 0H
ZRED RS, A NEROBEIC R 5 EE A
5N %, —Ji, BEDHAIEY A N IEAID IR
TixARwizd, AAMWRERIRETIHTIL T3
ZEDbh DL, BT, ARURERLT X9 IcH
HOREREDTUR S 12 AR D % .

3.3 Critical metallicity

Z =107 Zg D¥itr. BHIDKEIGED 5 21.4 4
DL %) FBTE 2, K6 3/ HRFOER
DIHEIFEREZEL TS, KiZlt~2-5 & 11-17 yr
T, ~HEHEOKSVFEIRE L ZFH L 3HE»E
R, DHEEBRDELT0E XIICRZ 22, 2

FIRBEDERDLEAICEZ2bDTH D, £, t =2,
3,8, 10 yr ICBWTIEFF IR DRI T
LENTDDL, 612, t=18yr IZBWVWT, 2%H
WWHEEONSWEREMEZ, 2HHICEROKE W
FIREOERDIERKRKEL %50, TUFlHELE
KL ThH2, 2OXHIT, FHEAES LAV
WCHEERAL Tw 328, 21 fF oM Tk, 32
DFHERDEEE S TOLHITD DL, ZNETND
B{HE1E 0.001, 0.017, 0.019 M TH H, S DAL
&> TIREREDSER I NS WRERH 5, —J7.
Z =107° Zo D%t FIREERD 5 3 4 L -
TLRWIZH2rb 6T, TLOEMEOEREIIE
I20.034 My 2> TWw 5, M Eo%Enrs, (KEHE
DRV E N2 7 O DR EIERIZ Z =107° Zg
EZ=10""2g OMICH B &) EBTH D,

4 Summary and Conclusion

AR TR, FHTRYDEEREDELI NS
WROBEREZ, 3XTUIMAEY T2 —vavickh
Kotz, BEEROTAERTIE, ¥R MmHNC X
DHAEDPHL, REREDPERINDG LEZS
nTws, K, WIlgE clENZ, wIRE0k
PRI TR, BEINT A TV E2YH
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0.035

0.03 |

0.025 +
2 0.02 | 1
=3 -
@ 0.015 -
=

0.01 |

0.005

0 i I A =Y
0 5 10 15 20

Time [year]

M 6: A DFIRERIELD S D 7357 OE RO
FEME

FEE LT, e, BEEROTAETHHE
HERBTAFRREZEBRL 72, 3XmEIRIZE
TING Z2HRH T DFARNAEDHIOTTH D, T A
FEOBERNUGHFTRYIDFIREDIBL S N TH 5 1.3
FEROMELZE S AR, BER Z =107°Zg T
XY A NRHBAFITH Y, HAHH—DRITIL
M9 % &), WIUR LR U BIEE — F2s8ing,
=77, 107 Zy BV TR, YD EREOREEM
W3y 2 PENC K > THHEL, Fiiic 2 205G
BPPR SN, ZNZNDOHEIZ ~ 0.01 Mg T
Hh, EEHBEPERINSE-FNIIBITTS 2L
Doyhrote, Lic->T, HESEREIZNG DS
JEBROMICH 2 2 L03h 5,
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Abstract

FHYABEKR T T v 75— VO EHRET 5HETNVTH S, direct collapse EFR THZ SNTW5
HMAEREERERICOWT, BENREER2E 2 -2 ELOFEIRI b Twiwy, REFE T,
REMRBEESE LT, BEMABRPBENARALEIIRL L SIIREIN—A MNEEEZEZ R, BLLBARTEDS
DEMRZE B T4 = RNy 2712k > T, BEAOHABENTHIENAR WL E S 2 MIT 2 HNT, B
LD 1 RGBUEFEZ 4T 57z, 0.1Mp /yr D—EREROGEIIEIT 7 « — NNy 7 2% T I0E#LTES
RSN TWED, AFEDFHIZE D, EHRELDN 0.1M /yr DEHEIZH, EOEMERTELED

BHEDRHT T 4 = RNy IR E AN H B Z

1 Introduction

EEDQFDE - RSB & TR 2 ~ 6 T
BHED ~ 109M, OEEKXTF v 75— (SMBH)
P20 MEFEELTWB Z RSN, 2D SMBH
EGERIZWEEHSIZINTE ST, DR
PEARRCZDOFED —D 72> T\ 5,

fekd SMBH R HRTIX, 2z > 25 THEEI
72 100M, F2f£ D BH 73 SMBH OffiL 720, Z4aH
F% - BH 4K %4 DR LT, 2z ~ 6 £TIZ SMBH
Wb EeEZLNT W, LU ZOHEROMED
=D LT, BEBEAONIHEDBEERTHS T
T4 Y b UEETBHORERMEZAMELE B
B 10°M, FTHEPT/2OITIE 2 ~ 6 TOFEHIE
HWREEORMIEH®E, 205 ZenBEIFshTn
%, ZOMEEMINT 2HHE L THIREDIT,
10°7 M, FREOHAKEEREN S, SMBH Off & 7
5AEEMED BH A EHEFEICLDTELZ L WD
direct collapse Hinn3E X 5N T\W5 (Haiman, Z.
(2013)).

HMAEEENERINE L EZSNT WS, #IHF
HOETLREZ LR, BV TIVREN T, > 10°K
DX—=IIZ—=NO—HDHAETIZ, HADEAN
DRAEBEEPRELLEZONT WD, BERIIY
AREIZEOIFED,

y a¥2 -1
Aﬂ~467~2x10

(5¢) Molr ()

LRI NI,

LHETES L arp EE®E, GIIEHEHTH S,
WEGERECTRENERZ T 2OICE R R X, #
EDEFTT 4 — RNy 212 & 2 E &S OMH D
EERNWZ L THD, EVEEINDBWFETH UK
B HIDZhRIZAR D, ZTOMRENwE L. BN
B, 22208 M80E 5, TNUDHE
UHAZEBHT L, HADAEBRER G TN
(74 —=KnRvw 7)),

74— KNy I DREREGERE TR 2 E S &G
M ERE T 572 1Tid, IREBARBEA LKA X DM
B, BNKIbE TR THERT E2LERDH D, ThoiE
BHTH L7, BE#ELOBEGE TS BENDH
%, RO T, AAHNADEERERE —E
& U7 BEMADEEATHONT &7z (Hosokawa, T.,
et al. (2013)), 0.1 Mg /yr A ED—EREERTIL,
T4 — NNy IR ETICEVKRERIIRD X TH
fbTE2MEEMEARE N, L UBER RN T
TREERITRIZE T 5, FIAIE FIBEAYIcTE
LZHBIIAGOHCENTARALEIZ RO AHAL, &
AR IMEE L D7D, BIZHET K, B
AR EL 25 (N—A MEFE) (Vorobyov,
E. L, et al. (2013)), ZOD & 5 BEEMZBEERD
HE TOBAKEERBEIZOWTIX, FEMI7Z2 0581
KlERINTOVRY,

T ZTAWIE T, REZBIESER T TOREAK
BWREOFEM, FICHELDRPTT 4 — F Ny 7055

T FEETREZLSONE X — I R — AT —DIREIX ~
103K TH Y, ZO5A&OHMIKZREERIE 1073 Mg /yr TH 5,
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XEMESIDEMIPTAHI L EHME LT, BHEN
RN— A NEEEZBEYIZETIVLL, TOREERT
TORESEREZ., 1 KOCBUEGEZT5 Z & T, 2
Mo DEMN1025M, FEEIZR 5 £ TEB-7z, ZDE
BIZED, N—=AMEE T COMKEERKATHE
PEIZH U TH2REDHIREZ DT 2 Z LAHIKS,

2 Methods

2.1 Evolutionary calculations

1 Xt D B EAFE T, Yorke, H. W. and Bo-
denheimer, P. (2008) THI¥E X+, Hosokawa, T., et
al.  (2013) TR I NBUEFIR I — N2 i 72,
ZDa—FRTiE 4 20HBA, $abb ko,
HE AR, TRVF - TRVF -k X

orP  Gm

om =~ Inrd @
gg%:: 4wi2p (3)

o = e —err 250 @
I ™ i 2

b L. EONETIE Henyey & 2Rt =a—
O AGDEIC L DEMR L, BEORE TIHEK
ERDIZEVEHETEZZ T, BEOMAZEET
520K E, mIFERLISDEE, P IFE
T r EH e s 0RO, 1 (R XE. T
BRI, p BB, By BBEKIGR EIZ X 5 IEK
DI ARINF—HRHE, cp (FHRAMBED 2D DETE
HES 6§ = —(0lnp/0InT), THB, £/, V =
(OInT/0In P), ZREARTH S, T I TIXEKIE
VR E LT, R (2) THEMIHEZE L U, BOF
I EE T, R (4) TR EZEZL 72,

MIHISAE IR, R b — 748 n=15DKY b
n—7Re U, BREEOMEL2FET 5720, IF
ML iz, —BERRODZ Y v RIZ M At DE
BEMZ 5, BREATY FIEAT v TECEHERIZ
HEIEINE ED129 5, BEAETOZ Y Y Nk, 7
Dy REOYHENEBIZZ LWL S, £k
STy RERESRWE S, KA TY 72k

CHIES B, £72. ERE TR R E NI THRW -
fifg % D7 SR DOWE X, BHFMTIZIER UIZ4 5
2125720, REMMEDZ) Yy KEE»T &
THHS %,

WA RINZ 2 B E S Ekd D2, xR

RN T2 B 35417 Schwarzschild criterion

Vad < Vra»d (6)
zHWA, ZZT
Ps
vad - TpCp (7)
3 Kkl P
Vit = TGracG mT )

TH 5, kldopacity T, a X EHTH S, {7V
v RTZD22oDE%ZFH L, Schwarzschild criterion
M7z I N5 L Elk, TRIVF — Ok THFESZS,
T ThRVE SITEER L 0 5, TxILF —iik
ORIZBNBEERN Vi, HREETHD L T
V = Viad & U. WFRALED & &3 mixing length
theory THND 3 KARRE H VX DR T
PINZREL Z iz & bk B,
REAEAITHR DR R %2 E EIZ AN Tz, opac-
ity Kk DFFETIX, Z2HOBEREEZEZRBIZANLZ, B
PRIz, BAEXEL. free-free absorption, BEJCHT
® bound-free absorption, B L3 TD bound-bound
absorption, 7K - ~U 7 L\ T® bound-free absorp-
tion, H™ {Z & % bound-free/free-free absorption, 43
F1Z & % bound-bound absorption, dust (Z & 2 &KX
Thb, EROTINF—HERKE B, DFFETIE,
pp F=— 2% CNO ¥ Z )b, triple o #2742 &2 &
BIXNF—HRED, —a—FY /IZLBT R
F—EEREZE LU, TN o I3HADRMHAT
THN, KFETIFHIHOERKZEEL, £
IZ'H & “He THIK S NBIEA A2 E 2T, Th
TNOMEE]IZ X =0.72,Y =0.28 £ L7z,
HEICEITHET S35 A =X, N R
fift % D7 CERY DIRE Atmx &, REAMNEZEH»T
BZzoRI 2k 2 dZdt &, BETREZAT Y 7
Z T 5 L EOWMA T v TORKME dTMX & ik
IMEATMN &, n THD. nlk, BETADHLE
WZHELIAD & IR 2 EN T 3V F —Dfa]E
M, BPRSLBHAZED PO ETSNLHE
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EHEELEZBOTHS, ZHTkh, FULEDERE
IR .
M., M,

R, ©)
DRETEZ 5 Z 21275 (Hosokawa, T., et al.
(2013)) » EBEOFEIZ, ZhO6DNATA—X%EH
#iL D247 5,

L*,acc = nLaCC =n

2.2 Models considered

IN—Z MNEEEFZRUZBERIX, M1 Eo XSz,
W SR D O R & AR W RER O [ 3R & ke Refi], 2
DORHHDOERBIFMD 5 D& FRNTA—RLLT
EFMLT S, ERN—AMNEEETNVEELICE
Db, TNODETIVIEEHEREELIN 0.1Mg /yr
LRBEIICHDB, ETIVA T, EEEREE
(IR I D DB RITAEAINIZ L v kD B, €
TN B T, it BRHHORERIINESHEBIZED
WT 5, N—AMREET VL, SERERH»S
AEERD D,

N—=A NEETOHE L DD, —EfEE
LROBGEDFHHEBITI, 0.1Mg/yr £ 0.001 Mg /yr D
2DODETNEEZD,

F 1 EHREEEDH 0.1M /yr TH B /N— A
HDET IV

TNV A B
EbEEROWIM [yr] | 50 500
KB ROIAM [yr] | 500 5400
ElEER Mo /yr] | 1.06 1
1&BEE R (Mg /yr] 0 0.001
BRI [yr] 5 1000

3 Results and Discussions

AR EZM L, M2, K31,

X 1DETINB T~ 40 yr TRIBIERENKEL
o TWVWBDIE, n WM& K< cold accretion 2% 2 7=
ZEIizkBEDTHD, N—ANEEDHETIIA
VW, Bl EREWVHEIZENE. ZOEERDOAME
AR s R0,

5 01 \

£ ool ‘

g 0. 001 : ‘

F

9

10° - . . : .
10t 102 10° 10* 10° 10°
tlyr]
1: BEEREEOPEREOE, MHID -1 IEFRER

M01Mg /yr. —3 IEBEHEEH 0.001My /yr THBZ
CEEWRT S, BRI ETIVICLDE T4y T4 v
IThH 5,

w

KHti me[yr]

[
o

0101 162 163 16“ 165 108

tlyr]
X 2: KH 27— Vo, & (&) migizes
VA (B) OEMO KHIEI A E E712, BEER

MU DT My ~ 0.04M, /yr % FIE 3 4,

ssivity: Sgyl/sec]
= = = =

(=} o o o

3 o o Cd

s & & %

[N

o
Y
=3

£ 0% |
c
S 1092 |
o

=
[=3 1040 L
g

38
= 10

=
S 10% — —
- 10 10

tlyr]

3: Ionizing photon emissivity D1k
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10t 102
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K1DETFTIN AT, ~ 170 yr TERELEA LB
5 DiE, mEEERP» SEEERIZBITL. EOWm
HOPNEHRD NS TH B, ZDEDIEIZ Kelvin-
Helmholtz (KH) #ETdH 5, KH UNHMEL 4 2 Kt
FDOHZE, N—Z MNEBEDOG G, FERI I
R Moy ~ 4 % 1072Mg /yr 2 KD &N 2572
%, KHRHA T —)

GM?
R.L,

FEURMEMEE I Th B, DD, EEER
HHZ A TH T ITERIEEA U, BRIz, B
BN Moy, % Nl - 7282 & KH DUED G £ 5
FCOMRMEZM 1 20 55AS &, ~ 100 yr
THH, ZTHIKERHAD txyg ~ 200 — 300 yr 12T,
[ U#iwE2ETNLVBIZOWTHTES, EFLVBT
X NZENDIERHIAY ~ 300 yr. ~ 150 yr TH 5,
M1%2R25&, EFVATE—EKHNEL, N—
A MZEOFHOYERE ERHIE%, KE 4R KH I
MR Z S TITIRIF—ERER 0.1My /yr DHED
AL T 5, —HETIN B TIE, #ELO#EET
fiflal e K& < KHIET 5, 2N ET LT, &
B R DR R 25 Z e BRI TH 5, (KES
RYPDOKFHNEWETILB D LD, Zh77 1 KHIY
T AWENL NN L TH D,
KH Ui D% 39 2 721z, e TV %21
PILHZenHKE, BOEROLI
dR, R.
at "~ txm

CRBEHAZEAHRE, 22T, EORENRTT ¢
VIUNES M, TELEBTERZ L 2MS 2,

tkg = (10)

L.R?
T GM2 (11)

dR. R

dt M,
s, KSR TCIIEEREEZ T AL,
EENTBH L,

-1
1 t—t
R, = C o
<R*7UP - M* >

2-EREROE L TOROHEEZ A GA, ZOHAME
REFIZEOEDIRDFVDET S, 1D 0.1Mg/yr D
Bk 0.001Mg /yr DEHBEDREOMELE SR,

SHRHIE L FAPH D &S HE DK,

(12)

N g

(13)

