62 4 X X ¥ O Vol.62 No.4
20214E7H ACTA ASTRONOMICA SINICA Jul., 2021

doi: 10.15940/j.cnki.0001-5245.2021.04.005

MEHEE FE RIMTES R

BHELZ FIHI2N T F129

(1 FEMZREELRXE @K 210023)
QFEMFRTEMFELLRE B 210023)
(B FEMFEAAFRAXE ZBHH¥ ¥ 6 230026)

FHE  MAUER (M dwarf) & 555 BN IO, th 40 28 sp it 2 it A
HAY, TE IR B Y R AT B P R B RUR, W HME. G KEEEERLFE,
FEATRIAKSEEATE. WFREH, MEMEE B FHEA258/NREITE, 48
F. G, K&EE 3.5, EMEE L & B EAT 2 1 H L2 (occurrence rate) W LLF. G,
KR/N— 2, FFMAE R E R BL40 18T 2SR TS0, R B R
KIAT B E KRR, JhdT B2 54T B A EI74%, HEUEEKEBH/NTFL au,
HrogiiT B R EEE B, W7 ERE-LERR, ERES TG E (M) 4
TEAE—0 8, R BULBAT B AN, Ko/ DT %R 217 B T REHUZ 2065 % M RERR 2h F1
2935% W BRI, KT 1200 B HIAT A2 A% U I ot s 388 I i el 36 K. 2960 % MUZY 1E &2 J
FIAT BT 247 B KRG HPUE oA B5%, MATEHUBETES : 20 5: 3K&2: 1%-Fig3)
LR BACTFAE M. MAUE 2 10247 B R RS 1 S5 0] JO6 B4 14T B R L 18
et T H PR,

X4EiE B2 NRE, BE: TERS, & 4t

FESRS: P145; EAFRIRAD: A

1 5|5

MZAUE 2 i 5 20 80.075-0.6 f A BH T & (M), #3E 21°83000-4000 K1)/ & 32
P RUE R 2 R R TR 1 40%, A HR d 2 (1 R SRR I L g B VR R A 1) R AR
ST ERRNMAE B F BT B EETF R, ATREEEMNRIT BRI R
—, HTMAEEA MR EMR. BEWESFEIL, AT 85BN NAT R AR,
HEAHLEF. G KAUE B T 25 2 00 21 H 8 1) B R AT 2. s e MALUE B BT B 1)
R SRR E, MUEE T ADAT EFEREFA AL, WONIRN T #H I s g2
HE 7 .

2020-11-304% 2] J5L s, 2021-01-281 FME o fR

*E XK BARREREATE (12033010, 11773081), 1 E AL Bl 32 X F AT H AL 41 KL &7~
1TRES ST

fpanmr@pmo.ac.cn

}jijh@pmo.ac.cn

38-1



62 & A - R 4

ST MAME B AR HEESMEESRE KR, R IR HZAIMNEU) T T 42K
KBHTE R B RIMTE, RO T KEIRSF. G, KAVEE 47 226 MAME S JH F 1
47 B A DT80 20014F, Marcy % A JE i 1 7 (Lick) FI 8L 52 (Keck) K 3C & IR ) E
FEXE, BRI T BISsMAME G 876 Bl 1—Xt b T2 « 13RS E TR,
51K T 3ZAT B RS s A 7 B 10181 kS, HARPS (High Accuracy Radial
Velocity Planet Searcher)*SIf1jjn 147 2 # 57 H (California Planet Survey)!™ 3 i
SERILT P GMALE B AT . Tk, BE A 25 W) K Hh i BE O R o R e T RTR
DUPHS B2 4 s, ROCZE ST R T 2 I DA G- MALE B FIAT B O iZ 0 FHE H AR IR
W H, WMEarth (M dwarf search for Earth-like Planets)5i H f# F8%0.4 mH 31k
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Fig.1 Comparison of the properties of the observed exoplanets around different stellar masses!®4
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Fig.2 Comparison between the mass (a), semi-major axis (b), eccentricity (c) and stellar metallicity (d)

of different exoplanets around M dwarfs. Black, blue and red lines in panels (b)—(d) present Earth-like

planets, sub-Neptune and giant planets, respectively.
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Fig.3 Mass-radius diagram of planets around M dwarfs. The color solid curves in the figure from top to
bottom present the density of 100% ice, 50% ice and 50% rock, 100% rock, 50% rock and 50% iron, 100%
iron, respectively. The dashed line shows the density curve of 65% rock and 35% iron. The triangle and
filled circles represent the observational data and the experimental data calculated from the empirical

mass-radius equation, respectively.

