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Abstract: Jupiter and Saturn, as the gas giants of our solar system, account for over 90% of the total mass beyond
the Sun and hold most of the system's angular momentum, playing a crucial role in the early history of the solar sys-
tem. During their formation, these planets captured vast amounts of material from the protoplanetary disk. Their in-
ternal structure and interior composition are fundamentally affected by material interaction, gravitational collapse,
and subsequent long-term thermal evolution. Exploring the interior structure of the gas giants provides critical in-
sights into several core questions in planetary sciences, including the conditions and evolutionary history of the pro-
tosolar nebula, the formation and evolution mechanisms of solar system planets, and the interior structure and evolu-

tion history of giant exoplanets. Furthermore, comparative studies between Jupiter and Saturn reveal important dif-
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ferences in their internal dynamics and evolutionary pathways, offering valuable benchmarks for understanding gi-
ant planets both within and beyond our solar system. Current research on the interior structure of the gas giants
primarily relies on external observational constraints such as gravity fields, magnetic fields, and atmospheric
properties. However, inferring the interior structure from these constraints is inherently a highly degenerate inver-
sion problem, depending on interior structural models, internal material properties, and calculations of planetary
shape and gravity fields. Modern approaches increasingly integrate multiple physical constraints by combining
gravity harmonics with magnetic field measurements and zonal wind profiles to reduce degeneracies in interior
models. In recent years, the Juno and Cassini spacecraft have conducted close orbital explorations of Jupiter and
Saturn, respectively, acquiring unprecedented high-precision gravity field data. Simultaneously, experimental and
theoretical research on the physical properties of hydrogen and helium under extreme temperature and pressure
conditions has achieved critical breakthroughs. With these in mind, this paper reviews the major exploration mis-
sions for Jupiter and Saturn and elaborates on the core aspects of interior modelling, such as theoretical calcula-
tions of planetary shapes and gravity fields, current knowledge of hydrogen/helium microphysical properties. The
research progress on the internal structures of Jupiter and Saturn is also summarized, showing some representative
frontier achievements.

Keywords: Jupiter; Saturn; gravity field; equation of state of hydrogen-helium; interior structure
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MISSIONS TO JUPITER

JUPITER ORBITERS

-
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J& CESA) Bk & &S B JCH 78 i %5 (Ulysses),
T 1992 £ 8 H LAZ) 38 Ji/A B WHOKRE, £
KEESEER)ZEE (Smith et al., 1992) . 24
JIRFE T RATE T RIS BRI R, B
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@ NASA missions

K1 KEFEHRMILSE (5] H ESA/Science & Exploration, https:/www.esa.int/Science Exploration/Space Science/Juice/A

history_of Jupiter_exploration_the journey to Juice)

Fig. 1 Exploration missions for Jupiter (from ESA/Science & Exploration)
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T Jy-Js SERGTHER AR B )5, X — B A
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2 ORGP PRI K T I 200, R 14 Je AT 55 45 oROR 3,
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1T E R OB A . AR LTS BAT E A4
WEEsEt, SRESE-&/EA% (non-metallic to
metallic transition, NMT) #a K145, iRV
FIRZAS 7 FE (equation of state, EOS), AN AN
FEVE O, AT 200 <A EAT B N HE
INFN EZE R 2 (Fortney et al., 2023; Howard et al.,
2023) .

S NMT B 50 A2 4 25 P T A 78 48 1) 28 i
M. HL7E 3 | AR AT, Wigner A1 Huntington (1935)
SEAHED S AH B R T REAEfE & )R AH. BEJS,  Steven-
son Al Salpeter (1977a, 1977b) & V¥ A i) NMT
A& EAT BN SO G, T H AR R
JIAFAE 2~4 Mbar. A1) NMT A7 & 4845
TR SRR TR AR, ZAHAR A
R ERAE G B ) SLEG I E L AN ] S
BFRMNGRMFEREER: ATy,
I EZ179 3000 K RIFLARSAE 1.4 Mbar [5 5645 F
KA NMT (Weir et al., 1996); T & & & & 5t
R B A5 RN R, MAR AT BE K AEAE 0.5 Mbar 1
TSI F (Celliers et al., 2000) . iX ff 2 57 ™ i
T R it R PR B S WA VR B B AT B 2% . Helled
S5 (2020) I AU B se g A B B ST e T
A, AHIREE RE 2 B, A X
S H AR ORI, HAHAS )RR S
G AR e A . BARE RS E R TR,
R HAE MW i & T AR, B TERBEAIR
JE .

EOS & —MERWE TR, EiRE—E
BT, YRR T B %S REZOR
S B ZHMEERR. EOS HISLIRHF 7 ik F 5
SRS MBI EAIE, T LN Ths
45 NtZ» (Loubeyre et al., 2002; Zaghoo et al., 2016),
Ja & LA v iy e 45 9 A3 (Hicks et al., 2009;
Knudson and Desjarlais, 2017; Li et al., 2023) . H &l
AN [ R SE BRI AS (7, CH AT S R iR s T B4
AEHE FEE TR & ESEE) B) EOS f#1E 7 B,
HAEL B R RAFAE T, S50 i ) i il FE e iz v T
AREFIWERE (Militzer et al., 2016) . HTFAEE
7 B N B il o PR AE DAAE S50 = 58 4 PR,
TS TR T VESRBUIRES 77 B AT B At 5 &
BREZE HITHEFEFRE S WL —REP
fIT7E GETENRD, @0l E S i E s 110

« Datchi et al., 2000 .