2185, ZZTCETA4vTAVINTA=RTH
%o WAFD up I FGHEFIARI DM TH 5 Z & % EIk
T3, M1D&>iZ, 5NV B DK KHIHEIZ DWW
TZDFETNZIE D T4v T4 VT % To722 2
2. D ELIGEROMEFHITE/Z, 2O enb
., WEA KHIETH B Z & B39 h 5,
K3DETIVA-BERSE, KHIUMGERZEHD
TR BB REL BB BN 5, RKIZKE
R KHIES R E 2 €5V B DOEGE TR, 10 ML
ZORVPEMT A2ETRANE, 2O ehrs, F
YIREE RN 0.1My /yr DHETH, N—=ZA NEED
MOEBEE RN EWNZ Y & b k&7 KH ENE
. T4 RNy IRRELHLLEEFEZIS N, BN
BRz2HP L CHAEREICR S aREMEIMEL 25
tEZLNS,

4 Conclusion

N—Z MNEE N TOEELTIX, KREERPOR
M TERE L RWE, KERKHERZZ 0,
BHOCTRZ BB S, 70— RNy 203%5<
ZEDREBEI N, THZLD, N—ZA MEE DM
DIEREE R ORI H 5~ ERELS 252, &
PEAKEERIZRIAHREMES BB EZ 6ND,
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ALMA [C &P EHREFBAIEBERBOSEZESFH A
FEH—# (KRB SLRAER A BE B R FFERL
Abstract

FTEOEEEEE (5 TEa7) KB TUEREMERE NS, FURERRBREOBEICH YT 297
Fa7ORELHE IV T 2 ROWEEZEREAEG T 5. itoT. CORBOSTFEI7OMEEZEET
32 2 LIFREBEOMIRICE O TEEHETHH, FENTH S, £ THLI1E, ALMA(Atacama Large
Millimeter /submillimeter Array) S&#iz T, WWERFEHEBR OGN TH 2 MC27 D4y FHEf
B X OEBMRT2> & OBMES (57 A bR Ol Z2iT> 7%, Z2OFER. L IEFICa v 7 FTHEV (100
~2004E) 77 b 7u— IL O THEEDOE (~107 il cm™3) B4 LarEa 7, 111 7— 7 ek
D FEAT OFEENHS IS o7z, 206 ORSRIZ, FIRRIROWHIERRE Tl B oGk 5 4
F Iy ZICHAEERA UEERBHBR I NS Lo BEHZ2 BN TIRETEHDTH 5,
¥—7—F: BRRINVEREPR, FIRE. 7Y b 7un— 57Ea7 ALMA

1 Introduction

JFIRR I3 FEICK T 2 REELER (4FE37)
PEANMWIGET 2 2 Lk > TBRI N5, 5
BIZROBHIC B T REEIEF & <, 4
W22 5K BIAA TGS - fEE) DS, HER DR
77—l /o s HEBHBIRICRE
ZRIFL, BOEBELZNGICKRE(MKET S LE
Z6N5, 2% 0, FHREBROBHE O 2 DEE -
HEGAZHS T 5 2 Lid, RoYIE e
BIEEIs £, BIGEORIR 282 Bk$ 5 2 &
(D% D3 %, MC2T 13K Tl b I friE ¥ %
BIEBAHIRE ) LD FEICB TR OELL 725
HEZ (> 105 cm™3) 7 FE 27 TH 5 (Mizuno
et al. 1994, Onishi et al. 1999, 2002), Z#15 D5k
e CiE, i > THEEAE 2> TV 5k
TFORBIND (K 1ISHARYT A DA% RT),
Spitzer EintFEOBIM (Bourke et al. 2006) Tli&, Ji
AR LB bn 2 IEFITHESR W RER, 7T k7
0 — 7S O TREVED S 2 HIGELE (M 3) 23 6 5 7
&, BIPROMRD TIPS IcdH 5 L EZ 65,
D &) B RAEDOFMFEE DR IE ALMA (Atacama
Large Millimeter/submillimeter Array) % H\v>T#]J
O THHIC > 72,

syl 28000AU - ooooooes €80 (J=1-0) (Nagoya 4m) |
—— ¥ AhdifEdk (IRAM 30m)
_ 54'00"
(=3
(=}
(=]
N ~
5
=] i \‘
S ~
é 51'00" )
o} !
A ,
’/
g0t T ALMATOBHIRERA ~ 30" |
Nagoya Beam ~ 180"
ALMA Beam ~ 1"
IRAM Beam ~ 11" E
+26°45'00"

18.05 36.05 24.0s  4h28m12.0s
Right Ascension (J2000)

29m00.0s

1: MC27 I2513 3 C'80(1-0)(Onishi et al. 1996
£ h) & & A b (Kauffmann et al. 2008 & D)
DoAiE KO, FBM OB, +y~—7
I Spitzer LB CHH I N FREDMIELZ KT,

2 ALMA Observations

ALMA 93§ (2 OPINEIEE TH % Cycle 0)
Z T MC27 Ol ZiTo 7, BIHESLZR 11
Y, Bl N7 — 8 2R ANEEDH 5T — 5
(25 HAS 2 B ARAT I BT DR AT 2 8y r —
(CASA) Z VT To 7e, BEZY v Fld 0.1 km/s
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TNt 24T\ 0 FHEEREI OB 7 7 £ XL~
(1o rms) 1F 10 mJy/beam (~0.22 K) & 7%&->7z, 1,
A b (BRI T & DBMES) DA X —
. T ARY POV & 0T e G D
77y AETHET 2 I LIk VIR L, <
556D 1o tms 1 1.2 mJy/beam TdH > 7z,

# 1: BT
b ALMA cycle0
LA 2012/1, 2012/11
TYT TR 16 & (2012/1),
24 A& (2012/11)
R THI A HCO*(3-2), HCN(3-2),
H3CO*(3-2), CS(5-4),
SiO(6-5), 260G Hz it I
Zefel oy fine 1.1 x 0”.8
JEE o ARRE 61 kHz (= 0.075 km/s)

3 Results & Discussions

B 21z, MC27T ICB U 2@BEEA AL LV T b
7R —DHiERT, YA NEGEEOS MR WD L
Spitzer i T S N7 5#HE (Bourke et al.
2006) fHEIC, E=27 W20 ET 5 2 LBbD 5,
Al & — 7 3R ONEIC 3T 225, 2 ORI
1269 1 O —=AM IR %2R/ 2 L0359
5, ZOREEIX IRAM-PABI TS50 E (Maury
et al. 2010) TRRAEMHTH-7bDTH B, 7|
Z DESTIFEEE (5105 S il cm=3) AR b L —H—
ThH 5, HBCO*(3-2) DRIRIE A & 24N R
W2 H 270, BHTHEEDOIATP THLI L
BAZD5, I6IIDa7id HB3COT(3-2) D AR
7 P VOGA KD HEES N 2 DD DEAET
5 EDgrot,

AN DT Ty 7 ALY, ZDOEBEET A
DEREZ RS > 7Hi R, ~1073 Mo BETH D,
RE I 380AU BELDT, TBIRDERTH 2 LIRET
3k, BEIZ~10" cm™3 o, Ziud, HVE
HEPRFHROPTOROFEORVEL Ly TE
a7 Thh, WEHTHEIRES 1 27 (% ~10'

"1lo.225

~ 420AU

Protogtar

Red Lobe

34k

0.200

0.175

0.150

.- —:'_"\‘ Blue Lobe

0.125

Declination (J2000)

0.100

0.075
+26°51'32"+

0.050

‘ ALMA %5 fi#hE

I
39.2s

I I I I I I
39.1s 39.0s 38.9s 38.8s 38.7s 4h28m38.6s

Right Ascension (J2000)

K 2: MC27 I8 2 EBEEHNALT? 7 70 —D
A, 7L — A =)L HBCOT(3-2) DHMERy
HIEX, ZL—Dar b 7iE 260 GHz ¥ A bk
Do, R X IR Z 2N HCOT (3-2)
DES . KIHRERTONHTH S, +F~—7 1%
JRIG R (Spitzer DBIANC X %) DAL,

em™3) D X ) BREDIBIL S T 2 AIREMED R
INnsd,

F7., HCOT(3-2) DAY b V%R S L Hifh
B (Vig. = 0 ~ 4 km/s), FARESTIA (Vi =
9.5 ~ 13.5 km/s) ICERER I DIEE L. 2 DML
BRE LTSy L 7 HCO™(3-2) D43 (X 2) 1%,
IR R % DM Bl —ER B2 L, Spitzer THER X
NEEDE (K 3) oE LT 2720, RKE
FoR7O0-00fThHhLEEIOND, TDTY
7 u—0iElE 204 R EHEE LD AL 5 &
~200 LD, BRI N T 6 IEFIH OB &
SZ2%,

X 312" T D23, HCOT(3-2) D43 & AR
DIETH 5, FFETREIZ, HCOT(3-2) D4l
Ronz7—0#& (KEX ~ 2000AU) TH 5,
D k9 &, B2 A OUGEES) T3 E
BHTE R\,

E SITHLRA X D 2P ~ 500 AU O#EIFHICIES> T,
BHEDOHCOT(32) DE—IBHReNS, 2095 bk
2 DIHHY T 2 E— 27 (K A B) Tlk, HCOT (3~

Integrated Intensity (Jy/beam=km/s)
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2) X h bEWEEFEE ML — X T % HCN(3-2),
CS(5-4)(E—7 A), H3COT(3-2)(¥—7 B) DHififi
b E e, TnoB X, X2 TR L ZEEE
a7 GEESMIC2 D) ZdbbY b &, MC27 TiZd
75K &b 4 DD EOEE DY 1000 AU DR 7 —
WAZHES THHL TS EBTD 5,

44" ,I 1400 AU
40"

36"

Declination (J2000)

320

+26°51'28"

39.5s 39.0s
Right Ascension (J2000)

38.5s 4h28m38.0s

3: MC27 I &} % HCO(3-2) D4 & ARAHR
R & DL, Spitzer R (3.6 pm) DFEH (7
L — A7 — )L HNRIE ERIMROIREEDSE ) 12,
HCO™ (3-2) DM JEHIFAH 6.8 ~ 7.0 km/s ICHYS T
25545 (JKfaa >~ b 7)) & 260 GHz # A b #ifiedk o
A (Aay b 7)) 2Bk bo, HEe— 271350
B (Spitzer DB X %) DA,

4 Summary & Future Works

MC27 DHLME, JFIRE DTERDNEA TV 2 D3,
77— 55T IR O IR A
VBB IS T B B A o, B OIS %
IR LT3R THL b3S, 22Tk, &
TEI D IMGED 25 W IEF B FEDE D (~ 107 fifl em—2)
a7, 2000 AU A7 — L7 — 7k, By
FEa7»IEAZIToN, INslE, 12O 1E
A7V ODFREEIESD Lo o Hfli 2 G E 7
TR L, BIBROWIS T S ZIEFICEME T,
BEBOREERPMHEER L 2235 | U % T
I LETIVEBMNICID TIRET2HDTH 5,
SR,

(1) & A FERLE RS TR Z S 5 ICIRDS > ol sy
FCHIL., EENFYALFIv 7Ly POREVE

WA DR

(2) FLOEHEE 2 7% S 5 12822 e
(~ 0”.1) THRLH

(3) MC27 &EMBBEAE W Rk Z EEEM L,
KR DB I I o L3 0 8 9 D REr
BERIT).
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CEEARLZENSZE R HRIEXERABOAAITEIZDEE
INEY BN (AR T RFPBEHE AR FH Y HE)
Abstract

1990 4ERAEHIZ KB RANEE LW D THRE TN TLMER, 2014 48 5 H OBRET 1700 ML L ORIEEDFER
INTVWS, Zhoodizld, EREKBIZH 205 THAETEZ R DEAHEERKER EOKRBRAE
B ERL o MEE2RORENSEGAAET S, 20X DT, RAXEIHEPHEEICIB I 222 /KD,
U U, RAREDRROLRMEORINIZ R REETH 5, ZOMEERMIRT 2510, BEREOETH S
B E R R O HGE XL & HERIFZTIC AR, XD FICHAND Z e BB ETH D, 77T —EHEMHEDOR
PRI AT DR & U C, MU S % (Lynden-Bell & Pringle 1974), ol % /BE @R EHIIC X -
THBERERMBORELHEINTE Y, BINIFHEERERMNBEOKAEEEIGHIHMMNTH L Z L %
RELTWS, £, ZOKKHRBESHIHEUETH L2 L 2RET S I LT, FHRRERMBORE X
PHEELREZBIRERE» S/ TS, 2% 0, HEURIXMEOREMEEZ NS H0ERE LTHHEIhTWS,
B2 AT B P BRAMUTEIR I B W T, BEHICHAREA AP RGE TERL R AUCEH Uiz, HERME
WD F I AT MR T & 2 W T, FEARZEN S 25 2 L AEGHINIZA SN TS (Chandrasekhar
1961), FHAUED LRI DWW TN HR AR, FLEOEEIVNS L, »OMBIMITEIRRIE A
I, FEACUR DI MR AN 22 M D 2 12 PR AMU RIS CHkfE ST 2 Z & 2 F A U7z (Ono et al. 2014), Z DFERIE
FRRIE B OFEE 22 HOTHE LT, HITEATH 2O TREBEVWI L E2RIBT S5, £/, MBI
DHEEN A IE ALMA FOmEEERBHNIC X0, VRSB RETh D e FEZ 5ND, Zhbd

DM 2 AMEDOFER L T 5 Z & T, B L EEOBNMBEEA HfF S h D,

1 BA

1990 FEARYIBIZ K RINEE P D THA TN T
DA%, 2014 4E 5 H DBHET 1700 fE LA E D RINERAE D
FREINTWS, 2Dz, BEREREIZEH
b 53 A MEE & RO MR E KRE R & O K
RNEE IR > -ME 2R OREN S HUFAET
5, 2D LT, RARBIIHECERIZE T B L5k
2RO, UL, RAREDRE O LMD RIK LR
fRRMETH B, ZOREEMRT 2 52, ZEF
JE DT B 5 R IR R R P O REE O AL % FEKAIT
IR, EOFEMICRANSE Z DA RTH B,
JE R 2R SR P — AR AT, ELIRAEE TR DRI & B
BB EEE I Lo TH#ET 2 EAONTWVWS, JH
TREE RN DR LDE T )L & LT Lynden-Bell
& Pringle (1974, bA#% LBP74) %% %, LBP74 Tl&
7o —REgEHEEAELTE D, ZHWXENAR S
RHLNEENICHARERTE ZIZE NI VRIZEW
ELE 70D, — M G AR R T DR K <

JENAREHLEENTHEARBEHTE HIZENE
W, U2 U, KUK DS S 2803 2 fHi8 TR E
NABRNIEAT DI e N TERLARD, Z0L 54K
T CIIEN AR Z2F R L T LBPT4 €TV 2 EIE
TEBENH B, LBPT4 TV, MEEHIEE S
DfFENRE UTHLEEZ 52 T\W5, LU IR
EFITHBIENIZZ L U, & I FB MU ES T
& DB AR A (exponential tail) 2 54 5,
exponential tail FEIE L% DL D 2R LD A
ZE AR DS SRS, MR X E AR &R
LTW3,
IEEDBTHFTOEMESIZ X0, FiaRERH
BOMEEMEZHEST 2 Z DRI R->TET
W35 (e.g., Hughes et al. 2008; Andrews et al. 2009,
2010; Akiyama et al. 2013), 5 OBLAIAER I
JF 5 R R R P ASAE R R i 2 /D 2 &
EREBLTWS, UL, ALMA 28D EREBN
FUEECIE, ENAR SR < 725 £ 5 K
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2R P AMUEIR OB A AT REIC 22 5 2 & DA ARF X
N5, 0, 777 — s % RE LR\ TR
AMAIGEE & FAR B HLBRD 5N B,

JFESIB S DS EERR HSe 7 [aldiE P A% C Uk, IR 2
EMD—DTH LA LZENRI B LA 5N
TW5 (Chandrasekhar 1961), FERGPERIERE I E
WTC, [BRZEE & 752 5 B DS IZ A EE & (5) 238
BRI (R) IZDWTCHFEINZ s Z & THY, T
NELVAY =555, HAEEEIXEITIED A,
LAY =%k ,

% >0, (1)
DEIITFEIT B, EEEAEIFRMEC X DRI D #

{7, — [Ty ba—Ai2EETL LD
%5, UL, RIFFECIEEH O I ARZENED
FfEeLTLA Y —FMEHWS,

AL TR D [ 2 A ZE M DWW TN,
F 72, AR R REVEIZ DN T HISLZEE & i 7= 3 P D
PEE % fRMTIIZ SR D 72, Z DFER, d131 42 5E TIEAEL
fifg & 0 HEHEEAEAFERCHIT D &I [BHLHEE
LT T —NEEL DB RBEZ N0z, B L
[EfizEE D r 75 —[alfiEh & Ol 2 B+ 5 2 &
MTENX, £ TIRENARIPBENEETH L Z &
EREET 5,

2 ETIEEARLEIZDOWTH NI ZE L D5
% AT EIZ SR D, 2 DRI % BB 73 [ BR 7R R
I IS 5, D%, FERHBLARIY 72 755 5 73 46 D
BUAIATREMEIZ DWW T 3 Tilim L, 4 H T 2 O 21T
Do AHRGENE — M 72 B P A oD MU BE I s FH AT
RETHDM, 2 TIHFBRERMBIZEHT 5,

2 RIGAERAE & OEmAREMN

ZDETIEREERLEEIZDOWTHNIZEL RS
HBEEN G RD D, £, BRI B AR L E & 72
5T ZREDHBES GRS 5,

EEEAREEDHIRE

SR MR 703D SR EL ST 170 1T K S48 72 [ i P 1 D
WTE RS, MHEEERTOFHREAHEDIOHD &

2.1

W R
2 _ GM  109P
R3 R2 " pOR’
_ GM  109(EY) ¢ oH (2)
- R? Y OR H OR’

L%, GIXEER, M I LEER, PIXES,
p IXMBHICTORE, L IdHEEE2RT, £/, H=
Cs/Qr FAT =N FTHY, ¢ FHHE, Qg =
(GM/R)YV2 37 75—k ETH 5, I THRR
FANZ DWW TR ERZIE T 5 (P = c2p), %
o, AL WA 2 E (H/R < 1) 22D, §i
EAOFREZRET S (X = V2r1pH).

