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Atmospheric circulation of exoplanets

Lian Yuchen, Hu Yongyun"

Department of Atmospheric and Oceanic Sciences, School of Physice, Peking University, Beijing 100871, China

Abstract: To date, more than 5000 exoplanets and more than 2 000 brown dwarfs have been confirmed, which
shows rich diversities in many aspects. With the rapid growth of the planet family, both observational and theoreti-
cal research on exoplanet atmosphere is developing rapidly. This paper aims to review the progress of exoplanet at-
mospheric circulation research, and these atmospheric circulation characteristics are the basis for exopla-
net and brown dwarf exploration in the future. First, this paper will review the main progress on exoplanet and
brown dwarf detection in recent decades, and introduce the basic characteristics of the atmospheric circulation of
hot Jupiters, terrestrial planets with atmosphere, and isolated and rapidly rotating brown dwarfs. Then, the simula-
tion results of the atmospheric evolution and dynamic characteristics of exoplanets based on the atmospheric obser-
vations will be introduced, including the vertical temperature distribution of the atmosphere, the stability of the
stratification, the radiation transfer, and the atmospheric composition, etc. Hot Jupiters are strongly irradiated and
tidally locked. The general circulation models of hot Jupiters predict large day-night temperature differences and
equatorial eastward jets. Warm Jupiters are generally not tidally locked, exhibiting a wide range of inclinations, or-

bital eccentricities and rotation rates, resulting in very different circulation patterns compared with hot Jupiters. At-
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mospheric circulation patterns of tidally locked terrestrial planets are similar to those of hot Jupiters, however, the

existence of oceans and various chemical processes will largely change the climate of terrestrial planets. Besides, in

the part of terrestrial planets, we will discuss the ultimate goal of exoplanet research—searching and characterizing

habitable planets. As a transition state between planets and stars, brown dwarfs are rapidly rotating without exter-

nal irradiation. Their interiors are fully convective, and their atmosphere exhibits clouds and temperature inhomoge-

neities. Finally, an outlook will be given to the key issues and challenges of exoplanet and brown dwarf atmo-

sphere.
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Fig. 1 Number of confirmed exoplanets over the years, from
exoplanet.eu
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Fig. 2 Exoplanet mass-separation relationship. Red, blue, green
and brown dots represent exoplanets discovered by the
transit method, radial velocity method, microlensing
method and direct imaging method, respectively. The
vertical axis is in Jupiter mass, and the horizontal axis is
in astronomical units (the average distance between the
Sun and the Earth, about 150 million kilometers), from
exoplanet.org
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Fig. 3 The relationship between the mass and the number of
exoplanets. The upper marks the masses corresponding
to the eight planets in our solar system. The most kinds
of exoplanets are three main types: SuperEarth with a
mass slightly larger than Earth, SubNeptune with a mass
smaller than Neptune, and GiantPlanets with a mass
near Jupiter. There are mass gaps between them. From
Extarsolar Planets Encyclopedia (May 10, 2022)
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Fig. 4 (a) The decorrelated light curve of the hot Jupiter HD

209458b in the 4.5 um band; (b) The enlarged part.
Transit means the planet rotates between the star and the
Earth; Occultation (Secondary eclipse) means the planet
rotates behind the star. The high value at 0.2 may be a
systematic error (modified from Zellem et al., 2014);
(c) A schematic diagram of the transit phase (modified
from Winn, 2010)
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AT, = bot top bot
1 ( ) log (Peqtop/ Peqbot)

Degtop < P < Degbot

ATpot, p > Peqbot
®)

HH T RSB HRESERR, p A ANRZ,
Peapor RIS B A HITE TR, poeop R T2
Hs 58, AT, MIA Ty A TSRS I 2. 38 i e e
SRPIST ) RUBEFN R AR I2 Bl I 1) RO, m) RS o #4
REAE T o PR IE 22 59 R IRA.

T SRR ST IS ) RUBE R TP RO, R n
BRI AL 20 TS B T, 5 BH i —7 B e 22
By M RAE B, 1E AR SN AR AR PR A 5 B T
RS IIR S, AR Bl it 20 BHTH, AR R 1)
B R —T5 FH D 248K (Showman and
Guillot, 2002; Komacek and Showman, 2016) . 7E
RERDCERZ T, AR LA T RefS i 3
T A, RS A) OB R IE XN (Showman
and Guillot, 2002; Cooper and Showman, 2005 ):
= Pep

4g0T3
Hop e, R RAEREAE, o RPUREKEHE, ¢
e B I .
T3 A0 PR A S (1) Ak B T v R B S XL A 7Y
(two streams), X AR A AR BBE— UK UM AR
Je i, EURE NS R RN S A TR R T
S, A SRR R AN 328 W R R AREALL K ox i
SRR % S VE . Perna 25 (2012) 255 — ¥
AT TR BB, R 24 akEE T
MR T 2000 K INERGRZZSARN, 17T 1500
KIS 22 4 R A R sh i # 99 1R 2
] B PR SRR 2R AN BRAR B A AU B

)

Trad

A Ml R HAT, AR R X e R
AEAE T RARE RS, Qg 6% 0 5% 3 1 i ) L
$HE5 (Hll1, Pont et al., 2013; Heng, 2016; Sing
et al., 2016; Barstow et al., 2017) FIX &I H =2 &
%} (Angerhausen et al., 2015; Esteves et al., 2015) .
XFAE RN, AEA S PAPIRES N 55 IR AL &
¥Yy7& CH, (Visscher and Moses, 2011; Knutson et al.,
2012, DAk sy e Ik o5 A il ST KB B A S )
TEROEAb 22 % 5% (Kempton et al., 2017) . & TR
BB, ARV, MgSiOs. AlLOs.
TiO & = E R E = T 1500 K K2 TE R (]
I, Chenetal.,2021), 1fii MnS. ZnS 25/Z¢EE& T
1500 K [ RSJZ L (Wakeford and Sing, 2014) .
X IAR AU, B BH T 1) 2 25 38 8 S A2
DT S ] IS T ) 2 6 38 Bt A T 170 7 B T 1 2 O
Kok, HAW SN, BRI, XLEm RIFARE
B IR AR BN K AIA (Lee et al,, 2016; Par-
mentier et al., 2016; Roman and Rauscher, 2019) .

