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BRI R HAT BB RHER, UITEMREES 10 Mg M LR, BEERIFHBE H Al
He , XAdff i il kM — M RSEFR 012, MARREMITE. WiTEERT
FRAEE BRI, 17 BT LAZEAR KA A2 i 715 B R BUK B U3, &R 1efT 2 L.
R TEE R ER S, B RIEFREFEIT R —/NE, XBITREMEKEELHREY 10% ,
PR Sk T B AE S A A%,

KuAT B R RE /D, ERERARS, S ENEEWNE S FE. B orE 3 1567
B ELE AR O I RS, R T D TR AT B R
A EREENEREENTUBRATENER, M TELMEREMERNITE, 78l
RIFE E RN IRGE & B, W LUBG T Fho7 s 254 0 A 2t 2R A IR A5 2

KPR B BAEE X KHRAANITE S BRERBIF. Kifi— KA B2 MR, A% K
RWITE. PEAREHWH TRIEZES L. MR Cassini FMZFR LA P8R, Schubert
G NHEM Enceladus(+ Bk TE) LE KRN EZZ), WEhdE S, BEMRE
AIRESE 2R E REHE M. 5B K/INAR 150~170 km 45 A 805 )8 WSS, WEE T
T 50% B KUK)Z 14, Anderson % AARE Galileo %5 [0 K MK B 85| 13 5 G
R, f5H Ganymede(REHR KW ILE) L &0 REHRZSE. BERXMH 60% aEAS
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BB ARAT B R RS RS By R s ©
M ~12ncefa? Mg . (1)

Hep,  fRFETREBFRRENEFSE (0.1~30 Z1) 5 niee 16 1~4 Z[AAEL, BZIE T 4
TETLRSMNEF DR a(Bh AU S5 3AL, S8H AL AU) 4 il T 545 0K = SOy 2 BERE .
AR 2 BT ST B AR BT AT S R A R I B 2 R R RR 10712, S5 RRTT R A
B R R B E X R R E N R, B0, Y17 ERREKE —E R/ &TF
IMAT BRI R, XA BRSEERERK Y -AISETRE 2 E, ek
BRI R IT AR B I 57 R Mo R FIBT AR R IMERTFAERIURHE . X Mewie BORERRfE T 2208
PI =Sk ST WOk S %, AR A B2 Mo HRARE M RATEEAREWIE K
Z [AIFFAE— TR BRI MR &R -

My ~ 10M %5 Mg, . (2)

XHE M Lh107Mg - a=! AL, & Bhoem? g7t RELL, g fT s AT 0.2~0.3 Z[AE]. Ida
5 Lin @ S ETELE 10~100Mg Z R KEBERHITA 4R O, DBmARRAT
10~100Mg Z [EMATRAER . WS, ETEENNIRTEL2TRE TR 1~10Mg 5
MR BRI ERTETE, HPRSHO R TR RHITE, U —0a8a KREMEREDR (R
G712 | G, Y RTAAT BB AR, MSGhERIEARFEN. F 15 TERE 2009 4F 4
HEBHAR 12 BB RMER. U sy, ERRITERZFKE, Yk
KABWE/N (B 7HAE 0.1AU Z W), HP—HrBERKNYEROE, XHENHERIEZ
KHARNEER, BR T ENREET Rk 3 12 A 2.

x1 EXRUN 12 FBEMEREEXSH

TRAR BE M/M A P/d BUERKE o/AU ROE RINE [ F5
G1 581e 1.940 034 32 3.149 42 0.03 0 2009
MOA-2007-BLG-192-L b 3.178 3 — 0.62 - 2008
HD 40307 b 4.195 356 4.311 5 0.047 0 2008
G1 581 c 5.021 714 12.932 0.073 0.16 2007
OGLE-05-390L b 5.403 11 3 500 2.1 — 2005
Gliese 876 d 5.720 94 1.937 76 0.020 806 7 0 2005
HD 40307 ¢ 6.865 128 9.62 0.081 0 2008
HD181433 b 7.564 354 9.374 3 0.08 0.396 2008
G1581d 7.723 269 83.6 0.25 0.2 2007
HD 285968 b 8.422 495 8.783 6 0.066 0 2007
HD 40307 d 9.153 504 20.46 0.134 0 2008