— AL D R 1T R, W E O MERITEE TN
zh

R = Ror and ¥ = 3o, (3)

LEHT D, I T Ry, Yo I FZNTNOBUEALEE
R AAORES AL, FLBIZHES IhMEET
NZBEWTHRRZ —1/2 DFEE L TIREL T

T = Tor— /2, (4)

&9 % (e.g., Kenyon & Hartmann 1987; Chiang &
Goldreich 1997; D’Alessio et al. 1998), Z DR, &
HWE A=) Mg

ce =cor P? and H = Hor®=P)/2,

(5)

&%, To,co,Hy = co/(GM/R)Y? lZZhEFh
R = Ry TOIRE, H#H, 27— A |k,

(1)-(5) R& 0, FHEEARLEVEIZ D WTHNLLE &
72 % 51

39(In o)
2 9(In r)

2 2
1o} (h’l 0') + (RO) T(_1/2) . E

d(In r)? Hy 8

£72% (see also Yang & Menou 2010), (6) ZDfiE
B oms £ T B L,
2
Oms = eXp [—gClr?’/z + 2 (2) P2 4 Zln r+Cy,
(7)
C1, Co (TR ER, Z DI, (7) NI FEERAZE M
XU CHNLZERR LD L0 5,

=0, (6)
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100

10

0.1

0 02 04 06 08 1
Ho/Rq

M 1: Hy/Ro & 7., OBERE,

2.2 MUBRORLEAREME

Z 2T LBP74 € 7V OET H % HIEWEA AL
ELIRDERFCER AN D, 77T —[EEEM O
EE Lo,

oy, 3 0 0

‘EZEﬁRW@mmﬂ% (8)
&7 (e.g., Pringle 1981), t I3[, v I3REMERECE
£9, ZIZTakiMEMEEE TV (Shakura & Sunyaev
1973) &0, v i

)
YRIN, o ZEERE ST A — 2 LIS D,
FEEAL D ROMFTRE r & ¢ 1IZBI L TERMEL 7
I, r AT S B fik o, LT B L,

v=oacsH xr,

(10)

Os = 7"_1 €xXp [—7‘],

& 74% (Hartmann et al. 1998), Z 1% FEL#E & 1T
O, MRS AR E & 762 F8 rp, 13 (10) % (6) X
IZARAL T,

Ro\? 5 33
( 0) _ 7,,13/2 + 77,_1/2 (11)

Hy) 2™ g m’
D, T > iy B W TR X R 2 E & 72
0, ZOSMEEMEFETE R\, X 1 TR Ho /Ry, it
il r,, 2R U7z, BB FBRERMBETIE B =
1/2 T, Ho/Ro # 0.1-0.3 O#EiHIZH 5, Ho/Ry =
0.1,0.2,0.3 12833 r,, 1&, ZNEFNLZ 10,3, 1 &
%5,

2.3 HEEDHF

FEEL D 2912, MR RE DR, WL RE R 47
2% L U, r = ry, CHIBUE & hSL 2 % A

T
similari

100 HOIRO:O.[X —
Ho/Ry=0.2
Ho/Ry=0.3 «-----
1k i

001 - : i

sigma

0.0001

1e-006

1e-008 -

1le-010 . L
0.01 0.1 1 10 100

2 BEEMEOR, O (R b
BARE AT (AR, FRRER, 7 AR) % 7 = 1 (U )
THOPTESHLL 72, 7R, &%, BIEENEN Hy/Ry =
0.1,0.2,0.3 258 L TW5%,

DG S PITEHET 5 LIKE T 5 (Tanigawa & Tkoma
2007), Z DI, FEfiSAME,

352 L sy

= 12
Cl 2 m 8 m ( )
2, 1 33
Cy = BC’le 1 In 7, — 67 1 ,(13)

L%, (7), (10)-(13) & 0, BEBIEEE r, MEBlT 25 2>
o TRLUIZEDHLX 2 TH S, BRIALFEEZEL,
TR, FRERR, & st ZhE N Hy /Ry = 0.1,0.2,0.3
TOHNLZERBENEIHIE LT WS, £7=, ff
RUEE Ho/Ro TD 1y, DALEZRT, 7 > 1 TIEA
BURIX IR LERE & 72 0 | RN E TN B S /3 AR 1272 5
T\ 5, HIN 2 0E T 25 8 0 A (R AEBUAR Z LE R C T 25
JEDIADDPIERNTH B RN 5,

2.4 [OEREDH

7> 1y, CHNZERBENMiZROLET DL, F
SEZEDZMEN 05 /0r DT, ZOMERIZE T B H
MEEEIE L RS ((r) = j(rm)). &- CHEE
HE (vg) W& r >1p T

GMr,, _,

= r

J
R Ry ’

Vg (14)
&b, 77T —HEEHEE N v = /GM/Ry r—1/?
ROT, PN ZEHBEESME2RODOTHNIE, M
HMUSEHIR CAEREDS r 75 — MR K DB 725, ¥
(2, 77T —[aldE S D@ A B 5 Z ANk
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i, FHEARZEMP IR E 52 TWD I L &R
29 %,

=== =A
3 Eim

3.1 SFELIRNEEE D H ORI TR

Z DFETITIEAH AU IR 72 I 25 P 73 A6 % i D I I K
BERMBOBHREMICOWTHMRT 5, M1,2 &
D R AL ENEX Ho/ Ry DIEIZHATS B, —fRIK7R
T &7 VRO OHBED AT — A M

E o T, 1/2 % —1/2 Ro 1/47
R 28K Mg 100AU
1

LR, AINIZ Hy/Ry =0.1-0.18 &85, ZZ
T, Ty & R=Ry COMMIRETH S, Hy/Ry I3+
DEEENNS  IRENEVWIBIZERE KRBT
ENRIB, 7z, FIARERMBOEHFIIKERE
MRy, KERED»SORK %221 55615 & 0 &
NEIZ 25, ZDF, Hy/Ry DiEIXH 0.3 £ Tt
DEFD,

X2 &b, Hy/Ry ~ 0.1 DR, MR E
2725 DIEIEFE I REE R EIS TH b, JEMHBURR
RHEBEENME BT 5 Z 2 IR TH S, L L,
Ho/Ro ~ 0.2 — 0.3 DR, tHEUED R AR E L 725
DL, B A AT REZR RN AL IS T U720, ALMA
FEOEBEEN LRI X > T, PLEEEINNES L
RENES WY, KEEEDORN %2 321) 5 MLk
D JEREBL g ) 72 THT 25 P8 0 A5 X0 [ i 32K P 4 7 VBl &
NadZEhPFIN B,

X5, HAWT 7T —[EllE & DV, X2 N3]
RAANEIZBEIT 2 Z & AR5 T W5 (Takeuchi
etal. 2005), TDIZEMS, HALIFTRL XA b
BT 5 Z 21T & o T H IR 7 18] 55 7 A
DEFHEZHENDD e REEEZ SN,

AARDAEM

ANHFSE T AR I P A AU BE ISR C |15 AR 22 5E & 73
L2 EBODIZUED, TORBRED &L S LHEEE
O34, BRI EE AT 1272 B DI S Dy Tld e, TR
DEEE DA, FIHSHRE A, £ 72 DR % R

3.2

YT Y G A AN ANDE I I} Y i VAP 0))
e % BT ITRAEEZ L CHBO#LE KD 5%
FNHD D, TRV 5 R ide S v
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3 Results
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2 Methods
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Direct Imaging Constraints on the Tidally Heated Exomoons
IRILRE CRECRYER D B2 R R S AE I M)
Abstract

RO EHERGE T 2783, BRICOVWTOHERZERNICBONIHLORERXY v F D505,
FEPSHNIZE A ABRE LA ok vi T, L LikEIck-> T, M bhcidmw i
& o THE®D 5 74§ (Tidally Heated Exomoons, @ THEMSs) I3 EERG THHITE 2 ATREEDH 5 &
W 9§ (Peters & Turner 2013) BFELR SNz, T OFXEHEIC, FEEDOREKIZOWT THEMs 22V Thk
i LT Ko A, 30O 7 Cety € Bri &) ZODORBIZOWTTIX2 @z TR L, 7—%
T 21T o7z, ZORHE, EEM D IR L 8o 3 FURRFIIHRIN T E b o 7223, 13 % Eidi HiCIAO
DB D & THEMs OFERIMICHIRZ D1 2 2 L3 C& e, b LASMERZEEIRECE 5L )12k
i, HIRMRE 2T 5 L ) SEZICHBRIMORE 2RI T 2 2 L3 TE 200 Litkwy, 29 Ll
HIBRA BRI DWW TR D IEFEIC R D, T FE T RICRNBRERLEDOFKBIZEN L7259,

1 Introduction

1.1 Direct Imaging of Exoplanets

WAL THER I LT 5 20 4E1Z £ T, Bl
TETIXERIR A % & @ 4000 DL_ED RAREHE X
NTws, ANREOMEGETH20H 0, B
RO T3 b DI TICHBHEEE, FovPy
FiEE W) BENICREZBRNT 25k k 500
Ths, Frlic, TNSDHEEZRHAL WL 77—
R OBINC X > THRIBBUI—XUCHm L 72, [H#E
W7k k2 i, EEXEZBT S v
I ES H B, EERE TR, MM TETIRE
SN WIEMRMBE S NS Fio, M2 51k & A
MR E RS HBTETVL S,

1.2 Direct Imaging of Tidally Heated
Exomoons

e & 2 A, HERG TR I NS -0Iid, F
B SN ATTHS W I ENERINZ DT,
CTCEEDP SN A RABR L DEO 6k WIEA
HEINTVDE, ZZI—AZHKL 2L (Peters &
Turner 2013) FEEL I Nz, TOFMXTIE, WI¥H
12 ko THED 5 74 & (Tidally Heated Exomoons:
THEMs) BEFERGTHRIES N5 < 5 05 WHfEE

BRHDEVIDTHS, LI I Vol RkHHE
BUCAET UL, EERRICX 25 =7y 2P
T ZENTE S LT, HERFIDRME, O TlEhER
AEMBICOVWTOHERDTELL S,
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? HICIAO IZ X 28N H ANV R0 T, 22108
HLTH 59 & 1000K THiIER & ) K% 7 THEMs &
HiCIAO OHIRAZ#E 2 TE b, MHTE 2 1]HE
YEH 2, SINfENT L 72 2 RIKDIEEEIZ KD 30% ~
50% DT, ZOX 5 HW % & HICIAO % v
THAYFTEMTZE100ay 52 b ETH
MT%%&wi:&ﬁb#%oL#L\:mﬁif

SNSRI o 0T, S EED RN
T — 57 LIRS LabeEmziEd Tnl,

2 Observations and Analysis

SRIfENT U 72 KiKIE 7 Cet. € Eri &9 RIFETK
BRI K HIC RN BREDHER SN T HDL S
Meh7ay 7 FOBIINRE STV, ﬁﬂ
Tk, TEIEEBICBTEHaY PR MR
G5 HICTAO & fifEG 235 A0188 2 ATk
B R AR L P % PR T 2 ISP SEEDS 12 & -
Tl bDZHwT,

2.1 7 Cet

7 Cet 13 U BHEICH 5 RIETRIGITRT V5 1H
BT, BRICHEEN 2 07 5 TRPEEDI R S LT

S ZODBMIHIZE T 5 Z 02 Lo BLHIGS
FAZOWTIRBT L 72,
L[Lo)] 0.52+0.03
MMg]  0.783:£0.012
R[Ro]  0.793%0.004
Ter[K] 5444450
Age[Gyr] 5.8
Distance[pc]  3.65040.002
BIH: 20124 11 H6 H, 201341 H 1 H

Bl H 2N F (1.65um)

2.2 ¢ Eri

eEri 3V ¥ X APEIZH BEET, 256 H %N
BEDHERINTE Y, HICHED & 25 R7KA

DIHEY 2 RER T HFHICKGRI

L[Lo)] 0.34
M[Mo] 0.8240.02
R[Ro]  0.735+0.005
Tei[K] 5084£5.9
Age[Gyr] 0.2-0.8
Distance[pc]  3.216+0.002

BIAH: 20134FE 11 H 23 H
Bl H 2N F (1.65um)

2.3 Data reduction

HED B DHP ARy 7 VAT B A2, LOCI
L) MEEEGRITY AT AW, EF—=F I
iXF?%Tﬁy—Vﬁﬁﬁtfﬁb FTALT
A 7RI BRL, RiZ, dark, flrat, distortioin % fifi
EL., &l IE%‘%@%%%L@H)TE{%%E@
Hb¥ b LT, RENRIRERSL ZENTES,

3 Results

3.1 7 Cet

X 2: 7 Cet DRHTHREHE
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oz, 20124 11 H 6 HicBlS 57—
8% LOCIL ¥ A7 LT L 751 TH 5, K TIC
FIRREDI RO Do 72 h, B EB) % T L7 & 2
2. SRR OTEEEDE DT THEMs I22W T O
3T b v, R KRk EBbisy 7L
EROD 6 72D 5 72 DTRIZ THEMs D fF{EHiFH I
DWTHIRZ D 2 7D Digm =179 .