1.2.3 ek

XS T VG ) AR B AT A, AR AR IR X A
BV, ORISR AT R B, X
Tl IR by R R e e . R e e I 5 CAE KB &R
TAAMME], w422 (Mitchell and Vallis, 2010;
Lebonnois et al., 2012). A A& (Schneider and Liu,
2009). A& (Kundt, 1983) %%, HWERKSTHZ
PP 2 P A S 2 1R 00 XU AR 2 ) e A

N B ST R A R IR B e, AL S
AT 2 T T 1) A T AR B ' M= (Qacos ¢tu)a -
cos ¢ R I T AR T T I 0] I 1K) LA A B))
Qa’, Hp a fRFRATE AR BEBLRI L, 4
ANEBAT /R E B e (Liu and Showman, 2012;
Cho et al., 2015; Parmentier et al., 2016; Mayne et al.,
2017; Mendonga, 2020) . & 5 25t 1) & HOR 2
M o3 Ai, T LUE RILE /R IE F B4 20089 Y A
HEL T oI RER. X T R 2 HR B RARR U,
R A v JE 2, 30 A 3 R S A A R A 2
S BAPAE - B IR B, B2 Uk AR TE X
S50 1 7R R e e IR AR IR I 43 R R R TE DX B
WA, 3 R AT KU O 24

Showman F Polvani (2010,2011) BHiEH T
PR BB PR NS, e )G 10 438 T2
T T ZANAT . FAR B R A S5 R I R R AE 2
BRI RRZE, JCHAT/REHX. Matsuno (1966)
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K5 HUKAE HD 209458b BERIAEIE BIFE Jo 145 R (B
H Showman and Guillot, 2002) . (a) 0.4 bar &t )45
s (b) 6bar A4 A (¢ 100 bar &b 11 45 R
RSB RFEREREO, KD R, 5K RN
LRI 54 1541 m/s « 1223 m/s Fl 598 m/s

Fig. 5 Results of the hot Jupiter HD 209458b model in equilib-
rium (modified from Showman and Guillot, 2002) at 0.4
bars, 6 bars and 100 bars from top to bottom. The
grayscale map is the isobar map with arrows showing
wind directions, and the maximum wind speed from top
to bottom is 1541 m/s, 1223 m/s and 598 m/s

A Gill (1980) LB TIR M, WERIRIEH X
AFAE D IR ) e, AT S B A AR T DI A
D7 DU (Rossby wave) FlJF /R L (Kelvin
wave), BHr DAL ToRiEsh, JF H I vufedk,
TEIRSCBAT AR TE ) 2R A% 4, X AT 2 2% 44 1) Matsuno-
Gill #£%4. Showman I Polvani (2011) {EW] T Mat-
suno-Gill FE 85 H] TR B ia .
Bl 6 W R R bR TE DI T 2R SO ) AR A%
e B Xl 2 DL e VE AR . AR KA
T DX B0t B2 s 52 B8 R e e Vg IS i ) 2R 8535,
e i 5 b DU B2 S AR 1) POz 3. e B kR e b
— R R I, A5 2 3R B F— AR B 1R
7. 3K RS W] BATE e 38 B 1) A T DX I A 3
0 AT IR RN HE FE AR X R 2 e iR
(Showman and Polvani, 2011) . $AR & 7R 18 #8 2% g
7 30 14 BE W9k 3000 m/s Ao A7 ((Tsai et al., 2014;
Hammond and Pierrehumbert, 2018) .
PAREBUER O RAE S TR KA FERE

(a) 3

N
g &

Ble  (a) MRAEKRAKTEMEEME, SR
Bz, ikARE R, &4 (0°,0°) fRERAT A,
X SRR EM A (b)) B W 758 ik 1 s & K
(&2 H Showman and Polvani, 2011)

Fig. 6 (a) The numerical solution of the hot Jupiter shallow
water cases. The colormap shows the geopotential
height, the arrows show the wind, the (0°, 0°) shows
the substellar point, and the X shows the hottest spot;
(b) The momentum are transported equatorward (modi-
fied from Showman and Polvani, 2011)

VE F U 6 1R 45 SRR B, A8 BRI IR 17 10
T, AHHEREE D) S EEE )P, REEBR R
IS, FEAERA Y B, 1 BRI S8 5
At BT DL 2R ST 1R 2% i) 45 KRR R 445 6 o 1) 55
RIE R e R R, BONAZ 2, WETRE
o I SR B S A ) BRI ) K BOAL ( Showman et
al., 2012) . Liu fl Showman (2012) ik T A4
UREAF PR R RS, UFEBHRILGE SRR HOR AL
B R AR, JREALE 10 bar AE/E— L8257,
A S Z R R R, U RS R 5 e B A
ANZHIGREAT R, JRTE 25 7 XX B K AE =ik
3500 m/s.
1.2.4  JEEISBIE AR A

Showman %5 ( 2009) . Rauscher fl Kempton
(2014) 2 NERFTT AEWI Bl e F0 2 A 1) oK 2
KAV M. Showman %5 (2009). Rauscher I
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Kempton (2014) X #OR AL AT AN 7] e 5 3k
PRI, e R 03 0 kW B RS ) 0.5~
2%, AT B A E.

iR WIR, BR T IR DI e e AR 1H A
1, P A B I T R, — Ok U,
AT A B ARG, DO B DR TR ARG K,
ITE EM2RSER, HEHREFI D RAERE,
XA W AR B (1) A S AT R B (R FAOR
SEANEB) S35 o —J7 1, R e #uR
AR TR oL, i 7o P, fEA
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Zh/(°)
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0.0010

HEE/(°)

e IR (6.6 KD, #AK AL R X 3811 88 2
Jie i v fe i 2k, A% AT 45 K. Mendonga (2020) [
FER I B R 5 RIS 7T BEAFE7E /R 1E AR
KBRS, X n] B -5 e 49 I 1) ROBEFD B 4% JE A
K HARGR G I TR R 5 3 AR OC R, BRATKAE R

— gk,
1.3 BARE

WMAE R RN RWRENASETA,
ISP L RE 300~1000 K, TR AR BB 3 R &

—2977 2321 -1665 -1010 —-354 301 957

(b)

0.0001

0.0010
. 0.0100
<
£
]ﬁ
¥ 0.1000

1.0000

LUV HD 209458

238 F e
=
-50 0 50
/()
~692 618 1929 3239 4550 5860 7171
(d

0.0001

0.0010
. 0.0100
<
&
]ﬁ
¥ 0.1000

1.0000

\

b
HD 209458b\_
W BLE AEE N

10.0000

ZHRE/(°)

K7 eS8 OR BRSP4 M X3, (a, 0 #AKA HD 189733b FIHEHL, A& FEIN 22 K; (b, d #AE HD
209458b (KA, AR 3.3 K. (a,b) ARANY AR MMM (4.4 KA 6.6 K05 K (c,d) A¥EMA
B REIANSE, TR BUEIRES (B B Rauscher and Kempton, 2014)