Subramanian et al., 2011
104t « Zhaetal., 2017
+ Dalladay-Simpson et al., 2016,

Dias et al., 2019
%ﬁ%ﬁ%ﬁ

v, —=—Weir et al., 1996
s

B0t gm ST

/ E A
. Knudsonetal.,ZOlS/ 9

e A S0 TR e
QMC-MD S L A
10° 10* 102 102 10" 1 10 10?
i F1/Mbar
K2 AR AR . R BRI . A A [ B
I 1 AR 3R M S 6 BB 7 v B 0 IR AL NMIT 45 1.
QMC-MD: & T 55 Rig-7 73 %N (518
Helled et al., 2020)

Fig. 2 The phase diagram of hydrogen and the temperature-

pressure profiles of Jupiter and Saturn, where points of
different colors represent the NMT conditions of hydro-
gen determined by experimental or simulation methods
(from Helled et al., 2020)

PR AR o FEUEFIRAEAEN, T H B
MU SR PESEEL AT 2% - (Saumon et al., 1995) . i%
J7EARELR EOS AL X 48 5 5256 45 R W) & 5 0F
H R % B X3 CAn&U ) NMIT AHAR X 3D b e 52
o M AFAE I B Am 22, DB E AL (Mazevet
etal,2022); 53— 2R ERBEIH GETYH
EIEO, AT PR 3dd B 5 5 - [ A BAE A,
ELRER M B E 15 7 FRASURL FIORAT A, 7
B35 B FEZ R o 130 /1% 38 (density function
theory molecular dynamics, DFT-MD) £l & T 5¢ #F
+ % 7775 (Quantum Monte Carlo, QMC) . 1% 5 i%
LREWSH, VEERE RN, & M4E7 EOS
PR TFE M R IT IR, 52 40875 7] 2 W, McMahon
25 (2012) HILHAR.
ERASEATE NI s, B ar2 80k
SHEREAY R (A, 420 SR, 4
HE. ZRGERN, HRHY EOS #4E 45
GBI e EI L. SIS EOS KR JIFEU T -
LR 2 IR SCYHOS [R]85 % B X 43815 o 1 45
SEIEE AR, fEARE. TR IPEIETT  IR T
A (Saumon et al., 1995); FETH —MEEITH
(1) MH13 1 A, 7 R B A ZIR G 1R RIFPANTERE
MRA RN, 2Bt E T ER E KRR (Mili-
tzer and Hubbard, 2013) . {BfEEER G — (UE
FrE A E ). IKEEHE (<0.1 Mbar) 78 & A
e, F5HAN EOS BAMEA. T4k, &l
EOS MR Byt 5RA M NAE I, AERMERE
fLFE: CMS19 (Chabrier et al., 2019) R 4> Bt 9t
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7, REX (745D W SCvH9S ¥ . HEIX
(] Mbar E2%) K Caillabet % (2011) K% ¥
B f 2Rl g B . K X R Chabrier 1 Pote-
khin (1998) [ 8% 55 & 7B 8L, MLS22 /E N
CMS19 WIS BT AR AL, — B4 1 Hh IR X 1) %L
5 1) 4 {0 B AN A (S FE (Mazevet et al., 2022);
MGF16+MH13 5 CD21 ¥#J2& T MHI13 ¥ &, Hi#&
B & TR A RN [ 4 A EOS 5 SCHOS Hf £ 1M ik
(Migueletal., 2016), Ja#& NE#HHEN SN CMS19
( Chabrier and Debras, 2021) ; REOS ( Nettel-
mann et al., 2008) VLK JG 2RI HTAR A (Becker et
al,, 2014) #52 2 BPHE A EE, AR FVEAEER.
FREETAFEIESRBURES TR, HARRE X35
(1% 5 55 6 e B 3 Bos. gl &) BOS #fF 7t
FIAERR R T 8 R SEI0 T O d i 3 A5 TR 4
BAS M S F BOREUT X B A EE (Eggert et
al., 2008; Loubeyre et al., 1982), P it J TH 75 #4 &
T AR WIRE T G R R, 0 iR SCvH95.
CMS19 Al REOS 42t 1 4021 EOS ## £ 4%
AAAME 8D RIBTEAT BN iR
JEMET, WERAMAZAKRSARIENES
AHANE Z A (Salpeter, 1973) . HABUMALHI A : Mo
BEWSHE D TS BEFERE T, S
FEAEH MR G IR AH R SR, X —
KR RI FEUR T T AR Y () 2 S . U
ARG L TR LA CHARE” IR,
B 4 2 B 5 S R B K T LA U 1 K P e 4
e, FEREEIA (Low, 1966) . Stevenson Fl
Salpeter (1977a, 1977b) 4 ZAH 53 B8 (W7 14 i

0.95 + — MGF16+MHI13 --- CMS19

—- MHI3* MLS22
090 — CD21 — CMS19 w/NIE
z SCvH93 MLS22 w/NIE
5 0.85
s
50801
g
& 075¢
& 070
Bt
0.65 |
/
0.60 | , . . .
107 107 107! 10° 10!