3.2 ¢ Eri

3: € Eri DTS

FRRICMRNT L 726550, R RikEBbns s> 7
WAEHO S dpol-, 23k D, THEMs OFF1E#
FIZOWTORIRZ DT 5 - DE®RZIT I,

4 Discussion

4.1 Constraints

RDZDOD7 T 71k 7 Cet, € Eri ZNEFNDRIC
BT, 5o THHTE %79y 7 A2 FE»6D2
VEIAMZLELDEEELS OIREEOBIRIC L
TRLELDTHS, SVWZBE, Zhsn7ay
b & D iz i 50 DL EDORE TR T 2 FHH5T[HE
ThHhsHEVIRICEL, LrL, BRI OB
RABH 2D TENEZEBICANILENH S, H
NV FIZEIF % HiCIAO ORI FRE EEDa v
F 72 FT1076 DT, BV TEI D NirIc
%, TNEFBREIZANIAER, OO0

120130101 dat”  +
f 20121106, dat
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X 5: ¢ Eri icBIF5av 7 A b

TELHIFHE VWH Z LI/ %, 1000K O THEMs &
HOMZIZADD L LRIAZRERDT, 77 v 7 Rk
FEARMITIFHECRREFL & LTEZ S, SR L
T THEMs & Bbi 2 stk RIEDR D06 %o 72
s, COMHRAL D, 7 Cet Tl 165[pix]. €
Eri T 195[pix] & /5Tl 1000K BLE, 1Rg B
o THEMs BFFEL R W E W) T LTk b, 4l
DIFFTHEE., HICIAO 128 W T 1pix=0.013"TdH %
Zli, ZNFTNOKREETOREE»SFET S &
ESL 5 b FEEDHH8AU &L DiEHIZEWTIE 1000K
PLE, 1Rg PAE®D THEMs IZFEL &\, &5\
ABHTENTE S,

4.2 Assumptions and uncertainty

RN

SRIOFROFHE L 2% THEMs © 7 J v 7 A3,
COMEBMRIBI N E» ) TEHLVLERLRIN
TELT, BEIERIERDED & 5 TRBE 23
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TV LV IEFICHELLDERELTH S, H
W, WIS X 2 MBUCBI L TH kA ek X —%
WH 5D, MEED/NI VL DIZBIL TEA A
HERDWPREIN ST X — & ZdH L, RSO
WIRE L PRO OB T I I v I A%RBZ
TWw3, [REVLOIAEREIIREVEVR) T LR
EZBLTEPRIZE S R0,

RIS BIDBENHFERICE VT, 5 0 TORHIERIE
) A RERFANCK L CTEEEZD ., 2 26515
ENTW3, LEL /A R3ZEAmcEEIczoT
WEbITTIEEL, BRISEVIEE /L XDIE5D
EHREV, 20O, NEEDIE-> TE D EERIZ
TEPSHICHN T ETL2HIBTET0iRn
LEZDDDEYTHL, TN DREICHT LA
EMEYGET 511E, RIMEROYBN T X =5
a7 XA =52 &5 A LR L 72 LCEll, T
WCEWTHEL S /) A AZWo THERD 5,

4.3 Contrast

EERBRICB O TREE ZoT05DIFE I &
AV IR REBLD, LI T ETHS, HICIAO
TlEa v b7 A b DR & i TEARR 722 THEMSs
LPESEVwEINTVDS, o, BTz L
IWET S E VI KD iE, BUNEEER OB ERA 2 2
BT EL)FICHFTZ EZABRE W, SHIZ
HiCIAO ZH\W T H Ny FTIRIE I L7z & D D3,
E ) PR CEMIT 2 BT 2 BIHEER T b pE
AV b FANEBOTENTES, HlIAIER I
BWT, AEYy Y 7—DIRAC ZHH\wT45umT
BT UL, 600K FEEED THEMs b 81T & 2 7]#g
W2 2 L2305, MR BIIES CIXH %
ZEav 7 ANBEONS EHIFEINS, FHEIC
JWST % SPICA 25EH & 1iduid, 300K 2°5 500K
THIER E MUK E I ORBOMBTREE ZEZ 51T
W3,

5 Conclusion

EZREIC & > THIY TR & 7 R IHE R
(THEMSs) ORI AIBETH % &\ 9 X (Peters &

Turner 2013) (ZEEDWT, RIVEKE DALEDEIC
ABINTOBUEFERIK T Cet & € Bri 2 HHHRE L 72
T = ZfAHTT 25T, THEMs IZ2DW a9 5,
i L 72455, THEMs & b3 mREEIZHR -
Moo, BOonohholHr o5 ok
HiZE1E HiCTAO OfEHBRA %2 62 THEMSs DfFLEIC
OWCHIRZD T2 I3 TES, /A4 RZHET
52 LT, ELHDBERICEWTY 8AU L b #fn
72FTIC 1000K BAE. 1Rg PA 1> THEMs I3HE L 75
W, EWIHHIREDOIFEZZENTERL, LIL, &
BlOHERICE T THEMs O 7 7 v 7 A3 Hiffize B
WS T2, 74 RETED»S DD A TE Z
2R ELBDIREEHRTITEY., REWEDBH 2D T
AMCHIBZ DT 6N TW5DIE 8AU L hEFICH
L0 ZEREBELTELRITIULVIT 2R, &
PARIRICB T a Y b5 A b OESTEEHE. )3,
SHE@L T aElHIgESRTEZIE L, HNNY FIZ
1T Subaru/HiCIAO TBLHIT 5 X b 4.5um ITE
T Spitzer/IRAC THBLMS 2 J7 DS IC B 7
FETHEMs Day b7 A MI1IKHEENI W0,
CHLHTHIHIT 2 L EEIEPBONIDL L L
i\, Fio, FERM 2 BHIEEE Tl 300K~500K
® THEMs TH R A[RE L fiEE ST 5,
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HEEIRICEITDREERZEIC K D KEDIIE & AR
S EmAN (B TR RABE BT A FER
Abstract

HERDAFRIIFR SN TORWH, EREDRH > FGEHLE 25 P a VBRI TS, 2070,
FHEARUITIFBRC KBRS D D 2 DBIER L7 EEZ SN TW 5, HEDOHE L LT, EEARMOKEEGHE
O TR IIERE ) 2 X 2BUERBRES L (BT o s, ERNGHEEIZH £ ) B3N Ty, K%
T I NZMHTNCEIRE T 2 A28 L, BPEBEIC X 2BEEROREIBIEEPREETH 2 2 L 2HS
P L7, BERRICIE, EREREOY A A0MMi% BREBIL ., ZOXFHEH o 2203 4036 KRB D
RS L OEREZHEE L7, S ol BEEE L2 YR =20 € 7V (Cataclysm, Soft-Cataclysm,
Non-Cataclysm) T L, BIELOERT 2 AR OHERE 2 Kk R ihift & g L 72,

1 Introduction

PR ECFER ST 2l DA RIE 38 fEARRTD
bOTHY, RERICTELAERIBZVEWE D)5
Tk, Lo L, 44 fEERTO RS EERZ R
DY)V a Vil (ZrSi0y) 237 &4 (Wilde et al.,
2001), FERICIZBEIC & 2 FLHED K B - 7
M, ZOBRERLILEEZONDL L) Tk, &
oY avix, ERa>E D REERTE D S TR
INLPoTHSH, TORBEMBIHIROME & LT,
HEMKRBORFE RO S TR HEEE (LHB),
IZ X BIEEOERL, B 5 LI KBERIEZ O b DDk
BIARDET N5, AW TIE, LHB IC X % Hhii
~DOFEEE L, LHB 25HKROBHEED 9 20k
WY %o

LHB 13 Z OB S & 4 v 7 b IEMEICIZ D> T
BE5T, W O»DHind 5, HIRDOEKREZERH &
EZRERYID> 5 13, 39 (RAFERNICR E LEZEB DO E—7
ZFfD (Cataclysm €7V EMEE) EHEHIZ 315 (Tera
et al.,, 1974 %2 &), —/T, NS L —F — D
FEiR & KB R E T NACHE S Bl S 2 L —
> a vy OHIEH 513, LHB & 41 fEERTICHE L2 %
Y — 27 Z2fio LHEHI 1T B (Soft-Cataclysm €
7V, Morbidelli et al., 2012 % &), I 56I1TiF, T4
5D 7 L—% —I3EEAKM (41-39 A HT) DIERIC
BEIN 2720, ZNDAENIFEERIZ L D% CHEL T
BH, EERERWICE — 271380 -7 LT %5 (Non-
Cataclysm € 7)V) b & % (Hatmann, 1975 7% &),

2 Overview

AW TR EBE O EERRPENDHE L |
T, % OfFRIC X DR D 2 o IZIERIS 2 o
R L il % . BZERE DY A R4 ITHE > TR
L 7l % ERTIICHEE § %, il % Dffi%Ic X 2 52
. B A ST X DR Viess 1

Vdest = 0.0949@1}1'39*066&111-39m0‘78 (1)
Pt

& #+¥ % (Abramov et al., 2012), T I Tld 7 v
PV L= —DEEERBEHEINSEE L L,
Ppy Pt VE T NE R RE K O KPERBR DEE, v, 0
(IS S OV m (SRR R R, g 1ZE )
M#EETH 5, (1) NIHEFEFECHES 21—
TavhrofEons A= v JHITH D, EERN
T Sdests BMATE Vipere MO Spere d IR
T#HE % (Abramov et al., 2012), b L Hugt 23Rl
TR, Z DEHEEMRIIEEROERICY £y b
INBEEZLND, ZN6IFETEHEERHKFERE m
IR L. Z0ZFm @ 0.78,1.53,1,1.67 Tl Lh
T2, e 137 v F -2 =2FORDHATRL 2V
¥—Tdh 3,

044 _2
Sdest = 1.48p, 3 py, 200889044052 2)
3
0.42 2\ 2%0.56 )
Vinele = —— (v) sin*30m (3)
Pt €m
Ca /2\%% L.,
Smclt = 108pt 3 () Sin?9m§ (4)
€m
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RIERREDI A X5tz H 2 5, HRIEBEE
BB ZR L 7 RIRIEZ D% S 3 A A4 )L MR
WHREZEZ 6N TS0, ZORLE LCHED 7
L —% —H% A X540 £ BIUED/INRET DY A X34
D—HDZT 5415 (Strom et al., 2005), /K5
DI A R4 I BIBEBHTTRET, BLZUTD (5)
AU2HE 9 (Dohnayi, 1969), ZD & F, R Nysa
WBEESm L) REWNKEOETH D, RifiT
i, NREEEZ 5N TR HEREKD T A 53045
ZRIEPIL, TORFHER a2 T A—F LT
2D, B, BEO/PNRENL o = 1.6 T
BlcE 3, AN

sfd

it (5)

2D (5) FUTHE D T Viest»Sdests Vinelt LT Siere %
HIBRICE T 2 IR/ INVE R e 2 SIRKER mpay
Tm CTESTIUE, LHB 20 KEERic5 2 3
OB, Viest, TySdest, Ty Vinelt, T O Smere 7 DMEETE
5, ZNEFNm D 1.78 - ,1.53 —a,2 -, 1.67 -«
FCHHBIT 2720, TNEDfEDI0 X D/AZVlREm
DINSOHIHEEE, 0 XD REVEREm ORZWVHIC
WET 2, B, MECO>VWTIEIOBIL—F—
Fto@EEE2MHIEST 2, —HIE, BEE2EET
E0IED ) P REFEDOE K E RERIZE W THE
K DL ORISR 2 LIt B0, D

0 EKEH & 725> T B AEENEDS D B,

BB Nygq & KRB R mupax IS T OBRH
% (Zahnle and Sleep, 1997),

= Am™ ¢

A
a1 ©)
— I THUIRICHEZR T 2 o NVE RN BUEDHIERD R
SETRARE R ERANDEE pe =1 x 101°g &
§ % (Bland and Artemieva, 2003), %7z, H &HuBk
IR L e KRR DY A XA 3B IcH H . H
X O BHIRD S5 23 fEHIZE L2\ ko THHIE
BAL & Al

l—a
Mpax ~ 1

std(> mmax) =

Ao = 234, (7)

DEHRZ L. HICik% LHB OIEBA> & HIBKIC 22
LEBZHEETE 2,

3 Method and Results 1

a ZZALI IR OWIR /iFEZ#EE T 5, £7,
(i)LHB #IIcHiRIC 722 L 7 BT 2 5 2 7 55 0
Z 5, BREEL Nygq 120 U CTHRVE & My 13

Mmax dNb
My = / dtfd mdm
He

L)) e
A )

22—«
ZOBIRER (6) & . MBIt & HIBRICHZE L 7oK
DY A Xo3A0 LW /TR 2 HEE T 5, B2,
ST Vinero 7 1

Mmax dN
sfd
Vmelt,T = / 7Vmeltdm

2—«

Q

T
42 (02"

_ i}(:) sin'30Mp  (10)
t m

E My IZHBIT 2 en3bhr s, £, RIAEIRRE
Smelt,T B

Mmax dN d
Smelt,T = / T:Smeltdm
e

(2—-a)* Ha—1)2"

2 -«

3
—ey
3 5_o
Ah) —pd }A@*

2=
(11)

Lo & My ko TEE 3, Vdest,T JS46) Sdest,T Iz
DWTHRRTH %,

S D% o TR /IR L OV 2 e
L7, MERIF 2x10%g £FEZ 50T 5% (Gomes
et al.,, 2005 % &), 7, MOHEETIF 1-5x10%g &
I T % (Levison et al., 2001, Jorgensen et al.,
2009), 246 DfEi%E My ITfOA L T, SR iR
R, B, EIEHEIX v = 20km /s, HZEAEIE
BROMERDEN 0 = 45° | BHIL p, = pr = 2.7g/cm?
E L7z, T0& ST VARMARTIZD 1, Tl /vARlin
B2 &% %, F7o, FRACRIO AP aHARNZ
BXZHUED 12% TH D (McCulloch and Bennett,
1994). BIfED KB IZH9 7.18 x 10%km?® TH 2
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Destruction/melting volume vs. Hadean continents

0.4
- VdestT, Total Mass: 5x10723g
n 035 [ =—VdestT, 2x1023g (most likely)
‘g 03 E —VdestT, 1x1023g
5 v VmeltT, 5x10723g
® 025 f = "VmeltT, 2x10"23g (most likely)
S = *VmeltT, 1x10723g
£ 02 | —padean continents
f=4
8015
»
= 0.1
3
~ 0.05

0
1.4 15 1.6 1.7 1.8 1.9 2

Power Index a

1: B VARMARE & AR D RBED HiE

Destruction/melting rate of the Earth’s surface area

1
SdestT, Total Mass: 5x10723g
08 ===SdestT, 2x1023g (most likely)
’ ——S5destT, 1x10123g PRaEN
9 SmeltT, 5x1023g 4 \
< 0.6 i /
« = SmeltT, 2x1023g (most likely) / N w
2 — -SmeltT, 1x10723g ;7 7 N
804 7 4
/ \
/
7 7 \“
/s
0.2 7 - E‘
rd
0 —_—

1.4 1.5 1.6 1.7 1.8 1.9 2
|

2: R /T RBEI DS BR 1 %2 o 00 2

(Cogley, 1984), 122 L, EHE2x10%g D
LE|OIRAMARIZEERO KON £ ARETH
22 L0bnb, BEAREIIa<19DLE, BE
RRBEZ %2, —ATKI2 2 /% &, Bl Z2I13/N&
EDH¥ A X534 (a = 1.6) TlE, HiBkEHE D 1 #ILL
TLPAN=—TELVWI VDS, o> 18D
E. &) EEE O HIREmLEE S, FEON
L B R E G A R, ERMAR I EEAREEE
[l 275, HIFEITHEREHZE ) L TERVED
5,

RIZ, (i)LHB Mo H D KEi%e %% 2 5, LHB
DI A28 L 7 e KO 2214 Imbrium 721
ELTHEETHE-o T3, ZOEREP SR (2) %
ZHOTEHREREDOER mpaxm ZHEET 2 L,
Mmax,m = 1.0x 102 g 2145, Z DfliA & i /7R
HEEHEE L GElEE ).

etgic, (i) RO 7 LV —8 —BEE» 652 %,

LHB MDD 7 L — 8 —HEE R T OXTEZ 61
% (Morbidelli et al., 2012), Z® & ZIKfH] ¢ O HHL
1% Gyr(Ga) TH D, Nog 1& Tkm PUF5 DELE 20km B
rorv—y—$EERT,

d Ny

dt
K (12) % 41 FEERTLARE ¢ TR 3 4uUL LHB DB
Vbbb, ZORGEE W CREE AR & #EE L
7o (FEMIZE <),

(1) (i) (iil) DFERE F L OB ELR1 2D, 1T,
TERORBEZIZ LA EWIED 2V IZERITE S o
DHPHZ R L7z, £ 1 2 HIUE, (1)) (i) ED%éE

= 2.7 X 10 exp(6.93t) + 5.9 X 107 (12)

# 1. EEAURBEZH R ATHE R o DHiPH

Vaest, T Vmelt,T  Sdest,T  Smelt,T
(i) |a>19 anya a>18 a>19
i) |a>19 anyae «>18 a>19
(i) | a<15 a<16 a<l3 a<ld