HD 7924 b 9.217 07 5.397 8 0.057 0.17 2009
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3 RBUEISMAT ERE M-S E

A8 M BT T BIE R IR, 17 B OEEMGERETEEFIEM. HXMIESETENE
AR =, BETEEAWMRTHERAAL 5 AR ERA (Gravitational Instability)
ML FABIAL (Core Accretion) . BINAREBREREIXSETEER TIRITEETRERR
B XK, X B s R T REE MBSO, REZERATERER/NASR 2 R
o T AT R R P BOR B S5 R 48, RAE D Eim i 00 17 B A bl i X fiug e
B, BWARBRIG AR AT B R R, EREERTEETEL RRER. BT
A M BRI TR AT RN B SRR EARET S, B8R EEREMNN, HNE
ARFMELL T B FRyBEMAELREM N . 50T EER RN Z a8 F R Em,
BEERESTRITEENIRE,

HEr, RE AN EAT BB RGN 47 IEFAE — 4, XL & 2 47 2 A 5
A BRHEA KRR, FEANAEMITEZESESYREERRmMAR., X — i
WRILAA A =AW B, EABHARZ 108 a6 | e, RARAT R = 9 AT TE A 42 2R BUR B
A RE A AR, B 1~10km KAWET B7 ., MEXRKWET, HEI N5 H
BIGAK A, ENWREREBANE KR, E - RKIKWHERER, EFZEIERKEE
729 10° km ZHITER. BB ERER K, BF (TERR) Z EEILH
EREMISERSKETREAR/NIYEROEMPES A, XAELLE N5 Y I\ JH B
B R 282 | FR, SRR A RAER XS RETHREEETHE, t
EMSTREER R TEILE, XXE—L MR T e KEE B, EE = N, 7
B RZ S s e PE B A X, XEF, PR IR 6 A 5 5 & e 2 AE
K/ANRRT AR BEMAT BRI & AR ZIRI REAE, B 208 L BULA Pl AH R BT /Yy
KHITE.

TEAT BB R e A B B, B Al 8 0 5 0 A R 1 . B AEDRE B AY B B AT B NI Y i
MIARETREUFTEBRAN S T, GRENEHL TR TUHERATER, MREN
HERBAEGCRERITER B . S RTREEAX —~WEBESEHITH, FAEHR—F
ff. B, XX FEWITER, it Eg ERARWTERERC LM HTEL
a5

EXALEMITERZ ZEHERMTE, BRAEM/D. Hig LI XFENT R
TERHIB AL, ToZEat A 1B s iu 2l OEER Ty, K8 1824
YT RN ER TR, AT BT m E R AR TR AR, EHikY
RAW R NER., WRIiTEMEAR FOEE BB R FIRITEZENHFm (4 3Ma) ,
AL TR 2 L 3] B S B R AT R A — A AT RE R PL A B L 4T B RS AR
FEEYERBITE, YTTEFRIISHMAEEERARN, REATHAREATZ A
KRR, X, YUEMUMHEMTEBIICSRSTEI %R B, Y
ITEWSESN I R SHEE, WSO A#EIT EWHEZR, mHEX AR ER
VPRIl P B,
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4 EPHERE TR S - PR R

4.1 BRMPREIPERLEMIREY

H T AR ST E LR A AR TOR, S REAE B — & A9 BRI BT 78 H e 45
#. BBENTESUR B RE LS BRI ERAR DL, PHA BRI R B 454, At RE B B {E AL
UREEMNHPEEER. WTENEEAENAEE: (1) SETEREHLENSRBRT
JZEISEH; (2) fTEPAFICERFE SR R DK R Rz AR, 58— MRde
TR 2 A f 25T B A KR LR B A 4 i 4892, 88 /MR R A6 2
B, DRz E] R B R E AR e K BH R .