P/Mbar
K3 AFRRETTEN RS EE R R, 2T EEE O
[ 5 AL, SFJE Y=0.245, wNIE KR FHEA
ZAFEAER A ROR (5] H Howard, 2023)
Fig. 3 Adiabats obtained from different EOSs and correspond-
ing to a homogeneous model, with no compact core,
with Y= 0.245 (from Howard, 2023)

MANBISEATERNEMTE, 8 “R
M7 R B SR NE R SR R T A
WERUTRE, BB 51 IR kb 78 1 AH R I 8 A A i
W, ARZ OB SR RIS, T a1 5%
TR e S A SRR %A, (HR R A
FA A7y BRI AR e, B Rk A
PN IR R 2% #F - (Hubbard and DeWitt, 1985; Pfaf-
fenzeller et al., 1995) . 55—V R 3 TH R A & e 45
TAZA IR, R A S S BT TN R R
i £k 2 € 4 fiff 7. Lorenzen %5 (2009, 2011) %
DFT-MD #i#ll, 53] 1~24 Mbar JE /] FAF &R F
FER) Ay B HHZE L0911, HIRREL Rimm, T4
15 FE w2 74 gE VL FEE AT &2 WM ; Morales 55 (20009,
2013) FEVFE A E KB R & RN, 1935
I 7 B, AESZBR T 5K PH & 2= 205 2 L 1) [
FELIH; Schéttler A1 Redmer (2018a, 2018b) 5
TOABAE T W Kz oR, 15 BRI EAR VR & RS
ERATRILE /B2 SR18, L6 YR AL,
RUEHR T RS HE R, HIX B4 A7 T I S50 Pk
fi%: Brygoo 5 (2021) HHiMmELE ER, A
FE Y=0.33 {5 EEE L SR18 FRS{HRZ) 2000 K,
mE G MR, —HN AR (EHE R
LK 4) | RTFEEMSEEZ40 S I Arevalo
2 (2024) WE BT

— ‘
Bryebo et al. 20201 1=0033) T

______________

i

WE/(10° K)
(=)}
|

f=l
|38
N
-
o0
=

F&J1/Mbar
K4 e ANFEEAR T i T A SRR I I 2k DL 58T Y
e S B (51 H Arevalo et al., 2024)
Fig. 4 The hydrogen-helium miscibility curves calculated by
different theoretical methods, as well as the latest high-

pressure shock experiment data (from Arevalo et al.,
2024)
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BB M0 DL AR A T7 R B TS SR
HATx AR ZEM RN H R — RFIIGR. T
SR I 1) 5 7359 1B A 22 5 4 2 ik 7 Do R
ESS Ao g prid

3.1 PISHRESENGRIEME: NS

3.1.1 REWNHEN

Jeffreys (1924) 1224 BEAT & BB 78 b HULAS
TREIMER M, HIRELERERE OREEE5H)
FRER) SHPBENEERE L CHEHY
AT R NS (e s R i
M 0.4), 456 WA AR mE, #HFH
KEH—LEEFREL 0265, BELEESLAE NEE
TEAEBERERE (ARSI . ik — B 4 ) i
WEL, WEHT AT LB E, DAKTA
TR UK ZE S A B E” X — AT,
SAERKEPYEERESHREEE, 540 DA
BMEA. RSN oK TEENILE, WS
KESNZEBEHEMAM L. T, Jeffreys 145
TEANREZRGWBER: BN R IMEON A A%
O KKERANS A AR, K a2 5,
2 AT BRI 9%, VKEZE 25%, HR2EHN
B AL TE Y BE SR 35 % 5 R0 B 15 = 1
TEOLT, X AR AR PS5 1 I S R 2 . 20 tH
72 50 AR 70 FARW), AR R N EEIN R K
AR AE Wildt (1947) T 61800 #r 45 SRALE
WARENEA S ES)S, Demarcus (1958) #F—3
P KRB ML T ERFE 2% B L
MAEHAINNEAWZ R AR H S K
PHAHIE, A& S 78%. &AM & b
20%, HZ A BERER RS I aE T (R
=rTED .5 Demarcus WS ANEZ, Peebles (1964)
PE AR AR T AT A EL AT AR A S &, R
AR, FIRE R AR &b ¥ SR 4.
X AR L AR IR L AN U o B P A A R
BEARLMESE, AT — PRI ESEATE A
() I AR 5 iE (Low, 1966) . 4% & It Al Wigner Al
Huntington 2 T &AHE HH &R AHRIAG A8, X — i
Wi ARy AE PN N TAMR IO EUCEZ G 4
BEEMGFEZE, AFEREXRAE LS Z E R
5.

20 el 70 FEAR ZE 21 ], BARE NI

HIRA B S BEPT B, X — i, eIk 5. RITH
Ty ARG S SRS BRINAT S 3R A T 135 Wi
KA B4 O B0PE  (Hall, 1983; Young, 1998),
] B S WA P A S AR R, LRSS S
AEATE NG BT K. YA T I,
Smoluchowski (1967) LA Salpeter (1973) 4k
e “REANTTRAEZAN TR [EAFRY
SATBEREAEER, FHEARELESES
My FRAER 2N EE %R B, Stevenson
Salpeter (1977a, 1977b) ¥ & S AR A 9N 1 AL A
B, HAF A SRR A AR B2 AT e i AR
A B WA JE B 3K — I 4k (R B 5 2R SR
FESUESE: HORBUR R SR AL & o, KA
KA 20 & H A AR T B K BH 2 = 1) 2 &= E
(Von Zahn et al., 1998) . MG, K& W45/
FFEAAF LS N R AMRIN L B
AMEREAEU R AN TEAZE OrEE LK S5
Y NEESS IV e S DI =R S 2 T e S DN B 2 T
REHZOKD, HILRSE&ASAMER ORI
. LRI SO0 R A O AL T T 10~30 fi
HhER T # 2 [7] (Stevenson, 1982) . H 20 {40 80 4=
RIFUG, A FBEIT B T 0 SR 22 X3 R A ] 25
(Hubbard and Marley, 1989). =% T AFPKRE T
& (Zharkov and Gudkova, 1992) X} AR E#% O Jfi &
Pl S RERA T 0~12 sk E 2 0], SEMKT
IR 45 R (Fortney and Nettelmann, 2010),