ThH, FEAED o TEEMKELZHERIEL L
GHEETH B b5, b L LHB DY A A34H
BEO/NKBEREFL, 2FD a=16Th-o%
5. MIBRARE D A2 T, L L 208
HOLHBRATITH S, £/ IOFEIZ, HBD
BESAS 3 2L —3 a vIiT Xk 258798 Abramov
et al. (2013) DFEICHIE L, Z OHEERTH: (HuBRFE
D 5-10% 255 & & —3T 5%,

4 Method and Results 2

o % 1.6 IZHHE U CHEE /aRMARE D IRTEHIER & KPE
R MR 2 S 5, —RAEEED Viese, v MO Vinert, T
ZoOMAIR 2L LHB € 57 Cataclysm,Soft-
Cataclysm,Non-Cataclysm 12> T 9 %, Soft-
Cataclysm € 7 V%, X (12) 1T 41 4 AT ARENRE
JELll, 2L E LHB(MK) ICHICHEZET 2
HREIEBXZ 2x10%g &% 5%, &K (12) X, Mor-
bidelli et al. (2012) IZ&\TH IS L RER%
2x10%g L LT THS, HimLTIEE S
12, HossgligtotERD 6 45 REAERT DA O i 9Eks
BEDI3.5x10%%g LHEEI NS 70, 45-41 fEAERTIC
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3.3 x 10%2g SH i L 7 L{3E L. LHB Do 7
L — & — BRI (FRBEIBINEA T %) Z2H#EE LT
w3, ZITRIDOHEERIRZMNT 5, —J5 Cat-
aclysm € 7V, Imbrium D & #EE S 45 522
B2 39-38 fRARANICEEP L TS, ZOLEH
ADRERIZRIE DI 2% 102 g L5, LT 45-39
AT DE I DHEL X Soft-Cataclysm € 7L & &
L\ & L7, Non-Cataclysm Tl Soft-Cataclysm €
TN ZDEE AL EERTDATICOMNE L 72,

Each 0.1Gyr Total Melting Volume

0.3
- -=-Cataclysm
; 0.25
3_ —=-Soft-Cataclysm
S 02 f
]
c -#-Non-Cataclysm
EO.]S F
S —*-Continental-
© 01 Growth Rate
>
3
3 0.05
i

45 44 43 42 41 4 39 38 37 36 35 34
Age (Ga)

3: R /TS RARE D HERS & RBERER

3 IARIARMART Vipere, 7 DHEETH 2, LDET
WTH->ThH, FITIERARELF 7212 TE 5 KEER
Hx LE>Tw3 2 E8bo s, 2FED, #HlicTE
DRENTEZIEDOERL T ATREEDY D 5,

5 Discussion and Conclusion

Resultl 2>5 1%, LHB IC Xk > TEFR KR & [HfE
DR Z VAR TE 2 [MEIRB I N, Lo L,
2 EAED o THEE/ERGERIC X h HIBRER RO D
TRy UEH 2 ENTE L, — 5 CRRHE
® (Result2) 2 B2 &, KEaZ TE 721370 o 1AM
(2 \ IR L Cw ARtk RS Nz, b L
HERD KPR A FTICER L TwiuE, 22
WCEHRZREDEE L, F & TARL 2 fgrEss
REOHERR > O RBING, ZOHA, KpEH
FRDIENS T & TIRRE (B B\ IR AR RS
ZWMSTIELTES, Lo L, Ko Kt
W EITDORRICHIIR EICBEL Tw2 59 FRD S

H (Yamamoto et al., 2009), =ERDFAKTDH 50>
L, b LINAIE LTI, TREE VARG
IC X o THIBRKI 28 ) 2 LTI nnn, 2T
D RPBEH B 2 W /IARS 2 2 L3 EE L v, DD,
FEDELAZRITIZ, LHBIZ X > TEEMKREEEH
KIELILBRNETH S, Tnid, EEAKRED
KEEHIRTH 2 ICHBD ST~ FANELARAA
AR Z RR T 5,
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NSy Yy FEHEBERVEREREROER
BH BN EEREREDE MR 7e R
Abstract

AW TIE, Kepler-51 (KOI-620) & XIgh 28 72y FRERICE T2 b7 v Yy FREZEE OfiFE
Wi 2L 2, 2D%IE, 22D 5Py KR Kepler-51b (il 45.2 H). Kepler-51c (F# 85.3 M)
BXUOF 7Yy FEEGH KOI-620.02 (#1302 H) #3205 vy P RIEZHFLTED, b
1 1:2:3 OFEHHLEHRIET CICFEEL T0 5, AFATIE IS 3BRED N7 v Py MRIZE % T+
22LT, FEREOHER ZNFN 2175 Mg (Kepler-51b), 4.0+ 0.6Mg (Kepler-51c), 7.6 + 1.4Mg
(KOI-620.02) EE L. KOI-620.02 b £7- ZDRIET 2KE (Kepler-51d) TH B Z L2kl 7z, &
512, PPy P OROIEEYEE FHOMRLEHAADLE S L, 3O2DREATHINETHAS
NP TRBEOWERE (0.05 g/em® BUF) 2622 EHSICE o7, ZOEIZKEFR Tt b HEEAME L
+E (0.7 g/cm® FLE) DI 512 1/10 AT TH Y, Kepler-51 2 I3IRIEDH G TIIAELATER 1 L W RRE
BEREZRTHZ I ENRIN, LROMEIR, THAMOERYr 7Yy PRERICBRT 2RE X, 20
NDOEE EHRTHEEMES LD Z DA RAZET) &0 ) EFEREH S 1RO Tl 2 SR 3 % ¥/ 22 3E

Ehol, ZOBVIIRERICE > TEL I - EILORBEBIFET LI LE2RBTEHDTH S,

1 Introduction

2009 FEDFTH RIFLLK, 7 77 — I L -
TREIN 7Yy PREOEI L ED S
3000 L BA B, THSDHEICIE, FI v
Py OIS LERVBHEETRETH 5 & v ) FIA
WhHB—IT, ZOEBDOHEIZES TlErhrot-,
INET, REOHRIFTICHBEEE (KEICK
2 ERONEERZ, FERDART FURDO Ry 7
7=y 7 b2HOTHET2) ZHWTIREINT
D, T T=BY =y FETEERDS IR
TE TSN 72D TH 5,

GREES R Ic b 2 EEfEEE L LT, 7 77—
WEOTHRINTZEE 7Yy PRERIIHL
THEEICHVLNZDN, b7 v Py FRZIEH)
(BRELH LOENMHAMEHICE 7Py FO—
ERE» S DT) DT chdsb, PTUYy MR
GBI, B & 32 D RIS HDE T — %
DHEHSTHENRETH D, ZDd, 77 7—
DY =7y MBS EENLIHCREDO Y DXAE
RIZBWT, b7 vYy FEEAEEOMBHTIZRICH
ATths,

COXIBEEF Iy FEREZDI B, A

72Tl Kepler-51 (KOI-620) &9 RICHEHL 7%,
DRI, NFENEREED S EED LRENSE 2 5
NT02%22o0D k7 Yy A Kepler-51b  (JE1
45.2 H) . Kepler-51c (#1853 H) BX U+ F v
Py bR KOT-620.02 (FIiH 1302 H) @3-
DrI7vPy PREZELTED, ZN5id1:2:3
DEIGPE LR C ISFEEL T b, AiffgETid 2
no 3ZED L7 Yy MREEE)D S FKEREDE
BEEEICHEE L, KOI-620.02 23D IcRETH 3
CERRTEEDIC, CORERD LY M E
Ziml 51,

2 Stellar and Planet Proper-

ties
Jori=]

FROMWE (AR Tog. RIAE logg, Eit
M,) &L Tix, NASA Exoplanet Archive? |ZFC# oD
iz 7z, 2o Dfis Claret & Bloemen (2011)
DR G, FROAEC ST A — & OYIIHEE
L LT (ur,us) = (0.36,0.28) %47z,

LRI D N IE. Masuda (2014) I2HEL 2
2http:/ /exoplanetarchive.ipac.caltech.edu
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FRBONEY P, SR L FROFLI R, /R,
WO R E TR o/ R, . WOBEHR i DY)
PAHEEM & LTH, kI NASA Exoplanet Archive
DAz 72,

3 Light Curve Analysis

3.1 Transit Parameters and Transit
Times

fEMT L 727 — % 1Z, NASA Exoplanet Archive T
A I LT % PDCSAP (Pre-search Data Condi-
tioned Simple Aperture Photometry) flux T %,
Q12-16 122> Tl short-cadence D7 — %, Q1-11
IZ DWW T long-candence D7 — % Z w7, 7
TUBLE LT, 94 b A=7D6 F7 vy M
DT =¥ RzERKEHL, Tz 3RXSHEAT7 4> b
LTHOVESTZILET, P7YvPy PDOR=254
Y& LICHEL, RO P Ly F2HD FRere,

RIZ, IN6DE TPy I M A—=T 6, &
BEOLF 7 vy PRt BEX 7Py FoX
I A=% (PR P, R E TREDEEK R, /R,
A VRT bRFG A= b, FIE T A =% uis uas
FEOVHEE p,) ZRET D720, LFoEEL
OB LITo 7t

1. P90 Py PRI XA—FDfEREIEL., FKE
DELIFVYy PR T4y b LTZOHFLIRX
ZRET D, FonFDLRzZ 7Yy b
BEDO—RBEET7 4y b L, AERE P Y]
Fofity ORIED N7 v 2y ARz
BT %) ZRkd D,

2. 1. THLNL TPy bR R T,
BEREOTRTDOL 7 vy oz % 0
WIHiZ72bD%ESL, ZhE 74y L, FPIV
Py bRIRXA=IDEERET D, OB F
WPzl CROMEICEET 5,

D Eo#fEx 5 Mg RT Z & T, self-consistent
BREIZUPy IR IRA=FET Ty PR
ELT, RIAIORTEZG, MIET2 7Py
FIAMA=TRBK1LIZRLTH S,

7 2: Kepler-51b @ + 5 v v kiUl IRl

Transit te 101ower  L1owpper  x2/d.0.f o-C

number (BJD — 2454833) (days)
0 159.10975 0.00072  0.00072 2.14 0.00323
1 204.26437 0.00078  0.00076 1.86 0.00253
2 249.41453 0.00120  0.00152 3.24 —0.00262
3 294.57446 0.00251  0.00159 2.12 0.00199
4 339.72399 0.00083  0.00088 2.32 —0.00379
5 384.87799 0.00078  0.00079 4.04 —0.00510
6 430.03405 0.00076  0.00076 1.78 —0.00436
8 520.34240 0.00151  0.00168 0.80 —0.00663
9 565.49926 0.00106 0.00148 3.29 —0.00509
10 610.65682 0.00087  0.00095 1.00 —0.00285
11 655.81302 0.00080  0.00084 1.38 —0.00196
12 700.97595 0.00204  0.00156 2.19 0.00566
13 746.12646 0.00082  0.00086 1.10 0.00085
14 791.28654 0.00102  0.00129 1.79 0.00562
15 836.43982 0.00074  0.00074 2.24 0.00358
16 881.59882 0.00072  0.00071 0.91 0.00727
17 926.75475 0.00083  0.00078 1.42 0.00789
18 971.90566 0.00181  0.00262 1.95 0.00348
19 1017.05878 0.00083  0.00088 1.62 0.00129
20 1062.21217 0.00075 0.00075 2.50 —0.00064
21 1107.36887 0.00095  0.00097 0.94 0.00075
22 1152.52090 0.00088  0.00088 0.96 —0.00253
23 1197.67687 0.00097  0.00097 0.87 —0.00188
24 1242.83059 0.00087  0.00087 0.99 —0.00347
25 1287.98482 0.00086  0.00088 0.92 —0.00456
26 1333.14289 0.00091  0.00090 0.95 —0.00179
27 1378.29779 0.00088  0.00088 0.86 —0.00220
28 1423.45442 0.00091  0.00090 1.00 —0.00089
29 1468.61324 0.00089  0.00089 0.97 0.00261

7 3: Kepler-51c ® b 7 ¥ v b D IRH

Transit te 10lower  1Oupper  X2/dof  O-C

number (BJD — 2454833) (days)
0 295.31257 0.00378  0.00384 0.98 —0.00057
1 380.64295 0.00358  0.00354 0.97 0.01337
2 465.95289 0.00287  0.00283 1.41 0.00687
3 551.26161 0.00319  0.00304 0.99 —0.00086
4 636.56677 0.00324  0.00325 2.04 —0.01214
7 892.51469 0.00384  0.00393 1.90 —0.01355
8 977.84149 0.00360  0.00364 1.16 —0.00319
10 1148.45861 0.00327  0.00327 1.00 —0.01896
11 1233.80785 0.00322  0.00324 0.89 0.01385
12 1319.11072 0.00331  0.00342 0.95 0.00027
14 1489.75414 0.00337  0.00340 0.88 0.01080

3.2 TTV Modeling

Rz, EoEons oYy N2 BER I
ETMET 5 2 T, FREDHEE X CHUEHED
KuEPE L, I TRERDZD, FREONIE
WOAET X3 X CH-—FINICH 2D & Lk,

HTE D EAERE 7121, 4 KD TV T — ik (Kokubo
& Makino 2004) % i\ 7z, HHEZIZ L ICEIE SN
TR DM & . FE-REB O KEKEIC B 5 H
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# 1. Kepler-51 DFRED TPy b X—%

Parameter Kepler-51b Kepler-51c KOI-620.02
o (BJD — 2454833)  159.10653 £ 0.00033 _ 295.3131 & 0.0018 212.03246 + 0.00039
P (days) 45.155314 £ 0.000019 85.31644 £ 0.00022 130.178058 £ 0.000071
a/R. 61.571% 94.172-2 124.77%9
R,/R. 0.07414}(%’)15’,5;2? 0.09423%22 0.10141}311;;32@
I . . % .075
b 0.25170-978 1.017+0-054 0.25016-972
w 0.375+ 01040
uz 0311757057
oo (gom™) 2.16+013
x2/d.o.f 12681,/12417
# 4: KOI-620.02 D + 7 »¥ v b HublkiXl 1004
Transit e Vo 10uper P/dod  O—C 5 !
number  (BJD — 2454833) (days) E 0.996
0 212.02417 0.00066 0.00066  2.67  —0.00829 2 099%
1 342.20715 0.00063 0.00062 228  —0.00337 © 0988
2 472.39116 0.00064 0.00064 208  0.00258 0984 I'kepler-51b (KOI-620.01)
3 602.57341 0.00063 0.00063  2.17  0.00678 E 0008
5 862.93196 0.00076 0.00070  3.88  0.00921 g 0005
6 993.10424 0.00064  0.00065  2.35 0.00343 1.004 |
7 1123.28307 0.00065 0.00066  1.12  0.00420 x 1
8 1253.44963 0.00062 0.00063  0.89  —0.00730 3 09%
9 1383.62094 0.00064 0.00064  0.99  —0.00505 g 0992
@ 0.988
0.984 T kepler-51c (KOI-620.03)
T 0005 N N
N n y 2 0
BEDSERIN & 75 B R4 % Fabrycky (2010) 12> Tk & oms
O, INELIal—2avilBl3 7Yy Mg . 1fE
. . = = 0996 F
gsim L L, $RTOFEIE, B Ty(BID) = & oo
°©
2455720 2> 5 B4 L. BJD = 2454980 £ BJD = € o8
Ja 0.984 | k0I-620.02
2456345 DEITIT > 72, S 0005 fF .+
b 0 Pt g
T4y bLERNTIA=FF, SEREOHEREEFAE g -o00s : :
-0.20 -0.10 0.00 0.10 0.20
day

HBROW M, /M, Ty IZRHITVE 7Yy Ml
Wil T,. DNEF P, B e, BIOERGI B w
TH5 (7 LEBIZIE ecosw & esinw DAL
be¥xEHWE), 3BEORNEHIBHi>TwE %
RE L7z, BulERhg % i = 90°, FaCAE X
Q=0 KEELTHE, £7T. X 7L v 7
AdE & VT

tegli) — t5(0) |
C, c,
=) > l 0@] 1 (1)
j:planets ;.observed J
transits

(22T tei(i)s 3 (1) BZNENBIE 13> 22
L=y a v oROLEEjOiFHOEF 7Yy
N LR, 0;(0) & e, (i) DIRGE) ZIRNZT S
15 M (FEE 5l x3 &) D7 X —F DD
PIREL. Z DT Markov chain Monte Carlo
(MCMC) Z w7 217> 7, ZORMITHIET %