Fig. 7

Zonal-mean zonal wind fields for non-synchronously hot Jupiter models. (a, c) A simulation of the hot Jupiter HD 189733b,

with an orbital period of 2.2 days; (b, d) The right column is a simulation of the hot Jupiter HD 209458b, with an orbital period
of 3.3 days. The rotation period is twice than the orbital period (4.4 days and 6.6 days) at the upper row, and the rotation and
orbital periods are equal at the bottom row (modified from Rauscher and Kempton, 2014)
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&, HRrRIBOY M, (RS, P
M H 3 U RIE JE K T H R AR R g Rk
R JIARE 23 e FA ] — MAE 10~30 RAAA, H
UG R IR A R A e N B AF 2 (Ortiz et
al., 2014; Brahm et al., 2016; Barragan et al., 2017) .
X CD AR RAL v ¥ 85 5€ I i () IS 1)
YRS AR R AEKHEY 0.3 AU
ARERUE, Bl e I ) ROBEAE R A 424, Jgi
IS R G A, Bk, AFEKEICT 0.2 AU 1R
REAKE T e R, B AR W
i 00 3 1) 22 AR 22 4 S I 1) RS /N T 8 3 RO
TR A A R U e A AT N T e it 380 B PR PR
S AN BRI 2 25 T BB M TR PROAC B 1) R T R
N NI IS R S R U 1 = i
FERRIEARSG, JRiE-tbif 22 P S, ik
2 SN AR TE A X, AR A FRPIRAS A2 X A
AR (Showman et al., 2015) .
F RSB A ARG PR T, R R
1 R,
AR
St RAITY SRR 12 10 R L
did (9) SURTF I ) e P2 = (27 IG(Met
My)ady AU 4 F AR AT A
R, A KA F] 0.13 AU RL0.2 AU I,
AT B 1) % S I IR) ROBE b — AT AL H 43 il 2 K
4R A RUL, AT EER AR KL
0.15 AU LL_EIF,  ERMECKA 52500 W1 &
WS, T2 P ) R85 A
DA E 2t i £ o0 22 IR AR A2 SR AR B AT
e A A, THEE T AR AR E P D),
M = A2 25 5 A8 6 (Langton and Laughlin, 2008;
Rauscher, 2017; Ohno and Zhang, 2019a, 2019b) . X}
T LN R A B R S I 1) ROBE RO R A L, 8
FORHIR A S RIS B R A K. AR — B 540,
DUV A X 3 3] PR S S~ S S Rl B
K FER R4 (Ohno and Zhang, 2019a) . iX
T LT v 2 B e WA Bk OB b B iy T A
) BRI, AR ER ORE R & T i)
PREFVE R 6 T W BO0E AT R U, W RAF AR
i, PEEAE AU AR LBk “8” FIRA T IR %
#)). Rauscher (2017) HE— 7R T A E [Pl B
I3 AT REVE S TRRST N, &l 8 s, A
h 3000, AR P JEAFAEVIN,  HARITE R E

T, (10)

755 807 859 911 963 1015 1067

ZERE/(°)

LEE/(°)

2ENC)

0 0.2 0.4 0.6 ] ’O.8 1.0
et (B R R 4350
B8 I BUE A R AIRAS N A AL IS 20 A, B A
IHAAHA, Mg RN N AT ILE s, N L3
TATEMBN 4> 514 30°. 60°F1 90° (&4 [ Rauscher,
2017)

Fig. 8 Temperature with different eccentricity of tidally locked
planets. The horizontal axis shows the time, the black
dotted line shows movement of the substellar point, and
the planetary inclination from top to bottom are 30°, 60°
and 90°, respectively (modified from Rauscher, 2017)

PR 5. fBUA AT 60°FH 90° I Wy AR 4552 B 22 1) e A
SR, IR B~ B 20 2 BB AR A PR 2 XL
MRS IR TR ROBER G, R I 1) RS R T —
A BRI, AR AR R A R A R R R 2 X
B RP NI IEIAN NS M EEZIE UL BV R B ERL BN
17 FLABEAT AN T 1800, AxERIELEEAIGS LUART-24. AT
DU B A A 22 i S T RS KT P ) A
HABUH /N T 5400, sl ks, T84,
HH 2 LR AT P AT 2 A KT 540N, ARG B A
R, PR LA T AR
XTI BUE AR TS, AR A
B, DA BUE AT A I PUE I 3 A
SR TG AR T BB T R Bm i AR R, A
BB T REEMAE T, IO P EURA R AT A
RN B 2 RE S, TS it A B 1E
FEERI . R T R BRI AR R, AR R
PR 2 32 B9 KIS AR, AR — A &
AR “OhB 7 IRZ, BN AN X 3
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A, XA A o S BURER I TE R, AR
)Y SR 2 o NN NG W IPVAT 3 1 P S e
R G AR RS F A, ARk sl i
17, ATIAEBLIC IR ) N R FF 7R IE 2R % (Langton
and Laughlin, 2008; Kataria et al., 2013; Lewis et al.,
2017) . AEIXAGE B0 A RO ORI 2 i e T

WA Ks8I, BAT 2 AR 42 RO
[ 22 T 95 S

9 3 BT AT A AR AT T . K37
SRR DL AN SR, s BRI . AR
ARERIE, It RE g e . R
PU/AR M Ao 2 g e A6 LA SR,

ERCER R 5 = AR HynRIE 5 =
90° ....ll = -
oo B ) s |1
oo | (D) RS- o N . 00 AR
- BRI L
€ 2 s 0=s54°
5 & 1.02 b
: s —
A 1.00
0 60 120 180 240 300 360 s N A
e N e av) (S R
RO ) PR R B RS
SRS TR 22 KB
Py - . P
SRR <,

9 KEEFEW. BRI R L B R AT U 1 AL R A RIE B (B2 H Ohno and Zhang, 2019a)

Fig. 9 Circulation patterns of warm Jupiter influenced by rotation period, radiation time scale, orbital period and planetary inclination

(modified from Ohno and Zhang, 2019a)
14 AKE

H F e A ) BER AT R T e KA,
WK ENAE 1~10 AU 2 A] (Starovoit and Rodin,
2017; Dalal et al., 2021), 1fij B ¥ A5 i W R B T
— LN KA L+ AU ¥ AR AE (Christian et al.,
2008) . HHT AL AR K Z B Al T1H 5 R ¥
BRI, AT EARBREZ A, PIHX A R AL
n] e W W) i AR 49 B K (Christian et al., 2008;
Thayne et al., 2022) .