AR BRI i — RS EO R, BRIEDSRAYRE . E5 R
W, wE. B REL BRI IR T AR T R A

dp _ p(r)g(r) ~ dg _ 26m(r)
T e b oar e - =5 ¥
(2—7::47#2;)(7“) ; i—fZ—P(T)Q(T) : (4)

Her o(r) = Ko(r)/p(r) 2P RS T RR B S, K, SARERER, ¢ Z51Hh
W, r RETEFORERE.

R R SRR SGERR S R (Equation Of States, EOS) BERHE., B TITEREM
KBS, &4 2B P EERE =48 Birch-Murnaghan RS2 5, Fn b —MEFERE IR

Kr(p,300) = %{(mm - 53:5/3) x

(=) (72 3= ) (0~ )

KT(va) = KT(pa 300)+AKth(p=T) : (6)

(5)

Hep o 2BESREBNBEEZL, 2(r) = %; Kos00 « K{z00 TEES RO, WEHN
300 K By 225 FREE T 15 H iy SR R A FRAEEL

E B X HE PREM (Preliminary Reference Earth Model)3¢! | 22 Hi7EM 5 L. TirE
W, X TEEATE, A HBESETE LTS EAKE AR H.0 2, AR AN 2
W45k, N B YA R, &2 B R R BT BB UK R4 2L (Ice Mass Fraction,
IMF) J#% i 4340 (Core Mass Fraction, CMF) Y. BEFHT YIRS BIER, TER
M AERRER S D Pt i AT AL BB R, S IRA B, FEE N EE NS X
WAETE, BB NIRRT 4 R 15 TR -

AT(r) __plr)on)Tr)

(7)

dr K(r)
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BRI BRI R e /s, A R AR R/ NEEAT R R BRI A, B
B A AR A RE R By BT o nl ARG A Y B R AR S H 9,
It R AT E AL LBy Fe/si PO
4.2 TEXZESEHYERSHXHR
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KR, AR EFDEE -, e — MR, DRI 5 1T B B BT
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PATE (K >10%) , NFREARNAEAITRT P, mER K, TRl 1, 25,5, 75
1 10Mg BT ESEUL, XABERL5 510 6 600, 8 600, 10 400, 11 600 F11 12 200 km , X
—PNELE RN RIMTE, IR ERNE BN BRE, NERATREEESLINER
W, ECE RN E SRR TH B R TIREZKS.

Ehflie T —AEAREMNFREREL, EFAL, EETEENS W, X
FEREILTF—ERFTAT, W4T 2B KR/ADMNAT ERRERN WA RRK. 005
B 5Me WATE, TR ST BRI 0% B F] 85% B, FEREFT 2 &K i1 iH
(A 50% 2| 15%) , FEA LA AT E (11 350 km) . A X BRER 1Ms BI1T
BEORULNEE A AR, WEHfTES/KEXNTEERENEWMILEKDE, FLRAFERE
MPFAT TESKEL. MTRE 10Mg L, TEMNIENRK, TESKEZH
(>70%) , 1T EBEREE RS T BRI % (CMF) , Mk, TE1TEE S 8 Al
BRE (>70%), fTRSKEERREE Lk TITEERE. XERAWHEEEEZF
BX, MTENFRELE—SBE LSTREMTHEEMK. BERUE, 17TEERERN
ITETERDREYR TR 20N RREUR, BEERB HTESERY R KFK)
HEBEYR (TRZTHE) A,

4.3 HBENBHNRE - ¥EXF

IR, WG th2AT B R R R, —RRERER N B,

M, )0.262(170.138IMF)

Rp=(1+056HWEjR@(——

i , ®)

Hr Ry il My, 28T BA BRI R, Re 1 Mg EHBRAERMER. B 2 M2 T
M IMF XHiTEMREERER. mE 2 710, FHERAEKEES] 50% ITE, RREKH
BAEK 26% , ZEHH K BE.