1: Kepler-51 D3RED 7Yy b4 b A—
T NERTI D BAL D, LS EIZ Kepler-
51b, Kepler-51c, KOI-620.02 IZXJ57 %, Hw e
BT =8 i, DDV FERIEZ T —F HANDRZ b
74y FETILERT,

RAP74y FPETAEZK 2 ITROER TR L,
MCMC 2> 5 K& 7 FEMERSHOHRAE, 1o DR
72 (P IMED R THREMER ST D 68% % £ LefibH)
BES D LBy FLTH B,
INSDfHEE 1 TROLEZMAGDE S L,
FREOHE, PR, PHEE, PuERERE, F
BRI Toq R ED. Z0ZEN M, = (M,/M,) x
M. R, = (Rp/R.) x R. = (Ry/Ri) %
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10 | Kepler-51b (KOI—620.01)E 3
AN
s o
3 1
-10 b
10 + +
8 = + = = : s =% R S =
5 E 3 = L2 T = =z T
-10 + + +
30 [ Kepler-51c (KOI-620.03)
20 )
.’g 10
s °f
o -10
-20
-30 E 1
20 + + + + + + +
] RN vy 3L
210 F 3 (] k3 4]
-20 t + + + + +
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£
Q
o
-10
5
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3 ¥ ¥ K3 L3
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X 2: Kepler-51 ® 3 BRED b+ 7 vy FRZILH)
%74y b LK, Ed5JHIZ Kepler-51b, Kepler-
5lc, KOI-620.02 IZWIRd 5, =7 —N—f(ZDAH
7—DR, BN I vYy PRt 2 T
Yy FEED—REBERTT7 4y P L EDRER
FOHMTRLTVS, BOWIRIZT =8 D
RAF74y FPETAERT,

(BM. /4mp. ) /3, pp = pu x (M /M) x (R /Ry) 5,
a = [GM,(1+ My/M)P?/4x2]"* D k5 1ok %
%, INSDEIZERS FTRIRLTH %,

PLEDOFERD» S, 3 KOI-620.02 232 DEAERD
KE (Kepler-51d) TH 3 Z LML DN, F
7z, Kepler-51 D 3 DDEED, I ETHEI N
HKEOPTRLBEVEELZL DI LA RS
Teo BTORLZ KD I, BEEEIX M, /M, R,/R..
P DHRPSFHETE, NS 74 b A—=TDHRP
5B b7d, ZOFRIIERNRNTA—FDRE
PEICIHRFE LW EICERET 2 (FL, HRE
PERIFFNETNTEEARN IR = IURET 720, XK
BEEOBRIZEDLD 9 %),

#£5: PPy VAL EIE 74 P A—T 555
N-BKEOME

Parameter Kepler-51b Kepler-51c KOI-620.02
Fo VY VRAEF T 4y FLEARNT A=
M, /M, 672 x10°° (1.2£0.1) x 1075 (2.2£0.3) x 10~ °
(BJD—bisasss)  881.5977 £0.0004  892.509 +0.003  862.9323 % 0.0004
P(days) 45.1540 + 0.0002 85.31210-003 130.19419-905
ecosw —0.016 = 0.006 0.01019-90%8 0.00573-90¢
esinw —0.04 +0.01 —0.00979-0%% —0.00670-09%
DL DI CHINZENTA—F
M, (Mg) 21703 4.0+0.6 7.6+1.4
Ry (Rg) 7.140.3 9.012% 9.74+0.5
pp (gem™3) 0.0310:02 0.03 £ 0.03 0.05 £ 0.01
a (AU) 0.251 +0.01 0.38 +0.02 0.51 +0.02
e 0.04 £ 0.01 0.01479-01% 0.00810-90%

4 Discussion

B o N REER PR LT TV OBIC X S
& (e.g. Lopez & Fortney 2013), Kepler-51 Dk
WFEREIET 10-40% fREED H/He DAV EZ &L 2 &
BYEns, Ll, Bl BREOHRETIN
ZEL K DT AZGURBZIDIRT % DIZINE (e.g.
Ikoma & Hori 2012) TH % & I TE D Kepler-51
RVED K ) IS 1072 2 13 BRI BB [
BThH b, 75MOFL, EFEEHFIN-OOH 5
Th 7 vy MRAIZENC X > THRIRE I Nz 2
YR P REBCRERIE. ZDMORDEE &N
RVEEZ S D) &) i (e.g. Jontof-Hutter et
al. 2014) 2R T2bDTHH 5, M EDOFHEIE,
NS —REDREIERED, BIEMSNTH2D L
(35870 B 6 2 W - TR & 7 1 35E(L L 72 mlRe: 2
NETL6DTH S,
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Abstract

AR D EEERR BN X D 12IFME CREAW (~ 30-1000AU) OERTARESFHR I T2, B
HICIE BB RIS BT A OBGRIFH X D bR, ZOB TR I LIEHE 2T », KIFE T,
A AT & % 2 7 OWEEOX 2 BITIVICZHE L, 20 s 280lNci e, UMToa7EEET
WAZHED BTG TV A TEREFIAL 5 20872, 1) < 30AU THEREPEML Ca 73 TtE s,
2) DA RABRICE > Ta7BEFELS N CRMLEICE 2, 3) HAE TRE RAESHRO N R % fif
5T, MEREREH VA TICHBUELST 2, 4) FBRE LT IRIFMNIEDRRAMERY
ABREIC D, KE, DT L0 -or, BEDS 10 5N 2 MIcHRLEIE 1/5 124k %, TR
. BELIERDI L D6 01T 2 T2 LA Ly, w22, 2o+ FI3EM & n/-FH
EREAMBEAD ARBEOWRZHAL 5 2, b UHELS 1z a 7 0@ i HEES Y £ X X b LR E T,
WoBERERIIMEY A X0 1/412k %, Ky FY 2 B8 —OWEREESMNBEONBZRL TWE0 EH

e, RS ZREOER LRI MBEONGE KL TwW3 LS4 5,

1 Introduction

AR O EERRENC X D (IS C R
(~ 30-1000AU) DEARA AZEVBFER IN T3
(e.g. Marois et al. (2008)), # A EEDIEKE T )V
iE, a7EBEETVEACENALEE T VD H
%, AaTEEET VL, MEEPEGRRETSI LT
TE72 10 HIERE BRED a 7 S0 A 2 i L <
HABBIZ %2050 THY, ACENANLE
EFNVFMEPHCENICL ) DL THAKEIC
BHBENHILDTHS, L2LELESIZEVLTHH
BRI A A KR DO Z FAT 2 12 I3#HR 1 H
%, MEONMITIEa 7EEET LV TBEING &
EZ5NTWBE, MO IMITIZBERE DA KR
RDYA LR —VISHBEN A DEGRS A LA T —
NEDBELZoTLEFN, MBI ABR RS F
TR REIDa72EL I EFHLY, AL
HIAZETIE, BOEENE S TETLEI LW
) @3S %, (e.g. Forgan & Rice (2013)),

IS OREZMEET 2201, MEONMITa
THEBMETIVTEREZE-o T o235 &
WIETILHWLLOPREINT S, HEDONM
T E NI ERD ARE I B R A KA LT
BERGELZ L€, Wl REER I o > 100AU 12725 2 &

DVRETH %, MR EMRA A LOMAMEMIZED
BELHR I T 2MHEIICH 223, FEIMUO A A D
HEIINIVLOTHE VRN TE RV EEbND
(Muto et al. (2011); Ida et al. (2013)),

Ida et al. (2013) Ti3. 2 7 2EGEL S U CEEELE
R, AAEMET 2 2 L CMuERFERY
ABBICR S L) BRBRICOWTERL 7, &
MIZTTH 2, 1) < 30AU THEREERL <
a7 TE S (Kokubo & Ida (1998)), 2) ¥ D
AAKRIZ L > TCa7PHELS N TRBELFRICZ 5
(Nagasawa et al. (2008)), 3) ML TRE &M
HEEON A 2T 2 2 LT, HuERERIEH %
DA FICHIELS 5, 4) fERELT, 1EIF
MLED R FINER T A ERIT: 5,

Ida et al. 2013 Tl&, ERAVICHEORDIKD§ 5
EE L TR PR E —E L LTHBb > Tw 5,
AR TIE, a 78T A%ZMHET 2 2 LI X BihuE
AL 2 R~ T,

2 Model

a7 OHEIEA 2 7EE (~10Mg) 225 L
EHARICE Y PRy Re—F0ENZXIioNn
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2 7x 0 BRI 72 T ZWAEDME £ % (e.g. Mizuno
(1980)), MEEREDHEBEEERIVNI VL, T3V T —
ORISR D RAa7ERIINS %5, M
BOIMINZ EMBEOBERFERIZTNI K B DDT,
LB U2 RA o 7RIS S 2 D, A AU
BrEL EEZONS,

A ABRDOKRZEEOBUERIEIC K 5 L, HAD
NGRS

M\ "G
~ 1019 [ — 1
TKH 0 <M@> (Hini) yr (1)

(k 1& opacity) &R I, DA A DEREERLE R 72
EWiEd F WAL %\ (Ikoma et al. (2000);Tkoma
& Genda (2006)) , A TIE, ERXD 7y DFRIA
ZHOT, HAOEEBMFE 1 HO”-—E & L
T, BRI 2iEE o2 L 2, #E
DFEehe>01DEE, W EDIZIFTTRTON
BT, 27 &N ADHREIZEETEIC KRS, BE
I CHA T 2R R O A E I8 L ARG
FIIS5BOMEL T 5,
BOFHRETRIEY ., AR CiIcmd 2
DT, WHOBERD AZED S OBENIMEH T 2 2
EMTEDL, 207D, PLELERTAKED 2
HWRETEZ, ¥, UTOIREER L, 1) M
WAL 77 —MiETH 5, 2) RELMEY
ADWEHNIE T %, 3) HTAREERT LAY
M—EThs, 4) FAZMET2 LS, HELE
BEIIRE TS, 5) ARZMELEZ. MOt
IciE T ABEEZ Lz wET 2,

3 Derivation of formulas for

orbital changes

EROED T T, HAZMEST 5 LI & 2
EZOAZE T 5, LTOEHTIZ2 2054,
1) =t Q 2SMHEERE ry £ D B/NS VLA em-
bedded case” (Q < rq). 2) i riFEEE Q 23R
rq £ D HRZVYHdeviated case” (Q > 1), &FH
25,

1A coa7ofdgiie = 2L x -0z

ALAE I3,

AL =AM tl / JGMLr dt, )
d

GM;+“ﬂ“V)m (3)

AFE = —-AM l —
2r 2

tq
THb, 2T TAMIZ ] AW CHiM¥T 2 7 ADEE,
M, 3D EER, GIFENER. valr) lZa7 e
HADHHETH D,

Urel(r)

QGM*|:

: 3T2Zu§ﬂ (4)

a
Thb, BOHPHIE r < rg 27z TXET, tq 1
r < rq 2 S RRHER (o < Tk) TH 5,

A7 DHRMEES ) OFEEIRE (L TRV X —
el = \/GM,a(l —e2), e = —GM, /2a) D 1 T
DEACFRIL,

Al AL/-AM  AM

/ — M M f€(€7ud) (5)

Ae AFE/e—AM _AM

? - M - M ff(e’ud) (6)
ERED, 2T

fe(e,ua) = fija2(e,uq)/V/1—e? -1 (7)
fele,uq) = 4f-1(e,uq) —2V'1 —e2f_3/5(e,uq) — 2

(8)
ThHb, ugldr <rqg TORRKDEELUTREEM (0 <
ug <) THY,

. { cos™1 [1 (1 - 20)]

[for @ > 74
[for Q < 74

&2%-@50 fﬁ(ﬂ = 1/2371,73/2) &i‘

f[g(e,ud) = %/ <£>ﬂdt

ELTERL, e & ug DBIBE L TRT I ENTE
%, foildhE & AL X =0 SEERICE T 2

(10)

& TAMTORIER Y4 o EHELR e DZALIE,
A AM
= =5 faleua) (1)
Ae = —A—Mfe(e, Uq) (12)

M
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EEREB, 2T,

fa(e7ud) = fe(evud) (13)
1—¢€2 1
olesua) = = | e uwa) + S felesua)| - (14)
Th b,
PEXDy., #uEEo=x,
de Ae
Qlog a1 = Aarar ~ feleva) - (19)
dloga  Aa/a
legM — AM/M - —fa(e,'lLd) (16)
EFREDL, £, e & a DI
de
Toee = feua)/folewa) (17

EHREE, InoDAEEMER—ST A LD, B
BRI X 2B ELE kD 72,

4 Evolution paths of ¢ and «

% 7embedded case” (Q < 74, ug = 7) H R
%, A (15) & 0. e DT M/ M, DEIEE LT
FHF 2, X (15) ZBUHERT T L AR 2 X 1 ISR,
M > 10M;n; Te < 0.2e,; E%>TED, BELFEIR
SRS LT %, 2 (17) 1330 (15) SR U
ThHh., e DL a/aj,; DBEIBTHZ 615,
2% a-e M TOPEENLZRL TWVWD, e L aldld
AT 2 DT, MOAD S ENELT 2, a D
DX e DIWYDITTHRE G, e 3155 0 T
T BN a DD IZRAKTD 50%TH 5, X3 1%,
E RN 2 00 A B ¢ ORI Z R, AR
Bz Iy 2 o, MWD ERA 2 &
B o oEENIEHT 2 LI REIZZYUTH S,

RIZ”deviated case” (Q > rq) ZEA b, r>14 T
A Az T ET, PERPEEVN X DIBPT 2, K4
. PR CRIRAL U 72, i nibhnf ¢ &R niiEt Q
DEELETRT, Q=14 DEED q/rg ZINT A =%
& LTS D, "embedded case” (Q < rg) &7 deviated
case”(Q > rg) DMifiZ 7m v b Lz, & AHEIC
K o L RPEEE I U r R 1384 U T uE
ft320T, K437 E»SAT~NET 2, K5
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5 Conclusion
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obo0oooobOobOobooo0ooon0ogn ap>0.5
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Super Massive Black Hole formation by cold accretion in the

first galaxies

FRHE —F (UM RFPRF R ek 2R i 2eE)
Abstract

HKREET 7 v 7 R—NVOH LWERY TV ADORELZITH, 4F TREINTW T U AT on
KENRBHY, ZOREEFHHI>ZEDOTEDLLFTVATHD, BIZWVEFROMA LIZE TIEEAL TERBER
B ES4, EOBTHANIMEL, BREREATATHZ LN TE L, BREERZTEMT 272D OEE
LA IKFEOFEEEE LIREAZ(LEEDH 2 L TREIDI,

1 Introduction

FHIZHD TEN TEIHROT-OITFH AR 1E
DB (z=10-20) ODRFTH D, —FH T, Fi
FEAE 8 (B O high-z(2>6-7) OFH T SMBH ©
FEETRT 7 2 — =R AIN TS, RIED K
KEERTH D Eddington [(EEREZH-TT T v o
A—ERET % & SMBH 272 4 7291213 8 (BN
METHD, LLRRL, BHEENSHYREN
SMBH (272 572 &3 % L BEFOMICEEZ NS
R b, FDizd, SMBH OFERFE
DEMEPLE T D, Z ORI DD =D
EOLEH7%vF VA THNIEY THDLONERED
ZENRAEEIOHEDOHKITH S

2 Methods

W WEEROERE 2% 17 5 8 CoOREl &2 35
L., BREREERSFELZEDS, BTOVBEERIIE
5 C plane parallel Z{ET 5, HEHEEZOBOIREIX
Tyir ~ 104K LLE LT 5,

aerAlliG
. (%)nHk'BT
tcool - ﬁ (1)
Anetzﬁ’ﬁzg%&) 720 @(%jﬁﬂ%?A
B U A RF

P [ 32
fr= 3nGp

KFEEIREDOWHEITILTOEY Th 2,

10?2 < npgo < 107, 3000K < Ty < 10°K  (3)

teool < Tfy DOEFHT AETEE TN 2B, EVWE &
DEEFHS B toor > trp DI, IHZ 1D,
REEERT D, TAERSH L% OBEEERIX
PO B CIUFEIZ L BT 5, X o THEEE
BIFLLF D X 51275,

dp _ p

= 4
de¢ trs ( )