HEBR G R A e B DO, ARSI
AR, IXRECAFEER VA AR AR 2 T P A &
SRR, DRI A 5 R R A AR LI KA
B, RIS 3 T RiA.

1.5 BHAKRE

EHOR IR 2 FE A /N T 0.03 AU, HIFH I E
JE KA B R ZL R SRS Ak, DRLHGE B AL B 1HI
S R L 2200 K [FIE, 68 FAOAC R 1) 20 e 40
MM%, 294 1~2 K (Anderson et al., 2018), fix
R 16 AN/ (Wong et al., 2021) . AR A
() S 1% b AR B I AN R) A7 A5 300 2 A5 R AIE

(Haynes et al., 2015; Evans et al., 2017) .
HHAREAF, HHAREKREW KAE RS

. T Re e A A i 2d, BHRORE M
TAEFIBH I 5 o SR T, Ao T IE R
PRI I WA 2 T /K Z8 1) 100 £5 L |
(Bell and Cowan, 2018) . &4 17 5 FH 1H 25 fift ik
P, mER P BHmE RS A
IR N SRR, SRR RS
IS T2 R FE —FF, #BSHEAT BT iz
. DR S A A T R A B T AR A B i
W) 1 BH 1 ) ik, W99 B8R 7% (Bell and Cowan,
2018; Komacek and Tan, 2018) .

K10 JEoR T & TSRS O, BRARE
PIEAFH A > oA DA R, SO g b R i
100%, 111 K8 73 I 050 1 A R A2 AE B 43 5t
LR, T RHT I — AR A g R T BEck H TR
TR RN b YA R I B S e e . B 11 3R,
L0 TR G R R T DL PR AR B
ROl 22 RVE NI, ESR AR S INAE, EFHOR
MR EA R BER 2, HH RIS
PR AL,

2 RHATRE

BARH T ST L i B & R AMT R A
Ferpal 60 BN o REM B AT A2 H 0
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4, T, 73600 K e AR ST 8 km, KT AE T I A S
“ gg PRI F A I HAT R I RBE . B A5 F R4
7 e ik \ . "
c 06 AT R RSMING, FEEILT RS, b2
= 0h SN g 2 A R, 45 4 B0 M st o Ml 2
50 03 BLOFTEL, DU A B AR R 45 SRR T
=150 -100 50 gr;g/(O) 50 100 150 2.1 j(/_z"ﬂ;uiﬁizrz-ﬂ;iﬁ
B/ A IR, T,=3600 K Ks™ H 7T R IR R AR AT B 48K 2 BUR [l 2841
L@ ' " RELISATIOMIW BT, FATIRALIN A e B 5
- 02 JEI. R, S e H AT R IR R TS T
50 ¢ B0 PRRIEARIRDL, (e BT DL 5
50 o4 AR AT AMEE H % W D1 (Joshi et al., 1997;
—0.6 Heng et al., 2011; Wordsworth et al., 2011; Hu and

T150 100 50 0 50 100 150
ZRPE/(°)
K110 FRSPPFATRE (T A 3600 K [FEHMAREE
fRIEML (70 mbar 4b) . (a) HJRFHREIR AL
(b) BRRE MG E, BEANE, BEHRIE
. BAARE QA 243 K (B H Tan and
Komacek, 2019a)

Fig. 10 (a) The mass mixing ratio of hydrogen atoms and
molecules. (b) Heating rate. Positive value shows
recombined and negative value shows dissociated.
Rotation period of ultrahot Jupiter is 2.43 days, with
effective temperature of 3600 K (modified from Tan
and Komacek, 2019a)

FASBSE, T,=3600 K

5000

< 4000

X

iy 3000
2000

~150 -100 =50 0 50 100 150
ZHRE/(°)

5000
4000
3000
2000

-150 —-100 -50 0 50 100 150
ZJE/(°)

B SR P Sl 3600 KRR AR LIRS R X 45
A5 (70 mbar 4b), B4 KRR E, #i kR R K
Y. () WHAAEMLR, (b A2 TR
& (&% A Tan and Komacek, 2019a)

Fig. 11 Temperature and wind of ultra-hot Jupiter with effec-
tive temperature of 3600 K (at 70 mbar). (a) Without
hydrogen dissociation process; (b) With hydrogen dis-
sociation process (modified from Tan and Komacek,
2019a)

BORKIRA, AT H HE IR b WL X 28 583
AT IR LR R e SR Ak, i, HhERK

Ding, 2013), 1F /21X Lk g 3 % 7= 2B 19 ) 205 18 1Y
R Bk, 49 R T8 8 e 4 A3 LL4ESF (Hu
and Ding, 2011; Showman and Polvani, 2011; Show-
man et al., 2013) .

I B AT AR R A A ) ) S 1 1) 7 B
[ #i% (Hu and Yang, 2014) . Yang 55 (2019a)
R EAT NSRRI /N, s 1 ) T
FHT ) Is R 5, ASTEE R, &
WA E R R T, ANl R 1 XY ) 2K ),
FRARAR SEIEE T AL S U R e B UK Bl it v A
T, WFVE R e 1) i T S e v B LA T
%25 (Zeng and Yang, 2021) .

H AT R I AR B8 I R AP RHAT AN Z
A REE R 2R AT B R A D ELAS. Kepler-452b.,
Kepler-1638b S H ij T A IR 1) 2> 250 LA 48 2 K BH
THRIBATHI T BEE E I WA WY B 2R AT 2

(Jenkins et al., 2015; Morton et al., 2016) . {5 5

B, Kepler 452b KM 5 MBSl (Hu et
al., 2017) . Penn Al Vallis (2018) % IR {4 2
KHAT B 5 W BOE RS RA RN 2, B YiE
R S AR P AR Oy vp 20 B A 2

XTI B G E AL, BR T IR 4 e i
Z A, A R DR AEAE ) AR ) SR 2R R R
S T B (R U A L R T — R b i 22
JRIE EE AR AR, T I R X T R DG R A B e
KAWS M (Drummond et al., 2018; Wang and
Wordsworth, 2020; Innes and Pierrchumbert, 2022) .
{2 Wang 1 Wordsworth (2020) &I, iZ47 KN}
2S5, PSR e SR & I R A FF s — (1)
JRIE BT, Ut I T 2 K B P A I A B
b EAEFTH R IN RN, R RIAE T O AR 2K
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AR B B TR R
22 EHITESRENEREM