38-5



62 & X X %= K 4

A EI3FT L, /NS AT B AR BAT 2 AU AR R RAE~AM A E D R BR/D
HOUBUT AN, /INTAZ B RS 7347 B2 N AT e A7 AE 2k 46 T <5 o 3 Mg A A A
LR EERIZ, WL 5 H AR PR & H 0 2135%M65%, K T4 Mg AT 2 42 0 BE
JoCEE v RS K. 3 BOZ B R AR R T T — 7 RSN EAT R A B
AL MR, KA i 0 B B A A (ER T BE S B AU, 51BN,
TEMEES B REEKIRTT DU R E AR 58 MUK B — /N8 2 B R U2
FAT RN 51— Ir /N BEAT A B TO R IR R AU, TR B EAT 2 B T 5 BRI
WA R KRR K HEE R R E)R. DR LT H 2R AT EAETE L iR
HRIRAR KB K UK AT RE -5 BURF FE R K B AT 2 TR K

2.2 ZITER%G

W, TE8SMNIAMAME R 21T B KRG T HAIN RAN & H WBUT A, 2567 1E3H
TR, RANRGEFAFI U LT A, RhONZITRERGGAEETRE, 1T 2ITE RS
HAEAE N TR R/ NAT R, 631247 B RGh BRI T 28147 2. st B4
FR R G AT AERE B R aubh )N, PUB S5 ECN B, RETTREZ 2 2 ¥ W EH
FIHIFEMAAEAR [H AT K A T 3 7 2 R IR A (45461,

1T BAETE O R R I8 2 5 5 AT B R AT M B HmiE %, R R4
247 B 2417, InGJ 876) Bl 4T EbMchi T2 « 1°Fizsh 3R, 17 £TOI1-270
¢/by d/c/AMILS BIA5 - 312« 11481 TRAPPIST-1£ % W (7547 B2 ¥ Al ab 78 3L 3R
B RO (BAT BRI R IR 2 B 1 R e AR S AT R (AL JRE DL R S A FE s
AT R AT RENL B FE s R0 B4R T 4T B R G A AT B L R R S A
B, BT, 47 RS A LES 20 5 ¢ 312 ¢ 1EIRHF-18 Bh 4R B i A A I {
MEZE 53 29910.5%. 9.2%H15.6%, MEAMHIr KRHAT BILIE AL AES - 5F15 : 2L R i
B LR BRI W FUR B, 7RI L = B SRR S5 0 L 5 0 R AT R R G /MR AT REAEAE—
Y 22 v A B L 1) ) LA — S O R AT R 5161,

2.3 TEHREM

MY FE pH T B AR, A7 T B Js i N AT A2 R B 2 R B (3 T L 45 A, B
JCRTFAR R EEAT B EE H AR, SR MAYE 2 FIAT 210 B8 PR L i 8 A7 e —
Be4Y, Selsis¥EETHE HMALE B (175 B Ve, E1E B4R M IAE A T T B AEE RS
fR AT BETE AR A, 7] N iX BT #8947 A2 AT Al A2 00 % B E (tidal locking), PRI B & Y
AT B AT e BT BA T (night side)ifi B IR BOANAEAE R SMAS B4 B s 1. (B 2 Ta 7t
R, AEBAWRE RIS T, 47 575 BT R SUAT Be & — %Mk
T P g (58590 ULt F S22 26 R ASCAT P 4T B R T BB AETE K601,

AN EEAT BN R N A RAT B, LRI 75 A7 78 AR A 77 I RS E 1Y
A KRR, (RS AL B3R T B E A MR BT S — e SO7 sUF B fl, —FhEL
P AN T 5 AT BT A K 2SR BT I S AL BRI COL SR IE Bl 3 K IR = 2%
2 PRI fR 57 BL & 47 (conservative habitable zone), 75—l 25 K1 #2452 256 B &
i (empirical habitable zone), 43 Jill PAILTE 1) 4 2 UIE F1 K 2 R BIE Sy Py oh il 5162,
HETS R T — AT B EW N AT R, WTRAPPIST-11T 2 R4 A Mle. £ gfT £09,

38-6



62 & AR A MALE R A [ R AMT R GEHiT AL 4

GJ 667 CREG NI, £ TR0, GJ 163MK1cAT RI16514E, 2000 7 il (1 X 162

(3)

{Seff = Seio + aT, + bT2 + T3 +dT?,
Sert

0.5
D = (L*/LQ) au,

HpSeps TAL R NTE RS ABURE AL, Sope M Lo 2 AN FH R 15 255
HAESE, T, = T.g — 5780K, R¥lav by o dNEE, DNEEXALE S51H 2 7 1=,
AT ML R B R Va7 AT R NN EAT 2. 5 NIETE
HEATEoAE, P am XSO ST ERANER 5B, B, Ak
LR o AARER B HIAT B 2RIl TR KEARAT B, JEE XS J 5 i K /N3 AR SR
AFEPER AT B E, BEATENEAESEEERL mER L, H AR roEms o &
HHBTENYIANZATERS, ZHRGENNE —BUTEA T HEHN.