Bb EERBHM OTER O K s & fREED RS ITUL T
DB THD, Hy BRI D KIS

H+4+e —H +~v,H +H—Hy+e (5

Hy OEEAFBED RS

Ho+~—2H , Hy+ H — 3H (6)

3 Results

B WEBEROBAC LV 2EHETTE5H)
HASRAAT HR o il C R 72 iRk (oD 5 (i 4y) TR
BEENEREND, MOFREHTRNEZSHD
VEE 525 &, WEIRHE, HOIUZ 1D T
LEW, BT ORI REREZR/FOEITSDH
ENTERhoTz, IOFWES COMMHEE S 2
5 &, Lya iz L v, 8000K ETHEISND H D
DZFNLLEIZHE 29, 8000K &7z xBTS
FEHRICEDZ L2, BREEEZERTE,
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Hzceoling ™.,

. -

" HD N
cooling  “A..

temperature T(K)

10 Ma
10° 10 10° 10°
number density nu (cm-3)

1: HAEOBMEALZRT X, SRS FEL O
R, MEEITIERE, A3OK SR OB K &
%‘g—o

4 Discussion

ABIDVE2—TTIIT T4 E—T A TIVIRIr—AD
REFAI LTz, EBIIERER EOBELMZ T
Bb, BEECELUITTAT—T 4 TIVIpr—2A
TEIGAEZZZATCHAEITOEVEE B2
WD ENTND, SRITIHIMHEICS 27237 A —
A —BAERNERAETHIDERTET L Z ENNE
Th D,

5 Conclusion

SETOBRKEET 7 v/ A —NVERTEZLN
TWer U FIE2o5Ths, 1 D HOREET T v
I R— NV OEERINC X DEMRILT T v 7 m—Ln
RRKBERZE TRV LICHERH -T2, 2 OH
DHERKEEEOBHEBRBICLIBREET T v/
=GR ERERRI B 72 A & — L BRICIZRREA 72 03
b DD, MEAMOMBEL Rt LTWnWbH 2 LI
MERH ., Z OFESOmREESNRO T XL F =R AR
ELTWe, SEOYF U FITBWTIIR A RESR
SR AEGELETIEREEREZERT 20O H
SRILTEI T Z OIEEGRFE 2 35 2 S ITEkEh LTz,
ASEIOTF VA THNE, &R - mEREREEY
e, BANEET T v 7 R—LVE2BRT 5 Z LN
ETHD,

Reference

Inayoshi and Omukai et al. 2012 MNRAS,423,2539
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BEL5EREICEIT5ERBZRERBOLEL
HRS B (JUNRFR T Bk ek 2 BRI
Abstract

EIERAZ B DML 2D 72D, BIERAIOAT AEDOERELY 0 < Z < Zg OHPETEILEIET I 2
L—a v w{To7, I REFKEPHRIREEICH 2 T AENGFHEZBMG L, FAAEHAR 100 FMEFHE L
72 BRMEIE Z <107%Zs & Z > 107 2o TRERBEVAR LN, Z < 107 Ze TIEZE L=
TERR ST REPHBEITE Z D | Z< OFIHMEDRTERIND, WL D0 OFIERITFIAEF EOMFEIEHIC
Lo THAEZEDOT LML E DD, BT 10~20 DFUEE) SR D BHNER SIS, Z > 10742
TIXH—OFRERNERKR L, AT LE LZHBESEND, ZONAMHBENTRITTOAEANRE 7 70 7R
RS D0, BEIC 7 o 73R DO RMGEICE T T 5, EFEGEE OBV 2 OBE(L & E &5
FEOBNMNILE-TEL D, TAZOBMEITT 7 — R b a7 OAEGFRBERET 2, Z > 10742 O%E
TIHFMHEEDNER SO T 7 — A FaT 2BRT 58, Z < 10742 CHEEERT 7—A ha T3k
RSN, 77— A M TIXREICTHRICKRE L, MBI AEB Rk 2 2R L, 2R &2 5,
Z <107 Zy OBAITEERAE L &< IR ORI LS ERR CHEINL, ABIZENNICRRICRS, #

RENTEFE IR NG RS D,

1 Introduction

BIEEITFHO 70, BritEh s i+ %,
BHEESCENODT7 41— Ny 7 BOKRITFHE
RO BIRE LT3, FHE(LORE S %
BT 51013, BER T 22 BfT 52 LN e
THREUITH D, ITFEOWIECTHIHITFHICKIT 2 2F
7 1 ZFHAERL T OFHICI T D BB T 1
TALEFRELE) LD T ENDo72 (Bromm
et al.2001; Smith 2007; Jappsen et al. 2007), %
DREZIFEBWVIFEICEBRERSS A ORI EL S
T2 EZBXHNTWD, FIIFEHO T AETE
BbH XA NbEENAR, —HTHEON ZAEITSE
BHFARBEATND, @BE XA NDERPZEE
%W A EDOBHEL DL E 72 5T (Omukai 2000;
Omukai et al.2005,2010),

SR TIIHTAEE DY I 2L —va s
J AR R A% ~1-100yr CHHE L7z, A RIOFHE Tl
FHEEET NVERIHT 5 Z &2 L > T sink B & &
B OEME 21T > 72,

2 Methods

BB ERELET 8 DO AED R
EVIal—varlih, TAZDPHRIEL LT
Bonner-Ebert(BE) Z{iiE L CilH Z 40 7= (Ebert
1955; Bonnor 1956), # AETZNEiE > WIHE
RLREZE->TWD (K1),

FTRTOET /A THEE Q) =3 x 1072571 24)
HfEE LTHZTWD, BEGIXAIIE CTIEA L7
W, b kAR —WOCEE L, AL (K2), F
TRMRET LV (K3) v I alb—a IEAT
% Z EIT ko T sink MBEOfER, FHERER O 8EHE 2
1T-7-,

3 Results
3.1 Z=0andl07%Z,ET v

7L IR RN E X 72 (KM 4,5), Z=0
The b EWFMGEOE &EIT~2My. FE~160Rs.
10757 TITE R 18Mg. P 160R 72572, W
IO THREICR Z 0 . R ORIE 10~20 23
Bini-, miET7 MGEWVIFRER N1,



2014 £ 55 44 [7] KL « RIKMHEE T E OFR

3.2 Z=100Z,FEF

Z = 0and10~5Z5E TV LR fERIC e -7 (K
6) LML, ZOTFTATIHEF 7T OOHRF 3
ORI D & iz, SR OB H L &KKRT25
DIFIER TR STz,

3.3 Z=10"Z,FEF/L

FURRARNCHENEZ > T0D (KT7), 747
AY MEEZZK L, RO EOBBETEZ > T
bo MR OITZ =107 2T TN LD LD
o,

3.4 Z=103Z,%F7 )V

FOEFLLITIRELGEN, HETD T E
2 (K8), WELTHHTLOFIMERIZE FT 5, &
WHNZIZ 1 DDFIRE R - T,

3.5 Z=10"2Z,FEF/L

BAIDDHEABDER LU0 & CRBMBENRET
5 (K9), HEFMEONMOBZKTE Z 20855
T IZHFNIZEB 2 HEZ D,

3.6 Z=10"1Z,FEF/L

MDET IV E RBRICFAEEFEERIZORPE Z -
TW5 (K10), wHEADEET D & BE MRS HE
L, ARSI NAAEELHET 5,

3.7 Z=_Z,FFN

1 SOFIGEA R OICHE L, FiDic2E L
BB ST (10 11), PO TT R T L
RHKD, ZOETF L TEHEITED bAaMoT-,

4 Discussion

BIRIERRIT Z <1074 2, & Z > 10742, TKE
IREWBN AL, Z <1074 Z, TIILE LM%
IR SN TICHAEPEBICR Y, £ ORIEE
BRSNS, WL DO F AR ITFAAE R O
HAERIC K> THAZOF L LM SN D, ik
AT 10~20 OJFAEE L2 2 2FBER I D,
Z > 107 Zy TIEHE—OFIRENER L, I
ZE LT-MENBND, ZO%E BN TR
WERE 7 T TR IND N, K& 07
R LOFMEIZE TT 5, EEREEOEN T
ADBEAL L ERBEEROBE NI L > TAEL S,
AEOBEITT 7 — A b a7 OALFR 2R ET
%o Z > 107*Zs OBE TIHFMR RN S LD i
277 —AMaTEBRT LM, Z <1074Z, T
LERT 7 —A NaTIERINRy, 77 —A K
T IEREICHARICRE L, AR s Bt %
RN L, DREEWNGIT S, Z <1072, O%E
R B AE R AN E < PR 0> 3 1 B AN A R R S HE N
L. MBIXEIOICAZICR D, fEROICTER 725
WnBlEEEZENn5,

5

Model Z To [K] Mg [M Ry [AU fipa [em=3]
1 0 197 1851 380 x 105 3.4 x10'7
2 10-6Z 105 1823 378 % 105 38 x 1017
3 10-5 Z 100 1753 373x105 43 x10'7
1 1074z 154 1279 336x10° 34 x10'
10-3Z, k! 133 158 10° 85 x 101¢
[ 10-2Z 18 39 101 x 10° 9.1 x 10'®
7 101 Zg 20 16 106 x 100 1.7 x 10%
8 Zg 1 7.1 184 x 100 22 % 10%

Y . En=—2

X 1. WIRE

Abel and Norman. 2012. 3177t 1
Bormm. 2013. F177C 2

Omukai. and Matsumoto. and Inutsuka. 2013. 3§
17T 3
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t = 1448548 9 fyr]

2 TRENOEBRITET D H AEDOBE—WK 10 «iAUL ©
sE a5

01 Mo [Maue] |

3 TNEhOERETORIBED R L EHE

30 20 10

0 10 20 X
x [AU]

4: Z =0%FT )V

7. Z=10"4Z,FT
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8 Z=10"3Z,ET /L

9: Z =10"2Z,EF L

y [AU]

10: Z=10"ZoEF L

t = 600694.96 [yr] t= 45.1 [yr] log n [em?]

20

B

4 2 0 2 4
x [AU]

11: Z = Zo&F v



2014 HEFE 95 44 0] KIC - RIS T H DO FEL

ERMABICETIFRAF DOIEE
T Ik (RBROKRZER B A FeRt
Abstract

EMZERIcH 20 TENIG L T FIHREPMERINS L) BRIcE W T, 2TE3AEIIRZ > T
W EIC, FIREOR D ICEHBEER I NG, BRI NHEOEENFIREERE LR TH 2 BER Y
Ba, PN TENNICRLECR D, MBOSHR DB INDG EEZ 5N TH0D, BRI NZOZR 1L,
A oML OMEEMICE D PLDOFIBENEET L T0E, MBEoHaG L IR THRIET T 285413+
DOFIRE L2 % 3 3RS 5, oK, DREAIZHCENCK DBREZR> TV 225, Fhicdh 5
FURRIC X 2BENOHFELEHZITED, FEFOFL» S BT, AHF OENDLEMIIEH T 2 BiFHER
2T Hill PR EWHEN 2 EROMFEET 5, Hill FROKE S FWEHEOER L PLED & DEElECIkE 2
Poo FDENEDHAFDETT2HICIDLT L, 2R OKRE I HIl k% ERI2 & R/ O—H
HEWoNTVLE, FBRELTOHIVBBEEINZZEDHVHES, L2 L, ZOBEIC»» ZRE EET
DI & DFEL WEIRIEAHTH D, hLICH I FIRENEET L Z SR TEINLI DD, HHERED
Mo THETT200EEbh>TWLARN,

SRl Bl ZFEBER D 2B T 2 OHEL2E 2 Z2OHRTIER S LR A O ZRIGTHE N O A4 E)
Z SPHEZ ORI L2, ZHAOMEESMAELTRY br—7KRICX 2WBERED b DEEZ,
UCHDENRIETEIOBEZMZ T, WLERY 277 777 — B E TR S € 705 DRl %2
Bofe, MRELT, FHAFORE S HI PR EAREICRZMEICET 2 L, RLENETADHEN
LENTVE, 2O HPDHAOEHICHFLE LT, 77V 7OHRLEANDETHREZ LI RPIEON
7oo WNOMBIC X > T, FRADHI PRISGETZMEL D b, I SICTDRIGEDWMEICE S TT

ERVOWEINDG Z EboT,

1 8A

WAEIC 7 ) KGR A DBOBHISEATE D, %
CDFIBEDOE Y THENBHI N TS, 2o
WIFENIPLEIC L > THBODHFBEL TS
bDbLH B, DN IEME E M EER THL
EANEHET LT EDH D 2 OE#EI ORI
DT 7L FU Ori 2WEOEEE T VED
FKEBRICKESESELTwB EEZSNS, Ly
L. 205 DBROE TIFFHEEROME L L <,
FLDED»S HIBREOHREE L D NTIEEHRZTOT
WCHAEOREZBE TR HDON%LH B, L
L. PDEESHF XD EWE, 2O TEEY
NBREL@L LKH TRy, DEFEIN LY
BNH B, WRINLHANE S EET 55 (P
BANDETORET-PRIAICHEBISTE L E ) b
Vo tH) 132572 B E LT3 EEBRE OB

WCEEE 5 Z ZATREEDS D B B, % DIREZ TR D
FHIIEHICEEDHLHTH S,

Z T CARMETIZYW I TR DHIEI NS
B ED L) RillE 2 T 500, ENRORRT
WIRINZ2DD 2GRN H2HEEL Lz, 2D/
2XJGTOD SPH Gl REZfTWLIGEEZ 1T 72,

2 EFTIL

FT ORI I NS E L TN o Hill
BeEL5,

~—

m 11/3
521 (1
Hill *ER8 30 Ly OB a5E I E) D
BIGHTTH D, 2Dk HIl P D NTIEOHEA
DENIDVEIICEH AT HERL TS,

R = R, [

%
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A OKRE I HILLEREEZ B2 X9 i3 h0ED
NWEBRNC o T oI N Tn L&A
55,

SINZ Z DO Hill PR E PRI DOREIDFEL &
2GR M HE L U CEMREZIT), 2RIGSPHIC K->
THRIEIZ T, FLERICE T LR 13D BT
RS 2, MO R TO X I Ick %,

BRI

z{g:+w-v%+m£vz+zv¢ (2)
T 77 R
%
55+v«2m=0 (3)

MEE Y, WERZ Lo, Tl ce,. HHDOKRF
Y rLd
FLDEANEED 7R IHLD B < A, R
ERLF P LENEE T T AHICORED DD D
Ths, NheFhLREICksENE, HHLTW
LUEBHNDOH AENTH S, HAEITADRY b
0—7~=5/3D5&L LTEHEZ 7, WIIICORN
ZEWTGIIMNIES L U CHMRE 2TV, 201l
DEMFRFRD I BT, 777 —dlEr2 52 C
FEE{To %,
RDAEER M =1 Mg
77 7HEm=0. 1 Mg
27V 7HE r=10AU

3 #fER

AHRORR, DHEHFOFLPEEI N D IRFICHE T
TrHEBbroz, K1, 2IEFIEOYIHDRE L
12 A% OMTCTh 5, BARZPIHEEICE T 2
HiETHh %,

X 31 Hill LRERNICINE > T 3R EHED
M2 Tdh 5,

M X0 H 5 RERD 7 - 727 (T=0.8 &) T

WD EEDS > T B DHhh 35,
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4 EE

SR OFREK P S . RN T TR S 1
DA RA AR OIEI N A A LT EA
EHETTEDOTIEIRVDEEZOND, TR
TLAEGAPLERERNOWEIWE 270, B
ROETT2EE2 605, EBRICHIEO MM
ML TW2O R TS, AKIE2VET 9 2 BH X
KEZFARSTORVY, AEEROEHXICK D AEL
T3 EEZLNLDT, SRBRIEINEHFHRLER
EZZTW35,
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OXOOOOOOOO MAXIT J0158-744
g0 gogg (DDDDDDD dododno oooogog M2)
Abstract

201100 MAXIOOOOODOOOOO XOOOOoOoOoOoO MAXTIJolss-7440,000000000 -
Be0OODOOODOODDODOODDO,000000000000,0000000 (~1300s), 000
000 (~20x10"rgs™) 00000000000 O0OOO,00,00000000000,0000
goooo iooooooooooooooo,bboooooboooboooooboobo. booboo,boo
O0000000000,000000 (Katoand Hachisu. 1994) 0000, 0000000000000
goooooo,oooooobooooboooooooboooobo. boob,bb0oboooboobOoo
0 14Ms 0O,000000 20Me O0OO00ODOOOOOOODOOOODOO,00D0000DO00OO0DOOO
goooooooooooo.ooobooooboo,0o0obooooooooooOo,bboooboooobooOoo
goooo.ooobooooocooobooooobo,b0o00obooOo0oobooOoboooOobO,bbo0o0oboooobooOoo
gobooooooooooboooooooooboooo,0bbo0oooo0ooboOoooooOoOooooboo. oo, o
gobooooooooooooooooooooobooooooooo,oobbooooooobooan,
gooooooooooooooooo.obo,000booboooooooobbo0ooDb,bbo0oboobooOoo
goboooooo,booboooobooooboooooo.