AT A IR B T IR T2 AT R Uk Fh
I fE SCeJath, B IRTR AT 2 EAAAER
RHAWEK. BRI KA R A 0~100°C
Z 8], ARAT R ARG P i — B 70°C, AT
B SR REBI SN, P KSR IT
BOGME, P E SCH B i i AE 0~70°C 22 [
( Ingersoll, 1969; Kasting et al., 1993; Kopparapu,
2013) . &1 12 JEoRs 1RSIk 5 O

NHTRLANMRRR A A BE BT A R
BT o R W) A ) 42 5 e B s - (Madhusudhan et
al., 2016):
221 KRAREIHE

TR FRA TR MRS, RATRRZ AR
AR RO, R ILERIEE AR, B
AT B N FRIE AT B R, PR IR
A T IRUEAT B RERE SRAF UK, AT A AN fE
Ko LA G AR RE R, Ml (Jeans) Z2# A Wl LU
RRAE R IR D

GMm
= TR (11)

Hrh G EIIHEE, MREATEFUR, mitir T

TKF &R

=N
~

SRR /K
7~

[

1

N
~

i, kRBURZZ WL TREE, RZITAMGR
Fir, BERTATE AR A O, AT AL ) dl
RRA, RZRKAS KRR, AT R R 6 2
ZAAEIN, AT RO IR R T A R BT 2 3
FUREBE AR, BEEMEATA (Venturini et
al., 2015), /NFRAFERNA AT AES R —IRKA

SR AT B R R DA W — R 3
AR, — D ERR AP I R (XUV-
driven escape), N X HEIAEY, FEAA
JET0HE B g |k T #ki®k  (Zahnle and Walker,
1982), FFEERA AL J5— My B AZIKE) i
BEi%  (core-powered mass loss), &R )= KM E
XA A 5> T8 (Gupta and Schlichting, 2019),
FREE R — T IRAE.

X T S8 M LI R E 3 (1) B s Al AT A Kt
UG AR S A T, &2 28 21 XUV M5,
HeaxmAEHEmK, BAE %153 (France et al.,
2016; Odert et al., 20200, K IEAHEL T RBH RAT A,
XU RAMT R R T T RABATI — KRS (Luger
and Barnes, 2015; Bolmont et al., 2016) . [d] K}, &
JCEA BRI ARk, X TRA R
RS, P e DA A LG 2k, i 7 A5k
MAT, EIURBRIEEENE, TR MK
(Hunten et al., 1987) . —2&5 4k, i1 CO,, nILL

3K}

2.00 1.75 1.50 1.2

5 1.IOO 1.75 1.50 0.25 ’ 0
T BT BRI K0S

CUBRETRE - RBER . EMSKERE O RmTRAR () KkRfR
(CKEA) QBN (BAERARKEER)  (BEREAN)  RERN

K12 EJEAHEE AT R GRE IR IR HE . Hax OB R E )

CHAENT 10 MER R 2.5 4

HERFARROAT EAARC. BB KA AT R AR ORI SR AR R A A7) (B A Kopparapu et al., 2014)

(PHL @ UPR Arecibo)

Fig. 12 The figure shows all planets near the habitable zone (darker green shade is the conservative habitable zone and the lighter
green shade is the optimistic habitable zone). Only those planets less than 10 Earth masses or 2.5 Earth radii are labeled. The
different limits of the habitable zone are described in Kopparapu et al. (2014). Size of the circles corresponds to the radius of

the planets (estimated from a mass-radius relationship)
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AR HFRIMT BRIZ KA, S KRR
(Tian, 2009) .

WMARAT EARAAHS AN, TR S
Bl PE A RGBT 2, DR s B AT AL M T B A —
ANELE VSR, XPIMT R S A RN EK
Yy, AREETE A KON KA R B AE M (See et al.,
2014) . M B BAT IR X, Vidotto 4%
(2013) WHIGLBRIZFM . K/ HEREL
g7 R FE W R RAMT AL, EEYERF RO BRATBL i i
Iz, LA B s i i AN A &, AR E
Ja N BIAT TR B L s R B K 3 5 . See 5
(2014) YN TELLIE A JHIAAT B G A 58 v] g
AN DL ST A i R <P NI 3X — #A B S
CURE AL ML AT B B s YK TH AR i v T T
R TEE R, W& LR E L R R
/NS % . AF Cranmer Al Saar (2011) [FIFERR, X
THI% 0.6~0.8 KB FTEMITHE, F KT 1.5
BT T sk i S AT AL, ReE 4ERE L 0D E
(R 32 AR AL XL
222 KAKM

UK AR TR AT IR
J& (Schaefer and Fegley, 2010) . 47 A2 i & T+ &
SR TARA SRR, DRI R Bl SC— 284 i)
CRE”, AEFELAIMT R AT LA B 2 45 R
SREGYIIT, TS5 2 R AR AR A R 45 R PR 9 1)
Y (Oberg et al., 2011) . LLZK A6, KFH &R F
H,0 H4 (2~4 AU) DSMOAT A S {5 KA h
R B4 7K 43 (Dodson-Robinson et al., 2009; Morbidelli
etal., 2012) .

ITERVIMA TGRSR KEREBERKZN
(Miller-Ricci et al., 2012) . fif: & £ Hh 72 (R BUSAE
2T M H,0. CO, ERFM RS, 1 O SAEM
IR BT (Schaeferetal., 2012) .
7E 5 C/O L AVIHR T~ CH, AT RE A 1A 4L4)
MM B HCNL CH, & 5 4% = S 7 (Hu and
Seager, 2014) . {& C/O b R/K4ral g4 ik £ 2K
K4 (Tsuji, 1973) .

FEAT AR FEIE S 2000 K A AT IHE, 175 L)
FARRESA, MIMIE A %47 42 (Hirschmann,
2000) . & IR TIE 23 A7 AE 5 2 BN RN R (4
K, HARMGHE R B RENAZAK, AR,
K R T 46 ) b Bt 45 (Lebrun et al.,
2013) A HFMGER AT I RKNS, BT &
FMFE T S HEN KA AL, A IR T FER

A B R B AR A Y. (Javoy,
1999); [R5 FHE VT CO, IR 3 i FE AR,
HA S WHFVEIAT R, CO, 1 5 2 M AR A7 A5 K
KEHP (Lebrunetal., 2013) .
223 KAIHEHABE

TG M LR B B AT R UG, AT
B BAT B — e S s i, w0 B T RGP,
T BH T 2 7 TE FR SR IR . iy o T R AT 2ok i, 5 BH
T (AR AT T B S ORI, 2o S5 570 5 T 17 2y B
T AL, WA TR T BUT A4
BBV A AR TS BRI, XA KA Ceollapse)
(iH7k 2, 2016) . Joshi %5 (1997) iEM, KA &
TAAFEL YRR, WA MREAERRCRA KT
A2 kA AT A e KR8/ T 100 mbar
HAAE R RS T, W Co, BIEDL A4
P, WA SR SIHR IS, 5 RA
Ay R S R R B WA e AT A B, K
SYHRKEAS KL (Yangetal., 2014) .