0.15

0.1r

Probability

0.05 [

0
1 1.5 2 2.5 3 35 4 4.5 5
Period ratio of adjacent planets around M dwarf

B4 MAUMEREZAT R RS TARARAT 28 B L 3 A ]

Fig.4 Distribution of period ratios of adjacent planets in multi-planetary systems around M dwarfs
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4Re W4T 2B FEN2.240.3. MHsuZ%E"4E & Kepler DR255 Gaia (Global Astrometric
Interferometer for Astrophysics) DR2. 2MASS (the Two Micron All-Sky Survey)#i#,
Ik T 17468 Kepler & I MBS AE 5 J2 SOz 1% AT A2, A4 A Ak ALl DLk By v 55 7 v
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Fig. 5 Distribution of potential habitable planets around M dwarfs. The black, blue and red dots in
figure present Earth-like, Neptune-like and Jupiter-like planets, respectively. The colored areas show the

habitable zone in each planetary system.
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x1 MAEEFRAFREERMMNITENSH
Table 1 The parameters of potential habitable planets around M dwarfs

Orbital Semi-major

Planet M,/Mg R,/Rg period/d  axis/an Eccentricity Inclination/°
GJ 1061 ¢ 1.74 - 6.69 0.04 0.29 -
GJ 1061 d 1.57 - 12.43 0.05 0.54 -
GJ 163 ¢ 7.60 - 25.64 0.12 0.03 -
GJ 180d 7.50 - 106.34 0.31 0.16 -
GJ 229 Ac 7.93 - 122.01 0.34 0.29 -
GJ 3293 d 7.63 - 48.135 0.19 0.12 -
GJ 3323 ¢ 2.31 - 40.54 0.13 0.17 -
GJ 357d 7.22 - 55.70 0.20 0.03 -
GJ 667 C ¢ 3.82 - 28.14 0.13 0.02 -
GJ 667 C e 2.70 - 62.24 0.21 0.02 -
GJ 667 C f 2.70 - 39.03 0.16 0.03 -
GJ 682 ¢ 8.70 - 57.32 0.18 0.10 -
K2-18 b 8.63 2.71 32.94 0.16 0.20 89.58
K2-288B b - 1.70 31.39 0.16 - 89.81
K2-9b - 1.60 18.45 0.08 - -
Kepler-1229 b - 1.40 86.83 0.31 - -
Kepler-1649 ¢ - 1.06 19.50 0.09 - -
Kepler-1652 b - 1.60 38.10 0.17 - 89.99
Kepler-186 f - 1.11 129.95 0.36 — —
Kepler-705 b - 2.11 56.06 0.23 - -
KOI-4427.01 - 1.84 147.66 0.42 0.02 89.97
LHS 1140 b 6.89 1.73 24.74 0.09 0.06 89.91
Proxima Centauri b 1.17 - 11.22 0.05 0.10 -
TOI-700 d 2.26 1.19 37.43 0.16 0.03 89.73
TRAPPIST-1 e 0.60 0.92 6.10 0.03 0.00 89.86
TRAPPIST-1 0.67 1.05 9.21 0.04 0.00 89.68
TRAPPIST-1 g 1.34 1.13 12.35 0.05 0.00 89.71
Wolf 1061 ¢ 3.40 - 17.87 0.09 0.11 -

Note: The parameters are adopted from http://exoplanet.eu.
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3.2 EfTELME

PR AT SRR B, /N E R [ R T IR AT R A MR B ] A URE £ R AR X
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3.4753%!106). T AEHARPS = kS 5 AL [7] 38055 00 0 450 0 1 2 o, MUY E B R A7 E KT &
2 i B HLPUE R AEL-10 dvs B AT 2R A 201%, BB R v10-100 AR EAT 2
M2 292713 9161 3 5 A0 v T FE RN 5 5 o 2 BB 45 R, WU 5 32 B2 20 au LAY A7
ERERTL MyAT R Z86.5% 4 3.0%™), 55| J1iFE s Ml &5 1018 H i 4518 —
B ARG T 3mSR A R A SR A, WIMARLE 2 JE B AEAE M, sind > 0.1M
(HerhioytT BAVEBUA ) N T27 yefT BRI IN2£15% + 6%, 2R3 HH
gigm T —ANEYAAT. WL AT B R A SN BUE B ARG, X 2 O
Guit o A T A i 1AM E ] B EAT B R AR .

3.3 ERETELIZE

H RIMTERILLSR, K BH RN 717108 B A AR 17 ROAT A8 O AT S R ATk
1) — T B ER R, 20134F, HARPSEHE 45t W m M AU E B & B B 47 2 (1 < M sini <
10 My ) F HY B2 2 590.4179-5406] T Kepler Q1-Q6¥3% & I 2:420.5-1.4 R B B JE AT £
(17 S5 ME S AN 0. 1510 03167, 195 2 & i A 22 £L iz, B J5 A A, Kopparapu5C2AR 4 £ <7
BT S A I B T R E SO ) B 5 T Kepler 348 v AT B AE AN [F) B JE 7Y I HY
. BT I, RS E A A5 B R W N AR A2 N0.5-14Rs B JE AT B I ME =R
43 580,480 53 F10.53 10981751 EjBonfilsZ 116 2 {15 2 1) 45 2. AT B R
KZ0.5-2Rq, LR~y FIE 50 B JE w5 N 4T B H 328 00 43 ) 38 220,510 30 F10.617097.
20154, Kepler QO-QL7H(HE 70 Hr B, R 7 M2 50 B JE 3 [ N 2K AT B (1-1.5Rg )t
B A3 5 N0.16T05TR10.2470-08, #8 2% Hh BR (1.5-2.0Rg) 43 1l M0.1270 82 410.21 70 351681,
FoH T T AEM B E R B R AT B LR A SR R B Z80.2-0.5.