N
~165K .
1b
o 4FH,
+ A
\ ~135K

~6500 K 1 bar

1~2 Mbar 4+ FH,
~6500 K
1~2 Mbar

~25000 K ~10000 K

40 Mbar 10 Mbar

K5 RESEENEEZ SRR E SRR AL S
JEARGER A 0 D5 s R A B R 70 2 ) A 5
¥ (5] H Helled et al., 2020)

Fig. 5 Sketches of internal structures of Jupiter and Saturn.
Left side of each diagram: traditional layered structure.
Right side of each diagram: Deep interiors with diluted

core and composition gradients (from Helled et al.,
2020)
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FH OGO o B I HE T 45 SR 7 LT 6. IX— P B, &
A BOS MM HEAZ BEAT B0 7 U8R i i T 4
mr, DL SRR SCvH9S N A& AT 72 (Saumon
and Guillot, 2004) . 1% #AHE 7 LA Guillot (1999a,
1999b) W TAFE RIS, 2T SCvHOS & TS
=B, SRR NHITRT KA.
HAF L REL I KREZOTREN T 0~10 5k
i h, EnREREVESRICES, Bk
HILRFENANT 11~42 {5 ERF B2 (A

Ok . . pm = .0 e
1970 1980 1990 2000 2010 2020
Ay
Ble 1 202 70 ALK, AS[E) A A 4 iy ) K 2
oL (51 H Howard et al., 2023)
Fig. 6 Inferred core masses from different Jupiter interior mod-
els since the early 1970s (from Howard et al., 2023)

HE 21 HEy), F—rEEETEAEMADES
RRLADL AT A R, A RS A AL it T o
ZARe. (HTE AT, X —F B AR N A%
OINHIFR R AR A, 5L Guillot #2 1) =
J2 45 R R Sy FE U . Nettelmann 25 (2008) B KK
BT KRB &1 73 71% (QMD) il g
IR ZRA 5 FE (LM-REOS, #HHA. 2. K)
BLHTARENIOET, 520K 2% 00 & AT
7 fE W Hh R i X — 450 H O F AR H-REOS.2
Gk PR R R SREX D i —2
T BT AR R A% 0 I LE 10 5 Hi3k
FREUN, HEREAFTHELRSERER THT
42 (Nettelmann et al., 2012) . Leconte 1 Chabrier
(2012) H—Hfat, KESRABZEPEITLESM
AIREFEAIY S, X R A6 B 2 3 R BE X IR FF
BT BOAL, 5 EOK B P S R ) i 5 4 G 4
P, Kt gs R, ASETENETRS
0] AE L AT AR R 30%~60%, TAE f+ 21
U TR TN, S A A A ) TR B R A
>, Hubbard 1 Militzer (2016) % MHI13 RS
T, AN RIESIAT B P8 o A 53
AR, SRR Y 12 A HER R 2 B

e, LK &RFELINERI 3 AR EEN
% Miguel 5 (2016) KHA[F EOS FF Xt LUt T,
R 1R RS T FE 5 by R 48 SE IS B ) A
EEA R E T REEER, 2FBREN
HAREA S, B E TR R RN,
T REOS3b HIZ5 5% NAE N BRI = T SCVHIS,
BLRENT 7~16 53k &2 18], & T Nettel-
mann %5 (2012) KIBFFE4E 9 JF SCvH9S i 4:
SRNE R ) BE IR, B AR 1) TN R BUE % s
T MH13+ SCvH95 (iK% & % | SCvH95 %k,
TEILHTSCRUR ) HISE RECEZ L& EIREK, At
T 11~17 5 Bk 7 & 2 [A], 5 Hubbard A1 Mil-
itzer (2016) AL ILME—EL.