ERSATHRER N, L KA TR A
A RERE R ZEAT T A BE Ceold trap) 241, Lk
WK A e, 3807 A IR IS = 7K 5> (Leconte
etal., 2013) . 4143 I3k [l 2 BO S GE A4 5
R AR, WM IE S b 3 gk 48 1 FE. %1 Co,
EAKAH S, PHREGRAE 0.1~10 bar, Xf MV HA
RSB R 500~4000 W/m?® (Turbet et al., 2016) .
WRAT R EARAEME, e (0 A% RE 8 K T BH T
(10 AR o 16 ) BH AT, (97 1 BH TR Ky
RANKA A ks B CO, IR LR R 3.6 ppmyv,
5 B 1T A K R RS ANk 10 m (Yang et al.,
2014) .

224 ATHEAME

BRI R 7K 28 AR LA BOA AR SR R, PRItk
bW o i N P TR K N2 Uiy NG Wa P IRV EAR
R K 28 SR I AR AL Sy — 7, R
TNk 2 K28 R B K 28/, IR FR I e it S
B vk, SRR ERY, (runaway green-
house effect), — EFFERNAT A LI WA KHAL
K7 M1k (Ingersoll, 1969) . 1H & AL ok B b
R [RS8 FE S BN RIS OK, XA b m e &
ATRBEN KISR0, R 25 s AT A2 A ]
REILAEANE R T, BG4 A NI 25 B B Al —
Ff (Kasting et al., 1993; Abe et al., 2011) . K&
IKZERINEZ KRG, B o e 2w Re ks 1
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MG A, SRR TH, FUIATAR
IR S AR 25 L R AR UK K TAT AL, W
RN FEEDCRI R, o R AN A 5L (oK EPIR
SR EHTEKSHRE (Yang et al., 2017) . 5
Ah—TJ5 1, SRR AR R ZU SRR S R () 5
Eean ARG IR, X A EE DGR
Mk M, 5k Rl % Y. Canti-greenhouse
effect), fa Jz KUY I 1M e 1 iR (Mckay et al.,
1991), A ] fefd 4T 2 Hh Rl B PR B4 8 B s AE
(R . U SR AT AR B A Wil i ) BT
WAL SN, DA 38 IR ) i B2 25 3 UK i
Wb, O H BB R 5 W 2 Y. (Yang et al.,
2019) .

UK RO TR, G SRR i ok )1 |
PR, WSR2 4 S S (Bl i s T, AT AR
PP X R IE R4y T 30T AL IR A ek vk )
WS, [FFE, fREE RS IE B R, vKET 2
T X UK N G B2 R A iy B2 1, 2ok )1 fil
. C Abbot and Pierrehumbert, 2010); = % K< 45
SRR I PR IR WA 2 SR FH B A% -4 Tt 3k P55 1T 3
BT RIS VKPR (Abbot et al., 2012) .

XTI RUE AT R, BIFHmEaT ER AT S
(P DX IR0 AERFTT IR A S5 UK e T, TRl “HR
BR” ORISR, R4t T BB TTRE, WAL
B vl DL R BH 1k K R #E 3 ( Pierrehumbert,
20110 . FRBR XAEFRGAAE R, W H S o A
e MR (Zeng and Yang, 2021), 11 ¥ 7 24
T B0 UK W02 5 A AT g2 BRI R AMT
FE VRV T R TH B AFAE (Yang et al., 2019b; Yue
and Yang, 2020) . #FVEAL A2 R VAR E — AN HZ R A
R AKNZHT, A&, Baasldy
fift 5 B2 WOl K A R ) CO, (Berner, 2004) ,
M SE AT Lt 3 RN R P

3 MkEAE

3.1 WWER

K2 By B AR ISL TR A B, AEBCH1E
AARSIINEOUN, R RIBE R Sk e N
TS AE SO 8RR LI P P A T R n] LA B~ 107
Wm?, W FERE R E R, WIE A
(R R S R SEXT RIS Sl Ak, D, WEE W
PRI 2, LR R O A TR 48 B DR A

KAE FERDOC )R BB WA, R EN B,
R SR A S A ) R TSR i ) I L A R
SRR S R I 2 1R S R BUE LA KA AL
5 R PN A T e A RN B 1) A 1 B
TR A ) [P IR, IS0 e 0 A e S 2 PR AP B
Ze L.

Ry 8 L TR AR it 4 Sl 7 I s T A A 1) B I A8
W% (Artigau et al., 2009; Biller et al., 2013), —
LG 8 A 3% 1T DX IR B 5 8 R A R R 31

(Apai et al., 2013; Crossfield et al., 2014) . #%% 5
KPR DR, X LR A N 52 5711
Uik, BRI IR IR R R AR AR SR IR R B
(Tsuji et al., 1996; Alexander et al., 1997; Ruiz et al.,
1997), Leggett %5 (2007) K IL T %% B ik 74
AT (R SRS A X LS IR B, MR R AT
TERAINIZBE),  TX RIS 2 1% 52 3458 A N
XF RIS B K 52 . Allers 45 (20200 E L HEALE 4T
405 S PRI B ) T A R 2 e ) iR UESE T M
FAE{ER/RIZE), Radigan 25 (2012) HHRLIAMR
SPOGIEAHER TR R RIS 1EE, Bur-
gasser 55 (2014). Karalidi 5% (2016) R #i5 K<
SRMIEE), ERHEEE KB HEN
~600 m/s, 1H Apai %5 (2017) A AiXaf g &K
LSRR
Fo BB A ) L G R, 0 1~12 AN/ EANEE
(Snellen et al., 2014), %M WARJE 4% Ly, = NH/f
)L E TR X T U, R A7 A (A R
PR EIZ B, AR KA 2 0 eI 4.
7 Ui, REEL R 6 RO T oK R
RSB B 0. TR NI R A I
@, BAREASN, Kk, WEEKRISE)
BT n) T £ n) YT AN J2 £8 10 i ( Batygin et al.,
2013) . Rogers fll Komacek (2014) #& 7 K7
FEFNELRER )7 R, RIAE Filg oV T & 1) il

32 EHHMN

HRKRE—FF, AR R I R v R
FH A7 B 2R 1A 24 (Showman et al., 2019) .
F s — e BT LG IR, IR E KRB
PRSI0 YLAZ Byt i R 46 st ek A5 ik B 13 AL S it
HIRA (Burrows et al., 2006) . TR BT, 8
RELN o Fb 27 [ W LR R 415 2, A TE
AR OUT , S5 e ke, HAEE S
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Burrows %% (2006). Salmon F1 Marley (2008 ).
Marley %5 (2010). Tan £ Showman (2019b) A
F— 4 RS B i 3 A 1) = i R R AT T B, 3K
SO R TR B I A A T 4R AP ATIRAS . RIRAE
WA KRB GL S0 T, FRaliff) = 8 st PR e
WOR X IIE S, LE 30 /N ) )R S EUR A AT
SRR AR To s RO AT B I 2L MR 5 ok
AR RIE, T = XL Ak B BRI
(R 2 T, A1 b P A DX 3 ) 2 AR 4 LR B B 222
M F B I 3.