3.4 TELMES5EELRE

ITEBIRRSITERR. PRIARENEE GREAH, e 5T ERE. &
B ROGIERIAN . WFACR L, EAT R PR (f) 5E R R B & 48 £ ([Fe/H)) %
R ERNf = CME10vF/M O, 2,y AH B JohnsonZE 6T %Hn 47 & 44
T H H126680 51 5 40.2-1.9M o, B 1E 2 J H ] H2.5 aubd N 94T BB 1, oy fE
I N1.0 £ 0.3F11.2 £ 0.2, HAMAE R F Bl E AT 2 K HBLRHE 2 48 =F K
HPEAIXST EEF. Gy KRN, SRR E By = 1.06 + 0.42, 5 HCH) S A 18 50,0257,
M NevesZE T8 RIMontet 2721 43 5] S ML 1E A2 J) 50 K3 Bl (< 20 au) P9 ELAT B2 1 26 R
WE7E, 75 Ry M8 2 2 0 B92-31%, 70 51 o82.94 + 1.03M13.8 + 1.2, m& @K &8 £
ML B [ EAT 2 B H I 5500 N 12.4% + 5.4%F10.96% + 0.51%.
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5P, G. KRUMEEM b, MAME 2 B B /81200 AN st EA7 2 R 2
AF. Gy KAW3.5A5 8 i EAT 2 HIRNSCAF. Gy KA\ —B283] g
W/NT3 i EAT B BURLE, G KAUN A ERB. (3 IR 0 E R A A 5,
AN TR SR A BT R It IR 22 AN KO R, B ELR AT R I AL,
TR G 300 ) R L AT R A L 1 T R e R v AEMURL LR R R ] o

0.861¢ oo

*2 MEEEFEERITELIE
Table 2 The occurrence rate of habitable planets orbiting M dwarfs

1£0.5-2.5Re JEAII0.5-10 dif4T B 2 50,6310 051681, i 22 v 1 (MBV-M5 V) B HE 31
FG K RHIIPIAG (1.197979), Hrh M3V, MAVHIMSV R e 2 i 4T 2 M BLR 5
1.3612:3, F13.07+54985],

Occurrence rate Condition Reference Note
Bonlfils et al. Habitable zone (HZ):
0.4179:9% 1-10M,
—018 © (2013)01! Selsis et al. (2007)?7]
Dressing & Host stars:
+0.13 0.5Rg < Rp <
0.15" 5 06 Charbonneau T, < 4000 K HZ:
: 1.4Rg 7 . 61
(2013)[67 Kasting et al. (1993)%

0.48%3:2% (conservative
HZ) 0.5370:9%
(optimistic HZ)

0.5Re < Rp <
1.4Rg

Kopparapu et al.
(2013)162]

HZ: Kopparapu et al.
(2013)162]

0.5173:35 (conservative
HZ) 0.6115:97
(optimistic HZ)

0.5Re < Rp <
2R

Kopparapu et al.
(2013)[62

HZ: Kopparapu et al.
(2013)[62

0.211902

3Mg <

Tuomi et al.

HZ: Kopparapu et al.

M, sini < 10Mg (2014)[7! (2013)[6%
0.1610 07 (conservative Dressing &
41018 1Rg < Rp < HZ: Kopparapu et al.
HZ) 0.24" Charbonneau
008 1.5Rg o (2013)©2!
(optimistic HZ) (2015)681
0.1273:02 (conservative Dressing &
i 4011 1.5Rey < Rp < HZ: Kopparapu et al.
HZ) 0.217 Charbonneau
009 2R 2013)[6?)
(optimistic HZ) @ (2015)16¢] ( )
Dressing & HZ: conservative HZ
+0.10 2REB < RP <
0.15%4 05 AR Charbonneau Kopparapu et al.
@ (2015)16%) (2013)162

0.337919

0.75Re < Rp <
1.5Rg

Hsu et al. (2020)

HZ: conservative HZ
Kopparapu et al.
(2013)[62
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4 MEEERFEITERKIEIERMFEIIK

5P, Gy KRR, T 0 R A ) /R R s AR MR P
TR IR, Seri R B s T DR AT HAR B S HOAT 2 K0 TSR TR, KR A
N AR IR A R R A AT 08T, (R — e RS R SO0 T S HRAT AR AR
FATE PRI A B A, PR 31 0 A R R e MR K2 B 4T SR

4.1 ZRRAER

PEAZ AR B AL | MV AOK Z8 R /N A2 B3 52 36 4R T e vho - TR 7, JRAE SR 3)
D35 Bk 45 1B T 22 oK RN B BOK RN, 2 R AT B A IR T
BT K RN B 1 5 8 3 NS AR K (runaway growth) A 5% 2k A K (oligarchic
growth) JERUEAT A, S AMRAR OB s AL i AT B B E AT B 88,