XA P S A I B R IN RN GG T 2016 F AT
SR B GERIAT 55, HSREU T AR AT A A 1)
R B IR, AR P IR SR TR SR DG
Z)% (Bolton etal., 2017b; Durante et al., 2020; Folkner
etal., 2017; Iess et al., 2018) . & T 2R %5 AT BRI
AR BRI B E ) 8%, Wahl 5 (2017) UFSE:
FIN—AN AR AT R A0 Y LB R R, A A
TR E S B 15 J-Jg (I B 45 5 5 7 i R Y
A JE. T2, MR AZ & JFHE Wahl &85
U, FLE 20 tHheg 80 EARE A WA “OR
B 7 BIME S (Stevenson, 1982, 1985), Ri% 5
PRI S RN — P e T IX—% 4 OREEILE 5
KEXSMIA ) . FrigweE, ZEAREZK
OHARQEZHEW R, EruRESEA AR
TR A o3 A IR A A M 2 LU AT B AR Al B TR
B, A7 R AR R s A 2 o R B T
SREAF, RAFHILOWIEDAZ0, (2R
JE & %0 ( Wilson and Militzer, 2012a, 2012b) . 5
Guillot PIARE = EAEBYAE], (1) 25 PR B AT Ji7 A
UG EITIEIN T ROBARZ X, AT R B0
IWAHEEEZG (EHETCRABD DLW
5] R R 22 T B B AZ B R 1R ) MHI3 IRZS 7 7%,
Wahl 5 (2017) BB EERER, KEZOEITT
RN T 10~24 (5 HER R & 2 5. M5 T35
BRI R &, TEZOECRAREEM, A
A EHEICEE D, Vazan & (2018) AN,
A ER AR T e BRI K B o s B T S2 i), &
AR R, M RTFE 2 ENRAAET K
S #F. Debras Al Chabrier (2019) 5!, 2 [& i}
VERC A 18 5 IR 2 3 PR 0B A fn R g = oK< 4
BEENE, 7 TEARIEE&BEAQEZRTFE
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CRNIEIEX 7 DA A, X — AT d
HIGER FEAEZ XA A BRI, Ni (2019) T
VRS TR, MR CEA. VKO BiE
s A IR, KRR O K E IR B E N
HAAMNRIE S ARL RSN ERBR Y, Py I
. FTRERIME R SRR, A, el —
B T AEMRS TR TR R . BT
MHI13+SCvH95. REOS3b. SCvHO5 IR 75 F2 1 %
AR, N0 E IR E RN T 5~32 £
HOER T B2 8], T CMS19 [ S i 45 56 I 1 4%
OEICR AR RN, AT 3~12 fEHER T & 2 (8]
Nettelmann 25 (2021) @it PY 2 &5 R 7R 2
WS, KT EREST TEARITEITRFEANNE
A RE RN 325 A5 5 ) I 0 AR B 5 NAR
DU R B . AR X — AR 3E O, AATTHR
FRIBTERE R T 2. — AL E JIHE J, SBUs i By
X ok v B R A AR Xk (R 0 J2 TV 1D 8 48 FAt P
BT s T AEAE 10~100 GPa [X 8] A X & 2 46 44 ih
LHATIREEBIE GRBEE-KECR) . MA1E
fath, HATE 1 bar K74 i & 1 R g
S, BRSMWEEEIR[ER/FE, REX—
TR P ) T 5 A W F & . Militzer 25 (2022) A
FONNAR B RAZBE M 24T B 120 63%, HN
AT BEAFAE ML XTI LS (S EEE
EES5WmBEZX), “HRRE S E XIS, ik,
HIETE 10~100 GPa J& /7 [X [] P % B A [F] %5 B 42
IE, RESTFARIPETRFE, #—PiuEsk
7 Nettelmann 5 (2021) W 5T 45 18 . Miguel 55
(2022) RFAMBAIZAERIBE—BEsE, KESAH
BEHRETLESMAALLNE, SEAFNETRE
ERERS T TERS: FANE T ARESEZ O
& EIR/ANT 7 5 BRI &, 124518 5IRE TR
TR AR AZ SR AR 2R 2 U ) T A R R R SR TR
FE, 1 bar K IR BB T 165~182 K 2 [h], #%
A v TR 5 BRI 45 SR E R o AN 2 AR
SR A T REAR R AR AL 1 bar AR IR E
(Fletcher et al., 2020) . Gupta 25 (2022) XiRAiT#
5 IO LR R R B I R R I, R TR R
MEAE T =2 4K KRR E A7 B 4 X 3,
OO R Gt e R TR A T, A OB AT A7
TR Z A E . JLAh, A 23 T AFRRES
T (Helled et al., 2020) B% 2 &5/ (Mili-
tzer and Hubbard, 2024) T AR N E 5 1) 5347

3.1.2 R NERLER

RN TR S REmERE, H

B S5 MY (1% O HESRYR T Stevenson F1 Salpeter

(1977a, 1977b) £ 20 42 70 FAK NS IEEAT
N IRE R AT T RN T, 5K 2 AT ge Ak
TR EREEAR, “ZWN” &L ENTL
M5 RIENZORE, ERAEH “BHTE”
PR e L BN AR SR EMIE: HN
FAMRICAEUEZ L. SafeBE0E. 3TAN
s rEAE, (B4R NS A AR U 5 A
.

RUG R SRWALSS LART, B KE & 13915

B R | RAT 5 PRI A (0T PR B R PR

(Campbell and Anderson, 1989) . T H A% #E24)

. Guillot (1999a, 1999b) LUbrit: = 2 £ B %y
Rl OrBEIILE S HREXMMN D), 46
SCVHOS MR 77 B2 FF J&& -1 B P9 B 5. F 45 R 3R
B, LEZOEEANT 0~22 FHHE &2 6,
BARE LR E N T 19~31 5 HUER T &= Ju .
Saumon FI Guillot (2004) HF— 5 S fl s i H1— 5k
MDHCRE TR RR, 8 S A RS TT
M LR NN, KIS FPIRA TT 2 HEWT ) £
BOFREFEANT 9~22 FHERT &2 8], BEK
HIGRREN T 13~28 Gk &N, T+
EJRERUN, EEXIES EAL, TR NI ER
RETT BRI LA, BUAATA Y L E O R
SRR E U R TR LR = TR 2. Leconte
A Chabrier (2012) BE— BT HRA 2 N #4x)
EAE, RHETCREAACEN MY
SR BON L. F g R R L EZ O EAN
T 10~21 fEth BRI E 2 [A], ITEREHETRTE
AbF 26~50 fEHER R R VA N, &35 = T AT
FAR.