PS5 R B HE T A — AT LU T T B AR 0 R B . & 2 R 22 765X
ANREREN, SrTLLEN R - R FZRAWIT ERDITURS .  X A BRER X T B2
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FesRuist 5% , TEATEBRNCY 10% . HATIETEZ & H 87 Kepler A1 HARPS-NEF I H B & &
RATLLSEBX — R
4.4 FHBLIFEMATER DRI

MW HZETHETI 7R, BT — D REX 73— R 5 8RR L& s 25171
HIZESe. WSO IRCEIAT B, XTENTRIE A AR EE W, TR
TERBFE VTR RIZY, BEE R Ima S, XA R AOY AR A A YR 102 R
TARRY B MPUERFE, W% MR IEEHAEE . ArRESE e ke ki),
HHRE AREGZ ),  Trilling 43 $81H, MAREEEA R A M ORI RIMTEICUL, W
AR RUE —E R T ENET EREREER, RRE MR/ OREIEF Y8 T
HRT. B, XEtT B gt a] RO 29 4 %10 4E.

TERBFIMTRES, KEBWHEROCERT 0.1, ERE 1M | 3 PXEmiTE,
WV R s 4y L 1946) AN, WOV A ST B ARG O, WY AUV X i Bk
R SE M R FEARZS 200, FTATI, ZECESER LA K OLiES), My e ARy 17 .

3/2 5

H— % (GM*)Q/PM*RP a~15/2e2 (9)
b G BITAGINWR, M. ZEEEFE, Re BITE¥R, Qp=3Qp/2k. Qp Mk
LY FERIS RN Love B, MIRKFEE AL, ST EMPUETHMHEKRR. HitXER
SMTEBAETE AT BF 2 e, AT RMPUERRAR, MW It AR, B R ETE
BRI, W% IR 3G, S BOREER W B ST EEE T EIE, &4
SR R R, BIEER AR R TR RILE . BN R o SRS B0,
DR LA PUE O e SITEIC/NE RN, 33K A B8] 2K 04 RH X 3R BE % B AT TR o ) 149 72 Ak 3ok
PUE TAT RS R, R, R, o« WR/NEBIEEMIER, BIBPINE o 78
RPCEHEIER VT —BRABILT, IR IR EEIGE N, B BN,

21

10

1020

1019

1018

T TR /W

1017

t /Ma

B3 GJ8T6 d i insah sy 147

L GJIST6 d Jg4l, fRi Qp A 100, kK 0.3(XRLE AT RS U9) Wi
EWOZE e H 0, R 0.001, 0.01, 003, 0.28 PUFHEA (B 0.28 1EK e AT AEAFIRBK
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BB, % R, ~ 10200 kmPY | FEFIX 4 AL 57R.0F, AHEITEZMAEEH, B 3 4H
T (9) FHEEwmR s, fJUEH, ENMERET, MR R T 7 4 ay it B
Bt 1019W , g alak 102°W , AS[E] 24 5O 2R 1 25 2 XK @ i3 R 2 iR g (E py B[] (2
TEREA 300 JT4RELAN) . HZERATH, W e e &3 rey. [[AE, T G1581 ¢ iy
KPIHERE, WAL T4 100 T BRI REHRE R PV, XRRT G581 ¢ Lt
PRATHL IR . 48R, —SRIEATIRE A M R HE RS WX — R, HBEETH, 8
YRV AE RAIMEMAT B b P AR AN, E2EE E2/EA.

5 KHAT BRI

5.1 EMITEXSHHAARREYERRR

FTERRSWBEATEE =figie: (1) NEBEZ R (2) WAL HE
B (3) JRERBES R, P, @1t (1) RRESETEREURNCRLE, &
AR E EXRIAT R R R A RFRERE, FORBREST B R B =P
SERIREST, BEET B R AP BA BAXFEE ST, (EaX i FORTE R 4 B = A i A
THERFBURE T . H, AMEZLERERMAT BN R P HE R, X 5
TERT YR E VIS, RERE AT R T YA AT B EL, BERT LA dy At i 3
WY A S A B, BRI TR Y EA, Al w17 2R RS
BRI H T k.