5 RBEAEEAF B A, /AN &1E A A B JR AT B AR ZR B/ LA I TR T B
PSR 0. 1Mo FOM AL E R JE B S AR BEIIE AR R (M, ~ 5 x 1077 M, - yr~ )21 K
FRPHAE R 11/5, 2 Myr/a WA AR RPHTE 2 191/40000, 3R LR A BB, J5AT A
FEEAE < 1 Myr) &S 3 2 i ERCOE L, T2t ~ 1-3 My, BTN EE A
JEI L AT B A8V A e e, o R A T AL T R T R AP T RRUE B (Mg o M2)Y,
B E B AR R I, T B D S E R T I HR B0 R R K02 98] i B A R
/NT10 Myrhf, Hools B2 AL 1E b T8 2 5 & 19120007 (L, o< M172), 1110 Myt W 5
MR, A BRI 52 m R AT B B I 40 e S A B, IF P B 7 AT B IR
AR AT BAL R A, b Ah, /N BT 1E R A B R AT AR A N R 3T 4 e 30 £ (Stokes
number ) 44K 38 F4 LUK 5 BfE R bR, A4S AT B2 W RR SRR Bl I [B] 2 sk /)S, FELAG 1 K o &
A7 BT R0,

Tda/fNLin {87 &5 5L 3o ke AR AR ALy MRS 2 ) A R ) 34T 2 T R, R BHAT &2
FEPE IR AR S AR 2 AT TF AR A%, DR TR B A Ui 2 o1 B ) Ok B R AR B 22, T 26
AAT B AR X 450/, %% 85 140 B I A8 0 1) 33 P 0 I IE S0 661, Rayymond % 10418 i A48/
Jo3 B fE R JE B SR AT A BT A, R IRMIERY 1 ] T B N AT AR AR T B HR T eiE A Ak
AT KIS H T TR R B . L 45838 9 B 1A (planetesimal accretion) 5
TULG ) TRFF C R AT BB T BRI B 4 T B S5 R B URL 7 (1 KN SR99)) TN R
B AR RS A R, AT B A R IR AR AR . B Rk 1) AR e
(gas drag) S br N 5 8% AT B BN I AR — 25, AT BRI R AR R 7 R/ R 2ok 2 oK
B, BN “OIA AL (pebble accretion)®697 FeF X —H g, OrmelZPSI$EH 7472
WR AL IE T 55 2 Ab AT BT AL, fifRE T TRAPPIST-1 A Ho At M AL fE J2 J&] [ 45 1) 5 %
247 B KRG KL 2, K68 LA TRAPPIST-147 2 R 48 NI 47 2 IE il -5 i Ak ok 72
. A R B AE JRAT 2 A 0 S 2L B (e ) AU 5 AR 1O R B A, o Tk
AT E Y S T, Bl oA WA I BE Y BURAT B IRAG, e R K 2 2
5 RN IR IR RS BN T 2R N, 55 )t [R] I WRRR B 1 B0 L 3813k 31 AL o &
(isolation mass). M5, 2T EMIGLE T 2k & Pi R R 1 NIT 8, HiE# 2
JRAT B Bk NI FE (re ) N5 1B 9T 5 AR AT Bk NSEHRAIRAS. IR T B 47 B d 5 &
~10% 7K 991 500 A i 4 100101 (HZ IR HAFE — S AN 8, Wiz vh (47 A2
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TERT B & UK R AT B A, 8 AT FE UG H/ He KA, T H AT B AH LA AL
TESE 02 T 2 b S 0 A HERR IR SR AR BCR T 21, BORR JRAT B AR WO RAERAAA
R € 251 H RO M AN B A0S, LiuS5 00 1SS 1 A ) o 16 2 A PR3 ik B A R
BUE IAT B ARAE, A BT 2 iR B 12 B SR MPUE A nmsg in, B 2 i fe 2
JE LT R 4T R R R, RN T 0.3 Mo 1 3 2 A Bl R MR sUSS BAT &, TR =
N0.1 M, G IV {8 A2 ] ] 5 K Rl 2 il ok it e (AT A2

(a) : H,0 (e) g@ 32 32 43 32
plunelesir:nul formation e resonant lrupp:ing
e - e
S - B - > ;
H o H
r. HO  Fice 7.
(b) . f) (;:Z>(11>( 32 > <€ 43 > <€ 32 .
iceline cr(:)ssing after 1st disk dispersal
s /[ é
® %\\: ® o 0o ¢ 0o o o
2 fy re
(C) . (g) 32 _ 32 3 4:3 3.
dry pebb]:e accretion / stagnation
H - H
; 's |
o - ® o0¢ 0 0o 0 o
5 N - 5
(d) . (h) < 3:2 N 3:2 43 3:2
pebble isn:)lalion after final dispersal
| : /-
O : . ® o000 ¢ 0o o o °

I Tice

K6 TRAPPIST-14T & RSk E S

Fig.6 Stages in the formation of the TRAPPIST-1 planetary systems[ggl

4.2 S|IHFREERR

1E 5] AR R ) R & 5 AT B4 B T 51 1A e T g e 2 B 1104 6 42 A
RIS A A AME R RERL, JE I # 54T B 005 A HE /N T 0. 525 P B 1 H. B
5 JAJE DA E Sy s 1061001 1 i 47 Bt ot R A P 45 5 78 J B [ P (~ 2504 ) T A L
B AR B JF AT ot