RAE R 5X + ERNHRGIRNAKIL 13 4,
HAEH RS /AR50, A B 13 M B AR IR
AESREUEC N AERAAKFT 8 /%8 (Fortney et al., 2018;
Jacobson et al., 2006) . K#IX LEYIHE IR, — R Y
FH W 9T 9 [7) 25 B IF. Nettelmann &5 (2013) EE T
SRR, SR A FRRES 7 R R R N
FEobr. i RE . BT LM-REOS i+ H 15 3|
MZORENT 0~17FHER T & 2 (A, BT
Sesame-EOS 5 SCvH-i EOS 5 13 2 {1 4% /0 it &
T 0~20 £ Hu Bk 5T £ 2 [H]. -4 5 Sesame-EOS
5 SCvH-i EOS R 45 RE R 7 F AR K
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SEFEEE TRHEREFERE, ExRaAENT EHBTENZOEITLEREN T 12~18 fFHuEk

25~30 fEHhER R 2 )5 B — PR B TR LM-
REOS ML BIR, HFARAP KR EFE
PR 3K, EINRORETE 16~20 5
Bk )i B LN . Helled A1 Guillot (2013) 7£ = 245 #)
PEALEER b, RN ZE AW R R, &
J1H AN AR RS B R . R R
(AN A 1 2 0 3 s oA O i B R L TG 3R R i
AW, T RO E AR T 5~20 fFHEk R &
Z 0, H5EEMYEFAEYIMG: M EE I
KO RETRFERRIR), A0 R B,

RV JE K& JRAE S 3RA T R ARA LB m ks
D3 %E, TS R YRR ST R AR
FUHIEE AN E R (Tess et al, 2019) . HE T EEH R
Z1R, Militzer 25 (2019) #4742 U JZ 25 M p
B OREEILE S EEXRA S, HETTR
RPN SO R 3. — R R T A T e A 1
MO 2 F AR, AR Z B 7 R %,
=RFET Morales 28 (2013) EZAHEINRE S
Pr. AR AR LY LR OE 15~18 %
HERRRGEN, AACETECERENT
1.5~5 fshER R 2 (6] 454 F 1 RRAT B W %1
ZIP, SR T SEBARICE M B IRE H A
A 10:33:34 hr = 55's, %45 5 Helled & (2015)
S 45 5 DL K Mankovich 28 (2019) FR7E 22 97 45
RIEAR—F NI (2020a) FETHRAZ SRR (H
WIRAMRICAEUE . WX . SEEEE K
HTEME, HARWT IR R 5
TA-& A 02D T 0 KT AT RO, &
BT T ASFPIRAS 7 2 SR 2 3% F BT 1 B P
W RS T FE M : KA MHI13+SCvH Ak

B A), KR ITER YRR 1.5~
13.0 f%; K H REOS3b R & 77 f it % 0 &
TCRENT 13~19 5K ), BAARE
TLRFENRHEER 12.0~13.5 f5. £ N FBLEH
B, AR A B ISR NS5, &=
UM B OB A AT T 28 SR . ORI A S R
BN, AR R T 45 UK R E TR FEM
BUMRZ LR ERAKH B AsOE T, R
DLHAH B S JeAh, B s S LRI R
WAL L NFBLEH (French et al., 2021; Hedman
et al., 2018; Mankovich, 2020; Mankovich and Fuller,
2021), FEALEWSHTHATAEA -, LEZK
OHAZRE BRI X S I IR EH A AR R
TE TN EHRHIE, T B LT B AR 60% P L. K 1
KRGS TR oy B ARG 2 A 0 5 M R HE B 1)
HuRSE. ROREICEREER. Bl
N BN RS A FAMR OO &
JBREME . AW XI5 F 2R
1, FURERES TAEMEGBREZZ HE AR
B ERE 2R, HouR BRI,
A ) BT, X — AT AT RE S T AT B R
USSR RN AL DI R

32 ENGBIEESHNZRCABEER

IRAF TR ZARFEW A T RS E D3 R
IR R, EERARX . SEM S SRR
Gt CLRANFRIJTIESREU EOS, A B 4775 5 3 A
SEME CHRTSCAGR) | IX 51K T NATTXE A 5 45 #4 i
T — % BRI E A O &S T FE iy >k
(AN T, DA B 3R, 2R

K1 FETHRREL R NSRRI E TR O E ., 0TRSO R A (TR SAL HEREUE, AR,

H—f R 3

Table 1 Inferred total heavy-element mass, core masses, and core radii from different Saturn interior models

AT TAE IR ST W i [N (W1
Leconte and Chabrier, 2012 26~50 10~21 0.2~0.3 @A
Nettelmann et al., 2013 17~27 0~20 0~0.2 HUER
Helled and Guillot, 2013 5~35 5~20 ~0.2 HEW
Militzer et al., 2019 18~22 15~18 0.19~0.23 E A
Movshovitz et al., 2020 24~32 - - ZRUG AR, T
Ni, 2020a 16.5~19.5 12~18 - BN AR
Mankovich and Fuller, 2021 23~26 20~24 0.33~0.36 WAz