TEAEHBR LR A R FIAT B R, #EATAR ST SRR, TEX BB, BRRL
REAranrEicRD, BT REHE—RK. BRRBA F§E KBRS, TERRA
KRB, K& OH MEXIFER, A7 YRS OH LUKME AR, BRITERAL
R PSR E R AR 20% . SKZHHERCRB AR EEREEANTE, mEKD
R BRRLAR B A RE & B ek T 50% R BREER LS P2

T —FTEAT B AP A7 e B O A ERORCIR B A . BTSRRIk, BN R T
o5 e RAT B SRR AT B8R W RERR SRR R, Rl R AR R B AR . AE
BRECRBUA SRR, Bt R H B 3%, AHEEAREK P,

AT BN NI o JEABORCAR B 8 SO AR T . BRARHY RE LRI, 1T ARG
TEWRBUE AT B B T m LRI, Brilm&TRIRG T W, SNRITEEHMPIR,
TR SEBRA RSz P800 | (E e AT AR P SRR, A AE T RS i B )
e —FR KB BER a; —Fem&mek. FERIEFIRE S —&IMTEERNERY SIKA
J. X PR SR A R AT B R SRIR 2EAi
5.2 MMARERHIER MG R ERE

RIERFRO YT,  Elkins A RERIIE LI A WIS 55 —IRAT B d JEUAR B BROBCAR B
AT, T RFHKM SRR BN, EREAR; FRETERCED RHMZ, K
AAEBRRLIR A B M Y I 5 KRR Y, @IBTEEARS SR PO | MBI 5
WP — R AETREERUEH BRI —EER T RPN, AR, B,
4 AL
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Model I: 7B R HRVIYIIE: BPCRBUEG RAHRRFIESITE, REKE58RE
BREENR N ERKETFER, RYAYRES. PEERT, FTRBTEKFERZE, &8
E2WHET, XEKRESHREIRSH.

Model 11 = 47 B & WA R A K BHINE 7K. A F2 A Model I —H, HEE NA MRy
KSHRN, Ui EgmaEsait.

Model III: 7B R & 4> A% E BT AEBRR0IR LA SR AR S B 2T AT B IR AT
B L. RIRWE R ERL FReEmiRE BRI , METERNEL, T2
HAK S A HEANAT B M B R AT BRI

Model IV: 17 B LB 5 W40 i L K IR 7K. JAEBRBIR B A A & 3 s AL B A7 2
k. REGETEF Model IIT AL,  HUBTE A IR BB % IR INEy K 53

TE Model I 5 Model IT 1EHL T, LIpfbsea 2 KSR Y., Bril A%
BZH5RNEKRE, RS HHEEERMART. ek, JFRE 13 FERRCR B A B AL
STV, B REERREE. SREFK AT, RIS FIHITIHETLT.

Model IIT 5 Model IV #EHINIE 24—, BRETENBRER SHER. &2, KEX
l: SRAITEZR RSB ITTEREN —¥, SMHEERIETER, ITEBY YHHEES 5%
HERY) (BB RK) . BNHERIT RO T AR BMEE. SRR G RN
JEIRZ I L, X, A AR AR R W HER RS BT, FE TR R E 11
AT, #BEYNMAETRKAUSEKBFEENFETS. R AN Eme R ES
B T A SR A SRR KA AR B R R, SRS ARYE i SE IR AR SR A A A R BRI AN
BE, BN TPARR S A O EAE R R R AT B0, AN[E B 4 D\ R Ak W A
#) OH HEANMH, fTENTHEIEE R E T IREES A NIBKS i, MARHEREIR
SRR AR,

5.3 DRI EYHIIE KK AR5

TE Model I EHL T, FPAERRSAKMEIRESM, S0 b S M. XK 17
BEERVINSERILE. mETRERIEWSREED, 2ERE T UERRERITERZ, T2
KK HAKMESIBETE. A, SHRENITESKENED, ITREA RS2 H5RE R
B &RIT R, P M KESTEEAL N g i, 1T B RS &SR, X Model
ITATE DL, B FAEMIMEK, BFRERSREHSEEN, REMRE7ESITERE 6% WEAX.
TER BRRRLIRI A, B T/KRIE LIS, EE KEMR. FEBIrEMREER BRI
B, Xt ARE BBERBCR A i, KA FIRA B P 7E 0.1%~5% RIFTEFEZ [ B2, E 4
A Model I, Model I 1§80 FATEZ T W H 5K R, BFREARRRITERY
SBPZRR LA, PR AR AT R HE KR AW R 5. PR aRR
K. G RATHERN B B .