MASfE B JE DU 2 BEAT B PE A A s —REE FEREEIE(S
15 au), 5 —2R05 FE 2 FEE K F100 au. Boss!M 2%t /N i &40 2 & H B 547 2 4
AR I, SRS EAT E v @i 5] 71 A Fe e 155 A AR it & 2M0.021-0.065 M
4-20 au K/ RAT 2R IR AL, T T#UE 2K T35 aull E47 2, Dodson-Robinson
SENSIS L T AR, AT BB 51 AR e 3R AT e I AL, R IR 51 A
AT AT DUERE L RAT B MR W R R, 5l IR e il R 2640 5 R AT 2
BLRE A R, /N EAT R AL R R R S A S RS R BE nm BE m, x6ETRN RF
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M, f-EERBELEDTFR L ~ 034 R AR, TR AT 280 /i
Blg ~ 0.684. BLAL, 513 AFRE R 58 B AR AN i, HA SR R
(Wn[Fe/H] = 10)0, JFAT AR i T ICiE PRI A 00 SE I PR 1R 5| DAR5E. 31 AR E
AR e T AR MR R A BB 10-100 au AN BRERZ12-5M AT 2, SR b EATE
{0 e AL B F50-60 aukt.

5 MEEERERITEERITEXRSIMIRK

S ERIRAT BTG O R I AR MR G5 —, (R DR AT BT T RAT B it b B
LTI AT B B LT, DRI ST B 50 J AT K U3 T LA T
17 R R R IR,

5.1 RITEH

I TE B A& (Young Stellar Objects) & fH &2 Al = 7 2 5 s AL B, AR 4 21 /i
BXI R 1t 4 47 (Spectral Energy Distribution)# Zang 7] X 43 N4 B, b Class 011
WEAE A3 T ZL AP K B, T ZL AN BTG R SR B Class I REIS FEIL £L AP A 2041
FBOEACFIHEL 28 ETHES BRI R R ar > 0.3; Class IDYZ # 4 4-THY 2 (Classical
T Tauri Star), H 680 7E 1T 2040 A 2040 i BU AR BEUE, RI%E—-1.6 < ar < —0.3;
Class 1IN & 7§ 2 (Pre-Main Sequence Star), i 2L 4hgE 3t 55 4iF 5 J5 5 2 — 2, #
Koug < —1.60141161 5@ H A NAT B T Class IIAIClass T IIE B4k 2 7],
TE A JE] Bl R 8 AU A AR IR 2H R i SR B, BDOA 5T A, DRI AT B TR S s AL
ATEXS IRAT BB FE, Jo R AL T IR B (Class T0) 4 JRAT B A% (19356 20 WL AR AiF 1T g
B3 51T BB 7123,

K /KPR SRR, JRAT B AR L S EEFER0.2%-0.6%, Hh=
SRR EL 100 - 1024, FEE R REE R RIX, AR S5EERENIE
KR ALK IR A [Myusi /M) = (0.94 4 0.14) 1g[ M, /Mg + (1.15 4 0.09) 129, 2R3 4%
Jo e B IR )2 T TR, 35 A K N0.43-0.59 M, IR AR 420.08-0.245M . b5
S EHES-25 2 18], WL S T°0.01-1 au. AHELZ T, ERI&HE(Upper Scorpius)H4 3%
R WA XK, bR R R PONIg[Maus /Ma] = (0.92 4 0.18) 1g[M, /M| + (0.46 £
0.09)126-127) ] W AN [R] 1E B TB B X P SR AT B2 A P ol 23 AT AN [,

BT BABEAC ], SRR IZET AR, REAT BRI B N R ARG AR P
B R e 411281300 Lin % 33 3 B g 93-S 9N 0 o R SC A 19 22 o 7 5 B
(JCMT), 7£850 umA1450 umy% B 7 A 5 MAE 2 GJ 182 K% GJ S03FI M F FLHE4T T M
W, FAGI 182098 Fr #AL T1-2 aukk, FiE£1°40.007-0.028 My, G 803 Fr 35 #H &
FEAIT au, JHEL0.011 M. LestradeZF132 1345H 1 JCMTHIIRAM (Institut de Rad-
ioastronomie Millimétrique) 30 mE L Hi AEM3AH B GJ 842.2F1GJ 581 [t &I 1
WA g, FREMAME B (< 40 Myr) J8 Bl 7 4 I 246 %035, T aE 2 MAYE 2
JE) B P HE B DU AR 3813 % 1361371,

JRAT B ARSE S BUE N S MWL o 2 AMT BT BB E TR AL 1 R A AT
ek, JFAT BRSSP 74T BRI AR ST A5 154, AR B EARIE g 147
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B 54T BRI BIERHE, 0 RAT 2 A 5T R A RO WFEAR KRR L LM T AT 22 A 24
(KR /NERFAL.