@ BEAFBNAE. LENTEHFARSHEEELN, FESAEERI AR,
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Anderson I Schubert (2007) F{XMK#H 6 X%
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J1H J-Jg FINERIL A 2R 3 T gt S &
Z BOS [ A i, 81 2 1 =Ur) i 1 2 B 3 T
FAEAT RN AT RE B FE o0 A, JRHR el 1 L2
ZAHAE S A B DL IR E I E L E 2R Helled 55
(2009) H& TR0 1) s -5 FE 9% B MG 1 B2 AL
B, R RN A E S JFORH A
TRFF—3, HAHEITRDTENT 6~20 fFHER
JREEE N G —PEd S A g L R
W FE RN, 456 8 135 547 B IR RER I,
e H IR B B 2 A AE 10 h 32 min 45446 s
(Helled et al., 2015) . Movshovitz 2§ (2020) #ZH
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JEA T 24~32 A ML ER BT B 2 1] Ni (2018) 1
Anderson Il Schubert (2007) FJWFFFEEME F, 3F—
WRE TR RE R, TR SRR
AR, RECT KRB N AT RER % BRI, RN
TR B () e S4B B RN R B B (R 9 R B K, TT LA
H—PAWAREZ O (R E, FET3R
VL Fh o2 51 TR0 @ A AR i 0 21, 4RI TR A
WIBZE: EOS, KIMAMNZ R Z AR S &8 A0
BRI E R ER T, X R IE AR E N
A > B R BRI, Rl 4 R A
E&EFEE RIS FEKHEEZFREM 11~13 £%,
KRN E TR T &R AT I M AN B
BERZBSEME T F 71304 (N1, 2020b) . fH5R7F
P, RPUX PRIk -5 AN O R Py

—400 0 400
2 K/ (ms™)

-100 0 100 200 300 400
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K7 RESEEBG AL 8 L0 B2 THURGH R AL X FR G54, 18 0 2o B g b SR R4 44 (51 Kaspi et al.,

2020)

Fig. 7 The zonal wind profile of Jupiter (left) and Saturn (right), divided in the bottom panels into the north-south symmetric (black)

and anti-symmetric (orange) parts (from Kaspi et al., 2020)
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R TR F RN, RIKEEWR
RO T B R 1%E (Neuenschwander and Helled,
2022) .

4 g R

Wt B R B A FE R 2258 T, BERT R 27870
ESE PNz Pk VAL L YN S AL
(¥ e g . ST AR AN B RS AR IX — 4
ik, AR R X AR A TRt P AT S8 — 1 IR Be b,
1 37 A RE S AT B K2 5 BE e AT RRALE Xt
= KB AT BUBHE AR, IR SRR A F AR
TRERM AT AEEAT BN ESHBTTT, T30k ED
JEFF .

41 ETEXSZNFEHFMNE

KIS ARE . LR R EEEUWMEREH, W
FUT BIAFAE R RER A 2, HA RS X E
FEEEZEZR, BAEXRIHKRZ QBT (L
D BARKRE, REFANFIREDHEE 6 LR
W, B RGEHBLAEIRLS 20°0ia, AEX T KA R
GELLL [ 7 33 O 5 WG AT 140 m/s;  7RiE [X 4535
NEPRZRRER, Mg 100 m/s (Tollefson
etal,2017) . £ENIERL T EREHRIpLiH, EE
S rg AL 2h 30°JE Bl A, S K XUEGE I 400 m/s
(Garcia-Melendo et al., 2011) . &%} iX — 5% 4 7] X\
gy, W PR T B BT L B —
PN FL S AT EAHAL, e I n] LAIK ) 2R 70
] SR, AHAH B Bh ) 5 R AR R T AT Bk 2
(Chemke and Kaspi, 2015; Showman, 2007); 2 —
T DUIA S 000 281 P A AR AT R N iR A R A AE R
Z W EH AR (Heimpel et al., 2016; Wicht et al.,
2019) . PIARMBIFERAFAE L, AR EIRTAT 2
KAEWERS) 15 2 1852 2% FIAREE L.
25T K37 (1) 2 ELA5 MRAE, B AT ) g
SRAREHNARKEZE (UnZ) R30I E
(Atkinson et al., 1996) . &5 IR, 1 bar & J1/KF
JRUE K 80 m/s, & 4 bar FHEINE 160 m/s, 15X
HARFHEE, HZ 24 bar RN B R EES. At
ARSI H, ZKSIRE ATREEA AR E N ER R “F4
R, AR &S R B0 AR A B = AR 1