R[] 2) 23R A L

Kl 13 R T M A — YRR e RS 10 /N
W2 n—EKalidh. 2B Hm B, Kk
MM E, SR T H RS BRI o2
AR R S B E AR,
2 PARFRERRR, =R, W, 24b
WHHE IR B, =R T =2 FAFEmE, #
BT ERFAIIRRE RS, RS NS b
P, AR IBREN 2 I ik D B A 25 T R 9
59, mIEEERA, AAMENAUER N RS, =
IR T =TT, = F AR ER S, WX
TR, TR 2 I R G R

log, (g2 1k

log,o(q.)

-------- TR PR B BRI B U
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0 10 10°° 10 10
q.
102 [FITEZ2r T 1400
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K13 4B AL mIR A () AWERESEH (B2 Tan and Showman, 2019b)

Fig. 13 Cloud mixing ratio and temperature structure in 1D cloud models (modified from Tan and Showman, 2019b)

3.3 KSRIFR

Freytag 25 (2010) 37 T —> 400 km =% ] K
AN R OB, I ORABEAUL L 2R R B PR 0T
T AT B S A A SR D AR 2 Ak R, A
SRR TR 6 21 5% 1R ek 45 RN LA B 2 5% TR A 5 MY
MREEIR &R, JF AR Bk, RS
L TR s RIS, UK /D R
FETE )0, BRI B T = I JE . Tremblin
& (2019) FEHbIK b AR s R AT ) T R
B, PRHWEE LT CO/CH, HeAb 5 [ i 4 5 6)
WAL T HUBRE R S0, A B TR R A
YRR R .

TR A R A DGR I, L HE L

d) TRy BEBRR R P SRS, p = p(r) +p' (1, A, ).

FEHHRTERAT N, PRI Showman F1 Kaspi (2013)
ED a7 W oY o 7T NG 1B 1 0 W 9 WP
PR G (anelastic system), 0 HE N T —4
PRI RGO, KIUHRAE A g, H
BRRR 7 T8 PR il 22 7] e AT JLIF IR 30 i A2 ) s
e e 4 T SO UL 48 4 AR 2 PR A K RS BT T
JiE .

Zhang F1 Showman (2014) 7£ 1.5 JZ /K5 2
B IR0 T REHL/N RO 5T S A SRARR A
3, RIVAEHG A E R EE R ST, KR
o R A RGE R B ORI R, AR A
HUFH RS DRIN , RAaidt At A iR R4S, Show-
man % (2019) R T =4 J5Ubf 77 FERT RN He 3%
FRAATIA, E5R 77 = R EA AL, R



©72. HEREAT R HIRTE (P30

2023 4

400
300
200
100
0
—100
—200
=300

©

100
50
0
=50

14 Showman %5 (2019) BHUAFRIRHIEEL WA (0.77 bars) . (a-dd) PUADT ], JEEBAEIE AR 34
Fig. 14 The simulation results of zonal wind fields at 0.77 bars field by Showman et al. (2019). The bottom drag increases

from (a) to (d)
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(5 4, [ IR B S VAN 0 66 1 kA% i 011
5. 515 Showman Fl Kaspi (2013) [l —=k,
SUUAE PR S BB BRI A AR TR,
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Tan Fll Showman (2021) 7E Tan fil Showman
(2019) (RIEEATE, B Z BN G IN 1T b I
AR, AR NS, RAETERR T
—ANHEATT TOREG S W] /N 5 20 T e
Tan FI Showman (2021) EB T g T —4E = e biss
SRR AL, = 4E 2 S 2 i R O
REIR A% () 22 e, [) W) E BH A A2 A7 A I ) G BEG.
— R UL B 2 75 e e RN T T A R R 1 %
Wr DR TE A0 ROEE (R g, (FE R B BB X P A A
B [a) JUBE R0 i, Ut B e B A7 A0 M/ il [l KR
FE R H.
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EWR & RIMTER

IAFAE IR RPT RIS, 5 BRI X 38 X
SEFRAL. HBRIRIE X AR A 28 N H A
v, MR HEPIAERE Y (quasi-biennial oscilla-
tion, QBO), 1My [F] # [ 7 ¥ L AE A2 AN+ 2L 4
KL, 3 B FR A HEDY 472 (quasi-quadrennial
oscillation, QQO) FI¥-4E5E % (semi-annual oscilla-
tion) . Leovy %% (1991) . Baldwin % (2001)
i X AR IR 75 5 B A AT RERITHB R QBO A2 [A)—
FIHLEFB0H. QBO A A & AR IE b7 8 Stk
TH RSP IEFEW Y5 (Lindzen and Holton,
1968; Lindzen, 1970, 1971, 1972) .
T DB I R SCUE A 1) AR AR RS, TR A

Hr DLV AT 1) VY 1R A BE . TS S5t TR I A T A AR
(wave saturation), EJJ 5 [ AH 140 55 R 1 5% I 14 152
LT, PR IR e AL R 45 T S AR IE T
IR SRR 5 27 30y DB N B3 sl ok i m) L
1658, B2 R0E EITAAAEVE X, T IR S0 2
PEILPRARE, I ) AR R s B AR 4515 i, BRI
T SLSTE G ) 2 I, P XM N [FI P
ARHE G 50 07 DU i, TR -G %0 0 DL vl BA— L I
AR IR B RARZ T AR BUFEHL,  WOR WP IR
. LR I A 4ERS , XAPHLEIgR s, F3
ARG RAEARTE EIT 8 MBFES ™8 (8 15) .