5.2 {TEXRSIM

AT B RARAT B B B8 AR SR AT B A AR i AR T T T B SR B =, B Ak
O T BUR T ULV AR, TR0 BB m I 2 R AT RE IR A7 AR S 58 ARS8 KR
TV RSCRTT  0) 2FL RS 70 38 5 B T AT A SO B, £ 9 H AT He, [ A5 T8 A B B AN [R) K
R BE 2 8, EAT R R B e A A R, T RHAT BAE S RIES). KR
Wik, B AMTEEEEEHERRN T, KRS S0 B8RSR 172K
W AR G 2R 1 B3 S i T A7 R I SR A iR e B, 4 S 3 B S5 I o B A R T i e AT
BT BRI GA A B R s Ak FR 38T RN KA R 3R (1 4% B 5 10 @ EAT B v L I R P g
KA I Ly ol A2, 1E 12 IS 286 R N & 52 BRSPS M 30K, 7 B 2 () B e 4 114 52
5. JE4F, Oklopéei¢ flHirataM 4004 H i i Hi [ 22328 550 S He 10830 AR IS 2R mT FR W HA A
ARG TR BRI, W Guilluy %8 AFEHAEHD 189733 bizg B I 3R 15 1 /5 3 Hr 4
TSR R PRI ) T He R i 2141

MZAUE R JH] ()47 2 o T BE B E B il il , 218 B W3 6 3 5| S s X o 4k )
AR DA SR SR S, AT B AR TR R S B R g HLUR ARk ik, HLE R T AR 58 4 B R
B a2] AR A 2 s 1) B e L &5 R, S BRK2-18 bIETES i AU T KA ki, H
RAFH ALK SR 60 1431 Ehrenreich &5 M 4F] IR B £ £ GJ 436 bR R0 3
MK ELyaZedti % 1247 B RULE BRI K, 1247 2 KPR RN 2 Hak, £
B RS2 R A DLIE ST A7 AR5 1461 Spitzer S 7] B 26 85 198 wmZL A1 B %
P oK, GJ 436 b KA AZH & HH, Heo HoORCH %54+, H il TZAT B iR ER
K, PIREE A NHy 20 147 30047 B I KA TE Hp AR 21 B 5 R e R i 2%, n2
AT EGJ 1214 bISOFIGT 1132 bISTISAGE i HE W e S AT 2 1R 7T 5 A7 76 5 5 1
H/Hefl 55 5% £, 2. Nascimbeni®1233@ i K X {3 B it 4% (Large Binocular Telescope,
LBT) % AAE A K. = 357.5 nm)FIZL AR B (A = 963.5 nm) K BLIEBE R K T2
GJ 3470 bR KA AEAE B ATECR, FEHEIR 7T B2 B T A7 £ U5 FH /He Ml 55 56 0 )%,
Ji W 22 UM I sz (1541591,

AT BRI E R AL 1 9 I AR, AN TR I K=o S /K &
AT RZAT BT BOIRE S B E A A H ATAT OB 7T S T B ik
kG BE AR s 3 b TP B B, RSRIJWST (James Webb Space Telescope) 2 15 &
ST 5 K Y B b T DRSO AT 2 DRSO PRS2 ), S B g 8 R RSO, R kAT B RS
SN ARRAT BRI ) — KPR PR

6 SEERE
MU A S B3] 28 b i i 5 (0 R 208, oy T2 L R B 7 B B o
S B R TR, I B4 CLR N T3k RSN AT R 1 R S B RR. A A

97 MAE R BIAT B IE, BT BRHES Tt ARRART 2R, 1T
EREE, KRRIEAT BRI 5.
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AR SCHEE T L RIA0 LA GEMAUE B AT 2, Geih b 7 MY E R J BT 2 1 3
RHIE. WEFCREL, RMAT B Rk ERE L EAT RS R Z74.3%. 10.2%M115.5%, H
HZ188% 14T IR £ E /N T1 au. A60% AT EA T 24T R RS D, PUE /A1 85
N HATAU T HIE LR FAT. PR - R R I, INTAMg IR HR 7347 B AT g
7 H165% FRITEE IR #5135 % I BRAL AR, 117 K T4 Mg 14T B A5 i ot B 1 iy sk 4 4. it
b, ARSCEE H) 1AL B E N B B R TERAT 2 LS

17 B A R R AR B AT B AR N S H by, O iR AT B =
BEAT PR AR AT AR A, MRS 2 ) [ A AT B RO MR 4 2R AT J2 . B OBk, il
BEMBEAT BRI Z2 gk, SRS, P BIMAUE 2 R A 2-2.5UNR#A4T
B, T EAT B AR AR F10%08 72 B TAT R B SR, FRERHE AT 2 i
Pl fHE PR, &R, A EAT RISt R0 2 T AT R AR R/
JEAT R, anMAE B BN RAT R R MR LR, Gy KEMEER3.66, EAT
BAMENE. G. KEEEN =R TSR R EE, 58 K E
AT R MR L L v, MR rp B 2 (AT 2 HH B3R 240 D L 7 £ 1891,