1 Introduction

MAXI J0158-744 OO OOOOO (SMC, OO 60
kpe) 0 201100000000 XO (0.7 - 7 keV)
00000000,00000 ~20 x 10¥rgs 1,
gpooob ~1300s, DO OOODODOODODODODOO
00000000000 4800km, OOODOOO0O,
Helike NeOOOODODOOO. Swift OO OOOO0O
0o00o,0000000 BeOOOoooooooag.
(Morii et al. 2013)
gobooboo,bo0booboobooboon
dbddoobooooboboooooooooooa
goooo,0dooogooooboboo,oooa
oo, 00oboooooob. bbo,o0oboogao
oo0,00000000D0,000b0b000oooo
00,0000 XOoooooooo.
gooooboooo,ggoooooooooog, O
gboddoobooooboboooooooooooa
00,00,000000X00000000000
goooooobooo,dogoonoooooooo
oo0oo. oog,0ooooooo Xooooo
goddoooboooooooooooooo,od
dbddoobooooboboooooooooooa
gooooo. boooobooboboooooo

0000000,0000000000000000
0.0000000000000000,00000
0000000000 ~1300km 00000, 00
00000000000000,000 ~1.4Mg0O
0000000000000 O000. 000000
0000000,0000000000000000
ooo.
000,000000000 2x 10%rgs~t 0, O
Oo00O01000000000.0000000,0
0000000000000000000000O,
0000000,0000000000000000
0oO0000000O00OooOooooO.

2 Methods

000000 (Kato and Hachisu. 1994) 00O, 00O
oooooo,0o000, LTEODOODO, D00
oooo0oooobooooo,bo0oobooooo
o, dobooboooogoobooooooon
goooobooouooobou. ooboooobo
o000, 0b0bob0bobooobooog
00oo0ooooboooobo,o0ooooooo
oo, 0b0boooooooooooboboo,on
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goobooooooo.

4rr?py = M = const (1)

dv 1dP GM

@ e = 9
Udr p dr = 0 (2)
02

- M
LT+M(2+wG>+anonst (3)
r

dr  3kpLy @)
dr — 16macT3r2
kT 4aT?

where w = > a (5)
2umg 3p

000000000,0000,00000,000
0000,0000000000000000000
o.
0000,0000000000000000, Saha
00000000000000000000000
00,00,000000000 OPALOOOOO
000000000000, 0000000000
00,000000000000000000000
0.000000000000000000000,
~102km00000000000000. 0000,
pp0000,CNOODOOD,0000 «00000O
ooooo0Oooooooo.
00000000000000,000000000
O00O0O0O000.0000,30 60000000
oooooooo.
0000000,000000000000000,
0000000000000,0000000000
000000.00000000,00000000
0000000000,0000000000000
oooooooooo.

3 Results

000 14M, 000000000000 (O 1)0,

it
e

logy [mis]
2

logp{Kg/m"3]
s
&
: r : |
Lr [Js]
des o res e o o

logTIKI

togr [m)

-

~2.7e38 erg/s

Eddington RS}
~1.87e38 erg/s

logr m] logr (m)

T S
0 1: 1437TM, 000000000000

BE

logy [ms]
2
logTIK

logr {m]

~3.8e38 erg/s

~2.6e38 erg /s

ogeiigm3)
2 ° 2 N o 4 3
1
&
: r E: j W
s
et 23t dewd o 6s
) L |

ogr m] logr [m]

wE St

02 20M000000000D0O0OO

20M, 000000000000 (02)000.0 4 Discussion

000000000000000000 ~103%km0
g, 0o0boboobobobobobobono. 0o
gboboooooooboooooooooboooban
goo.

gobo,b00bo0oooooo,boooooogoo
gboboo,boboboboboboboobaon,
00000000O000oO0oooooooog (o)
ooooooo.ogo,0bo00boo0oooooon
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gooo,boboobobooboboobobobn
gboooooboooooboon.

01:0000000000000000
00 (Mg) |00 (km) [ 0000 (10*%ergs™?)
1.43727 100.6 0.0448
1.43740 50.06 0.0449
2.0 - 0.0624
4.0 - 0.125
20.0 - 0.625
40.0 - 1.25

obooo,00b000b00000b000000
Oo,000o00ooboooboooobooob.oooon
oooooooooooooooo,boobooooon
googoo,booooocobooboobo,booon
oboooooooooboobobooo. oboo
goboob,0bobobgoobobgoobooobogooon,
gboboobooooooooooooboooboooboan
goo,000b0000o0booooooooooon
ooooooo.oobo,0b00000000000
goooooooboooobooooob,oooon
gboboobooooooooooooboooboooboan
gb.0o00o0oooobooooooobooobo, o
obooooo,0bo0oboooooboobooog.
oooooooooboooooooo,boobooooon
gbooo,0booooooboooboo,obogon
000 (FLD)O M1OOOOOOOOOOOOOO
ooboo.00oo,100bo0o,M10000000
oooooooboo.obobooooobooo.
gbooo,0o0o0bo,obooooaon

Anr?pv = M = const  (6)

dv 1dP GM
v —

wtrrt =00
dL . dv d (1 GM
de

%—0 9)

gobooboaood

3 kT

U=E;+FE.=>-"—p+aT* (10)
2 pu
kT
P=P,+P.=—p+ DE, (11)
i
M1OOOODO
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Abstract

Due to the progress in observational techniques, we have discovered many exoplanets. The number
of multiple systems is increasing year by year. Multiple systems allow us to infer planetary masses by
the transit timing variation method. To constrain bulk compositions of planets in multiple systems
is important to verify the formation and evolution theory. We constrain the hydrogen-helium mass
fraction for planets of Kepler-51 system as an example for a multiple system. While several studies
investigated the mass loss evolution of the planets, there are few studies as to investigate the impact
of the present intrinsic temperature of the planet. We simulate the interior structure and evolution
of highly-irradiated sub/super-Earths that consist of a rocky core surrounded by a hydrogen-helium
envelope, which include mass loss due to the stellar XUV-driven energy-limited hydrodynamic escape.
We find that the present intrinsic temperature of the planet is important to estimate the present
hydrogen-helium mass fraction. We also find there are minimum value for the initial hydrogen-helium
mass fraction by the present planet’s intrinsic temperature. Minimum values of hydrogen-helium mass

fractions for Kepler-51 planets are larger than 10 %. This implies that the halting of the accretion

process or the migration process is essential for the origin of Kepler-51 systems.

1 Introduction

Now a days the number of close-in low-mass
low-density (LMLD) planets is getting greater due
to the high precision observations by space tele-
scopes. Since Kepler space telescope have discov-
ered many types of multiple transit systems, they
will tell us the difference between the our solar sys-
tem and other planetary systems. Small planets
are of great interest in their compositions because
such LMLD planets do not exist in our solar system.
Ikoma & Hori (2012) calculated the accretion of
the hydrogen-rich atmosphere of LMLD planets and
concluded that LMLD planets which obtained the
hydrogen-rich atmosphere in situation had < 10 %
by mass. That is, the mass fraction of hydrogen-
rich atmosphere for the LMLD planet is essential
to understand the formation scenario.

Since LMLD planets which we have known are
close to their host star, they have experienced

the photo-evaporative mass loss. Several stud-

ies showed the impact of the photo-evaporative
mass loss on their masses, radii, and compositions
(e.g. Valencia et al., 2010, Nettelmann et al., 2011,
Lopez et al., 2012, Kurokawa & Kaltenegger 2013,
Kurosaki et al., 2014). Owen & Wu (2013) calcu-
lated the thermal evolution and mass loss of the
LMLD planet which is consisted of a rocky core
and a hydrogen-helium (hereafter H-He) envelope
simultaneously. They showed the theoretical pop-
ulation of LMLD planets.

lation is consistent with Kepler data.

The theoretical popu-
Lopez &
Fortney (2013) also calculated smaller mass plan-
ets compared to Owen & Wu (2013). They also
showed the small mass planets cannot retain their
hydrogen-helium envelope for a long period.
Kepler-51 system has extremely low-mass low-
density planets. Masuda (2014) showed that the
Kepler-51 system has three planets and their mean
densities were ~ 0.05 g/cm®. They would have had

significant effect of mass loss. This suggest that
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Kepler-51 system possessed more H-He envelope
when they were formed. To constrain the initial
H-He envelope is important because the H-He mass
fraction implies the origin of the planet.

It is important to determine the bulk composition
of low-mass low-density planets because the bulk
composition, especially the H-He mass fraction, is a
clue to solve origins and evolutions of planets. We
focus on the H-He mass fraction for Kepler-51 b,
¢ and d via numerical simulation for the thermal

evolution and energy-limited mass loss.

2 Method

In this study, we simulate the evolution of the
mass and radius of a planet that consists of a H-He
envelope and a solid core, including the effects of
mass loss due to the photo-evaporation deriven by
the XUV flux from the host star. We suppose that
the structure is consisted of three layers in spheri-
cal symmetry and hydrostatic equilibrium: namely
from top to bottom consisted of a H-He atmosphere,
a H-He convective envelope and a solid core. We
assume the solid core to be rock. In this study, we
calculate the thermal evolution and mass loss si-
multaneously (see Kurosaki et al., 2014 for detail).
We use the atmospheric model Guillot (2010) and
adopt v = 0.4. We assume the He mass fraction in
the H-He atmosphere and H-He envelope Y = 0.25.
We use Freedman et al., (2008) for the atmospheric
opacity. We set the initial conditions and calculate
backward by time. We stop the calculation if the
planet have reached the assumed age or the plan-
etary radius is larger than its Roche lobe radius.
We calculate the initial hydrogen helium content of
three planets; Kepler-51 b, ¢ and d (see table 1).
Here we set parameters: the initial intrinsic tem-
perature Tin o and the age T,. We assume the age
of the Kepler-51 system is equal to that of Kepler-
51. We adopt T, = 0.3 Gyr for the age of this sys-

tem. We assume Fxyy as a constant value through

O 1: Parameter sets for Kepler-51 planets

Name M, [Mg] R, [Re] a[AU]
Kepler-51 b 2.1 7.1 0.2514
Kepler-51 ¢ 4.0 9.0 0.384
Kepler-51 d 7.6 9.7 0.509

the time evolution. In general, Fxyy is a function
of time and decrease as the time is elapsed. In
this study, we adopt Fxuy = Fp (a/1AU) > where
Fy = 30,100 erg- s~ - cm 2. We define the equilib-
rium temperature Ty as Toq = eg\/m where
Ter, Ry, and a are the effective temperature for
Kepler-51, the radius for Kepler-51, and the semi-
major axis, respectively. We adopt Teg = 6018K,
R, = 0.940Rg, and a from Table 1.

3 Result

Here we show the bulk composition of Kepler-
51 planets. First, we derive H-He mass fractions
for them in the present day. Second, we derive H-
He mass fractions for them when they were formed.
Lastly, we explain the reason for the behavior of the
H-He mass fraction between the present state and

the initial state.

3.1 Present H-He mass fraction

Figure 1 shows the relationship between the
present intrinsic temperature Tj,; and the present
H-He mass fraction. Ti, is related to the planetary
luminosity as L, = 4w R20T};,, where o is a Stefan-
Boltzmann constant. We find that the present H-
He mass fraction increase as the T}, decrease. That
is because the larger Ti,; causes the larger plane-
tary entropy. The larger planetary entropy causes
the thermal expansion of planetary radius and then
present H-He mass fraction decrease. We find that
H-He mass fractions are 5-65 % for Kepler-51 b,
20-100 % for Kepler-51 ¢, and 30-100 % for Kepler-

51 d. If the H-He mass fraction for each planet is
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blue are Kepler-51 b, c, and d, respectively.

less than the lower limit for each planet, the age of

the planet is inconsistent.

3.2 Initial H-He mass fraction

Although uncertainty of the mass loss theory and
the initial heat content unable us to determine the
upper limit of initial H-He content, we find that
there are minimum value for the initial H-He con-
tent by the present H-He content. Figure 2 shows
relationships between present H-He mass fractions
100. Fig-

ure 3 shows relationships between present H-He

and initial planetary masses for Fy =

mass fractions and initial planetary masses for Fyy =
30. In general, the present H-He content is a func-
tion of the present intrinsic luminosity. That is,
the planet’s H-He content is small if the present in-
trinsic luminosity is high due to the high entropy
of the planet. Although we cannot remove the un-
certainty of XUV flux and the water mass fraction,
we have removed the uncertainty of the minimum
H-He content. This minimum value for H-He con-
tent X7, will be useful to constrain the formation
scenario. Supposed 30 < Fy < 100 by the time
evolution, we find that X}, = 20 — 35 % for Kepler-
51 b, X% = 35—40 % for Kepler-51 c. However, we

1
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O 2: Relationships between the present and initial
H-He mass fractions for Fy = 100. The red, green,
and blue are Kepler-51 b, ¢, and d, respectively.
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O 3: Relationships between the present and initial
H-He mass fractions for Fy = 30. The red, green,
and blue are Kepler-51 b, ¢, and d, respectively.

cannot find X7j; for Kepler-51 d because the mass

loss does not affect significantly.

3.3 Existence for the minimum value

The reason why there are minimum values for
initial H-He mass fractions is the balance between
the mass loss timescale and thermal contraction.
The most important effect for the existence of the
minimum value is the expansion rate of a hydrogen-

helium planet. The expansion rate is a function
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of the planetary mass, H-He mass fraction and the
planetary intrinsic temperature supposed the semi-
major axis is constant. If the present H-He mass
fraction is small, the present intrinsic temperature
is large. Then the planet is easy to expand, which
causes the significant mass loss. On the other hand,
the large H-He mass fraction is due to the small
present intrinsic temperature. Then the planet does
not expand enough to cause the significant mass
loss. In figure 2 and 3, y = x means that the planet

have not experienced significant mass loss.

4 Discussion

4.1 Uncertainty of the XUV flux

We evaluate the uncertainty of the X-ray flux.
Since we have little knowledge about the XUV flux
of the Kepler-51, we evaluate the 8 types of X-ray
model derived by Jackson et al., (2012). However,
the difference of X-ray model does not affect the
value of X7}, significantly. Therefore, X7, > 10 %
for Kepler-51 planets is valid.

4.2 The orbital stability of Kepler-51
system

For Kepler-51 system, the mutual Hill radius A
is larger than 9. Chambers et al., (1996) showed
that the multiple system for A > 9 is stable for
a long periods. Although Chambers et al., (1996)
assumed planetary masses are constant value, this
conclusion does not change when we assume e =
0. Therefore, Kepler-51 system has no problem in
the orbital stability if they experienced significantly

mass loss.

5 Conclusion

We constrain the hydrogen-helium mass fraction

for planets in the Kepler-51 system. We can derive

the minimum mass fraction for the hydrogen-helium
mass fraction. Minimum values of hydrogen-helium
mass fractions for these planets are larger 10 %. Al-
though we need evaluate the sensitivity of the com-
position of core and atmosphere, this implies that
Kepler-51 system have not been likely to formed
in situ and the halting the accretion of atmosphere
and the migration process are essential to constrain

the origin of the Kepler-51 system.
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