7€ Model III F1 Model IV #1800 T, FEE SR EFHEREIL, R A NIT E 8
KEH., X— BT ESMITERGT YRS, s EITEMREEE. BHh
AR E K S REBREL IR B SOK B L, TG & & HE & S E A 3G N G i,
KRENEETEFR R INmREM. FHit, RERKHITE, HITERT Y F KSR
Z. BR—FITEMY RS 5 KRHE R AT BAL, JAEAMTIESRRCRB A 8K,
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1TEZRE LG
B4 Model I, Model IT 1§ FATEM TR LA SRS H%FR 5O

FoeEHREA 10My , KARHED 0.2Mg 7KK, TEIEBRBLIRBA T, SKERZH0H S
HIREM 3% , @EENTIE 3% W—FREAZ], BEHASK 1% 58K 0.5% KA EHEN
%% Model IIT f1E 0. B 4 FTLAE H, XFMES 7R RSP S7K R E K Model T /MR
Z. BMfEmiL, R DRHBRATEN T . TR Rey WARSRISR I, &8s AT L
MINKBH RN EERS. R, FTREK 5% A1 10% By A 3R A R K i H . mE s
i, X TF—ABEN 10Mg . &FIEK 5% BATE, fEHE 0.3Mg H7K. W, B &R
IERMERY, oAt BRRERREMNKIEKRSRRE. 755 EaKigErrEidfidy, 4
70%~97% WIHER BRI RS A, R 0 OR BB AERERRERD ) B, B HER RS A iy Ho A3 2
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Internal Structure and Atmospheric Composition of Super-Earths

JIN Sheng!-2, JI Jiang-hui'

(1. Purple Mountain Observatory, Chinese Academy of Sciences, Nanjing 210008, China; 2. Graduate School of
Chinese Academy of Sciences, Beijing 100039, China)

Abstract: To date, more than 340 extrasolar planets have been discovered. These planets
exhibit a plethora of diversity and have already changed our understanding of planet formation.
The existence of massive terrestrial planets is predicted by planetary formation theory. Such
planets are also called “Super-Earth” due to their masses ranging from 1 to 10Mg. Due to the
improvements in detection methods, they are now explored through radial velocity technique.

Such planets do not exist in our solar system, so they are introducing a novel physical regime that
has never been investigated before. In this paper, we introduce a method by seeking the interior

of Super-Earths nowadays. Based on the internal structure of Earth, the model may divide
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the Super-Earth planets’ internal into several shells according to their composition. Chosen an
equation of state (EOS) in relation to density, pressure, and temperature within each layer, the
numerical model can solve the standard differential equations for density, pressure, mass, and
gravity structure under hydrostatic equilibrium. Then we present the latest results of current
research and depict the mass-radius of the Super-Earth planets. In addition, we also discuss
tidal heating effect on the terrestrial planet, i.e., GJ 876d. Planets may obtain atmospheres from
three main sources: capture from the nebula, degassing during accretion, and later degassing
from tectonic processes. Low-mass terrestrial planets are unable to capture and retain nebula
gases, so researchers focus on the range of atmospheric masses possible form degassing terrestrial-
analog materials in the planetary accretion process. The Atmospheric mass and composition for
terrestrial planets is closely related to the composition of a rocky planet. From the library of
meteorites that have fallen to Earth, we can build up several models corresponding to various
plausible starting compositions for planetary accretion and degassing. Herein we give a detailed
description of each model and major results. These outcomes show that degassing alone can create
a wide range of masses of planetary atmospheres. The initial atmospheric mass could range from
1% of the planet’s total mass or less to a few percent and even up to over 20% in extreme cases.
The initial atmosphere may be dominated by carbon compounds, hydrogen, or water, depending

on the composition of accreted materials and the presence or absence of a magma ocean.

Key words: extrasolar planet; terrestrial planets; equation of state; interiors; atmosphere