ML e B2 o] [ AT B2 1R T AL ) B2 2 4 52 1) R AEAZ IR BB AE 28 1 Al _B 42
AT BRI AR IR T T3 A B R U0, AN AL T AT RIS R A A, B T AT
B RE ks p e, (8BRS N RAT B T AR e T e EZ IR TR
AR ARG E VR AT AR S AN B, A R AR — B RORIT T, AT B B RS AL
W70 B AT JEAT A, %o JRAT S8 45 A 00 I RTE 72t A2 AT S R S 40U ) — KB A AR ST
BT JRAT BB DU IR, 60455 1 Y AR ST A A, X e B A5 A AT R U
FIRBE T VIR KA AN S 3. AT BT e ) 2 AR R AT B A5 b (U T 328 % AT
KA, FHAT B RAURAE (WL I8 H 8 I B S AR A S B
P10 23 B GRAR, For DL S 43 A e i WSO R RS O A
%, MU HGR IR EAT Z RIE S I 2 T HAHe R ozl HHZ IR AL
BEXSHR 0B 5 6 1 A B AR AR AR AT B2, BE 2 AN 247 B R T T BEANAFAE K
A, BEH EFEBONEEN . AN, ERRMT BRI 2 ] B ARSI 13
., AMAYE B R B JE AT B AT TSR At 1R .

H A K302 PR e M AL e &L AT 2 35 Kepler 2 [A] B0 B8 2 IR, (ELI LA BRI 25 18] =)
(ESA)AN 3 [ [ S 25 K R (NASA) 73 93 KBt 1 GalaMMTESS 2 [8] x4, 5 £ 1L 4T
T8 2 F S T R AMT 2. TESSXS T4 52 BN H A 7 82T R Kak27 dity AL,
BB SE A T R IR B R AT B, e 975 % /N i AT R R SeMAYE R 1 A7 10
KEBIFAT B PTREAL T B &7 A0S K BH 2R <05 50 PR 0 BR 2 2R i B2 A5 kAT vk
FE A ) CHEOPS (Characterising Exoplanet Satellite) T 2 72019412 H Ji& & 5 B
oy, Pt KRB GEMAUE B 4T &, #Emx A7 AR 7S IR, LAk,
JWSTH 5% X ARIEL (Atmospheric Remote-sensing Infrared Exoplanet Large-survey
Mission ) fF:55 73 53l TR 1202148 J 2028 T i A [F] 6 v 24 182 ) [ 47 B KU DT
SR, 53 A KA RSB sy 3 B A TR T-20264F A i o 1 2 [l a8 R 57 0k 2 i,
MDA 37 5 325 B0 0 K 25 B B 30065 LA b 20284, TR EHUL 5 72 (MRl TR TT R
T2 AT B8 R 1HKI (Closeby Habitable Exoplanet Survey, CHES), & T R AR &%
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SEHUOA PO IR 1R BRI RS L, 72 K BRI A0 4% & LR 51 — U ER. eA,
WK F-20304F IF i 0 5 1R, I B RS T BORBUATIE K B 2R A HL AT 2 JF 21
ForEtE. R, MALUE R BT 2 AT O 22 AT B AR O — KA, IXLeht
TR GAT BRI, AT B B R 54T B IR RS A S RIVE R 2 8, AT T AT 2
ARG A B B R, IR [l B BRATKEH 5 B 5 HERJE.
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The Statistical Investigation of Exoplanets around
M Dwarfs
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Asstract M dwarf is not only one of the lowest mass star in the main sequence
stars, but also the most numerous stars in the Milky Way. Planets and habitable zones
around M dwarfs are usually closer to their host star than F, G, K-type stars, so it
is more convenient for us to discover new planets and observe habitable planets. On
average, there are 2.5 low-mass planets orbiting M dwarf, which is about 3.5 times that
of F, G, K star, while the occurrence rate of giant planets, which greatly depends on
the metallicity of their host stars, is one order of magnitude lower than that of F, G, K
star. Herein we apply a set of selection criteria to collect 401 planets around M dwarfs
to investigate the property of planets. Statistical analysis shows that terrestrial planets,
whose semi-major axes are less than 1 au, account for about 74% of the total number
of planets. About twenty-eight Earth-sized planets orbit within the habitable zone of
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their stars, which means there might be liquid water and atmosphere on planet surface.
In addition, the average distance between planets and their host stars tends to increase
with the masses of planets. According to the planetary mass-radius relationship, there
is a turning point at 4Mg. With few exceptions, most planets with mass < 4Mg may
be composed of 65% silicate and 35% iron, otherwise the radius of planet grows rapidly
with the increase of mass because of a substantial gaseous envelope. Approximately
60% planets around M dwarfs are in tightly packed planetary systems, whose orbital
configuration are observed to be trapped into 3 : 2, 5: 3 and 2 : 1 mean motion
resonances. To explain the formation of compact system, several scenarios have been
proposed, for instance inside-out formation and pebble-driven planet formation, even
though the initial position of planetary embryos remain ambiguous. The formation
of giant planets around low-mass stars also challenges the existing planet formation
theory. Fortunately, high precision and resolution observation of space and ground-
based telescopes are unveiling the structure of protoplanetary disks gradually, which
offers the crucial initial conditions of planet formation, as well as the observation of
planetary atmospheric composition.

Key words stars: low-mass, stars: planetary systems, methods: statistical
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