3.5 ZEEERRBHEEE

MW, fAfefgeta AR, afiER
A ¥ A (Sahlmann et al., 2011) Fl 3% 2 K%
A (Casewelletal., 2012) . FE N T FENEERE
NEERRL 3~5 K, AT W% BUE IR, XM
AELPYHGE B T AR S TE ARG ISR A Y, DAL,
FORAIAA I 52 21 N AT SNSRI S) () 500

PRI 8 11 0% 22 i e 1 vy 0 A ) A L LSRN 2
IRPEAE T S HRAS, TH R IR T e A K 1)
SR, SFERRERA RN, TR B
WG, HEANLER, HAMBR KSR A
BB, AR TRGRINEE ), PR R R 1)
BB PG, MEE N B RN BB ABENB)E,
U SRR R 2 LG 2 i S i, 8 B R S/ 3
HON . AR GG AR T AR R AN B, PR R
A REINRAEN. BT, CERBRA-BRAER
e b I BRAAAA S I F i A% (Littlefair et al.,
2014; Longstaff et al., 2017; Rappaport et al., 2017) .
ey e B AT BB AT AE R 1 R A MR AT 25 2 ) i

@

107" F

S JE/bar

10°n 1 480

S © P ® & O © mws
& %@Q bQQQ S § @@Q
Fsf /2R

(b)

s <l 3

- 0 +c —C 0 +c
Bl 15 Ca) MR A R R i () 1 o028, 20 pg R,
WA, YU (B H Showman et al.,
2019); (b) HuEk QBO MR, SZZAR 3R K EE
2, MR LAEMAREN, A 0arkR&
AT M (B E Plumb, 1977)

Fig. 15 (a) Zonal-mean zonal wind at the equator vs. pressure

and time (in Earth days). Eastward wind is shown in
red and westward wind is shown in blue (modified
from Showman et al., 2019); (b) Schematic of the QBO
mechanism. The curvy solid line represents the back-
ground zonal-mean zonal flow. The curvy arrows show
upward propagating equatorial wave. Preferential
absorption of these waves leads to zonal accelerations
that are shown by the thick double arrows (modified
from Plumb, 1977)

FEHEEA T PR, AR AR AR
Bk /& . Tan Fil Showman (2020). Lee %% (2020)
IR AL -V B R G () 4 R A AT TR, R
T HRAE AR IE R S e 4. Lian 55 (2022)
(RS TR A, 5 7 3 1) R i 2 P A R L 1) PN S A
PRI DRIE N R TE e AR AR 991 E . HL
AN A Gk I, SR X I I R .
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ARICERIR T AR R AMT B R A TT ] AT
FUikRE, MWL B AT, = AN T TH R T R Ak
AT RSV RAEFIHL .

RTINS, THEFRSS P E 1) i O 22 2
IKZ) KRS I E P R R WIS R, fE
SRS PRI 22 FIAT BAS S AR TR, SOR AR
IR AEAREAE A R YE R e e <, A4
FEAE 2 2 07 DU By, 3 28 U RN AL 4L 25 S m LLAE
Wi BB E MR, R SEATE SHEEZN
FREHIHTIN, W BUE RS A LA, TR
bk, AT R ANREERE R 22, S8BT
SR R AU I 52 e B R S R PN S A g 3 [ O
81, KAFVUIREREZ A 1) K R A R KSR RIR

KWW e RMATE, HORA RIS A
AR, B 22 MM T3 [ e 3 ol A ) e e
SR 4 B B M DL ). B ORI R, I
B 2R AT 2 AU P U R L 6 71 R e e B
G £ 2 DL 5.

T4 BT AT AL IR RSOV R RN AT 22 (1)
LS PR T S R TR R B E
BHAT AL, AN E L ) B KRR o) 25 5842
W R 25 A0 HOK AT P AT (R B &5 R W,
RAMIRRF () B 2% R 8% A7 R0 I il % e AT
AR, KA RS e T, .,
SEHA R UR B HHEE , A KA AT RE B R 45
TETS P, BALREG 25 BOE R W], i v fanik A
VKBS )20 o s 1R 5 AT B 25 .

KTWIEE, FealEOngE, R
TR AR IR B AEIX ML, KA
REAEE T PN 38 SRR RE TSR ey 2 A 1Y) 1 T EE . 4
MR B LR I, B R, R
KARIZWRTEIRAS. AR AL B e B R,
FORAM M B2 QRHIE, 5 KB RAR G
RAL WM, #KE R B A PR 0 22 2 45
ST R K R IR T R RS B R A K
IRV E A

FHT, ST RAMT B RGN (U A
HIRWT A O — Bk, T2 REZ M 5HN
&S I TAE. AR B S B L TAEZ e, 3%
T 2018 4 & % T TESS ( Transiting Exoplanet
Survey Satellite) NZ¥HEImEE, 4L i % A LT

FRAMT AT AL . 3 L8 g R0 25 SR 5 I &5 2R
XL AL T nlfe. Feolth, N —2 M RIMTERR
PRIIK N T AT B2 R R LA S R A fs
TR . d ATk 5 R 95 [ JWST K 4% B I 5
(James Webb Space Telescope) . 7% 41 #h i Br 8
WEe ST, Ko MR HAT R 2k mfs
S pt A .
% R AMT BRI AR — 2 R BR
2 A 1) PLATO 55 v il T~ 2020 448 o 9 o 22
BT H b A% B H L2 £, 4RI RSk AL AAL
RIS, 36 EAMAE R B A (R3C 2020)
RN —A 6 m DHARAPERIN BRI sE, H
TRAME A PRI, B 1 R AT R IRNAT 55 5
i) 3 3 K EHI 5% (Chinese Space Station Telescope,
CSST). ET2.0 Wil H « 5AMi a8 A B G5 0 H A
RABVEAI. CSST it H4E 2024 4F R 5 2 m F42E
M= OGS RGNS I B, W B AR e v]
WOCFILL A B, T RESS I —3 0 RAMT AL (%
S, 2021) . ET2.0 3 H Jj& & Wit RN H
THRIT 2026 R NG T MR HE BN 5
51 BB B TR L2 A, H AR AR R o
J7 M RHAT AL, PiTERE R I SE 22 1 R A R AT
AL RS T FEH T R AT R
ST L2 A6 m ARG R I g H
B R AT GG I LA S A A (s 5.
Wit (HABITATS) tF Rk 5 42 4~6 m &
M EF L2 /1, X RAMT AT 2 3 BOW I,
I R AMT B R BE S5 M A 4L (Wang et al.,
20200 . IR EEPRAS BN TR AR A S R AMT A
KA AT FE. AT AL, R AMT 2 KA
FHAEARK 10~30 FFHUAF HE Rt e
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