K3 R E (Showman and Dowling, 2000) . Dowl-
ing Ml Ingersoll (1988) it . 2= % I (B FE WL
HEWTE S X T 7 AR AR 26 1m) X AH SS90 ) FH
BOAR &, HEWT = T2 R Y A7 AR IR 2 26 ) R
(Conrath et al., 1981; Gierasch et al., 1986) . ZR1fi,
X LA I () KRR PR TAT B2 2R 0 1% LA, A
DA X7 1 52 o a8 Al tH 32— 2P 2 o). X — SR T )
R, 1Fa1 TR S 5758 5 RIZRET) &k B
. A R AR, JE AT B AR
SERL 3 AT R B R 13 B . RS EATE
FEBRITRM R EAR, XEWRKEh )
I RR G R B BB AT 1 R, AT R
HiAT BB YR A RER 24T BN ERR AL,
DI RIX — 2. ST AT N A R 1 4
W BE O R 3 8, X SR ) I LA O R
AT P 45 44 (¥ B ELEA Y. Hubbard (1999) F8iH, #
R B2 R 1) ) 2 [ g B SRR B IR A S5 4, R
KER RG] R B FE AR B R shas TuEk, wT
TR 25 SR 5 WA e e AR & 12 56 M AT R
J1 22 R RAE. BT, MREBRMANE Y
THREMITE L ZA PR MR BN/
S PR A O B o R Y T R [ A 38 A e, X PR AL
PRI gk n] CLE S e, HIERATIRE G 8
22 50 55 AR RO AR BR 57 (Militzer et al., 2019; Net-
telmann, 2020; Wisdom and Hubbard, 2016) . E i
5, ZEREENFH R TR S SR E B mTEAR, AT
BB T AR F R FE 43 AT 22 B 2 U B L EHF i )
fiiy, BTSN E S 3 TE L B RO R MR R 4 )
XT38 ) e e i AL B 335 51 A— BB I, & Bk
B R IT RE B - A TT AR, WBGE I B 46 1)
T H & R IE, BEmvhE 4 iy 5 5
18 #& vT Mk (Cao et al., 2023; Galanti and Kaspi,
2016; Kong et al., 2016) . ¥l KZHAEETEN
E A T T T, EDRIES E i s A
gy (AR GEREERS)D, LS8R
NN, A, KRESEME N RS RE
N T HE I LA X B (less et al., 2018,
2019) . T WM K iAAT R E A 2
H R AR, B DAAT R ) 6 SR T 46 Tn) i DT
Bk, ET AT LAAR = 2 R 7 4 IR EEAE B B
2 B U AT RS, S5 &R E R
gh, KPR RAS BEAT B I E 1n) KR FE 384T 1 2

@ AR ARG A Fe 3T HMZ A R WIS 5 50 30, B BR R SRS 2R AN A 9 h 55 min 29.7 s. %56 WS 5 B R TS e 7 A S A Bk Py 52

WA, IR R AL IRZE N AR B HRES.
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W AR N B KRB PR 11 4E 2000~3500 km, + /2
PN 35 U] 4E {25 £ 9000~10000 km ( Galanti et al.,
2019; Guillot et al., 2018; Iess et al., 2019; Kaspi et al.,
2018) . #Rifi, Kong % (2018) WIRKIL, HKES
TR 2 AR 1) R A6 0 ANt o PR L N 5 B AR R
MR AR B AT RE S, X85 78R 7RO )
ot S A 1) GGR P R AR M — 1k G ARk, AT
FAR AT DARE T W7 WLk 43 1) UIR B2 3R A1 AR
W A2 A RAE AR AT B A T X, L ETY)
B AN eIl BRI AT B S, INITAERE,
I W0 B4 AR AR B WS 5 (Cao and Stevenson,
2017) . FTRW S HRIEE S Mk R HHL Iz I,
O TAER AR AL R KRR T AL T 5
1213 (Wicht and Christensen, 2024), N % ¥
Wl SO IR TR T B R AR

42 ZFRMEARSTSEITENIBLEH

WNHTSCTIR, i RS EAT ERED R
AT UK MERMIR (A&l 8 o), KIS 13
5 R UL e B R N HL A B A LA T IRIR R B
SGREEE, PR REAMER S W B L R T BUK
NMECH AR EE D ). BHAT, . WAL
LR R S A TEIZ L N B RS EAT B A Bl 4SS
FBIE E. e S AB R AT 9T A2 20 SRAT J2 A 31 S5 0 A 14
LW TE, HEZOREREN BT B A R mE
KN, SHE P B R R A% [0 20 A RS, AR, <A
EAT 2 R [ R i HL N SR Ie shim ik, &
HMEPEI 5 1 KR HERIXFE 2R34T 2 . Helled 55
(2011) Wt idie 7R S HUR S EAR R
SRR AR AT BENE. W17 Wi 2 24 SR8 R AT AT A2 0 A
B85 S BB Wi SRR SRR SR 454, %L PR
DI i IRAB. A GEITER Y I8 R B S W) R AT

P/Mbar

~70 40 30 20 10 4 210410°
6F R — o o 0o
3
5+
3
§4-ﬁﬂ
B =1 £y iz
b= 1 2Tk
=
sm 2
R
1
0 1 1
0 0.2 0.4 0.6 0.8 1.0
IR CEEIEAR)

K8 ARERHEHTTEE S (5] H Nettelmann, 2009)
Fig. 8 Contribution functions of the gravitational moments of
Jupiter (from Nettelmann, 2009)

BEINFHSER, A5 EETEJLRILEM. Lainey
& (2017) EIRMNRIEES B s h e 7+
W I8 R by JE SRR X 2 Rk AT T
1 (Lainey et al., 2020) . A5 BB FEIFE & A0 T AR
BRI 1% RBER N 45 R (Durante et al., 2020; Iess
et al., 2018) . AHICAL 2 [ BA T 4R 4K 15 1) H %% 3
R i B A 0 U R B RO B N B A R T e
(Ni, 2018) . S ¥fr it Fadk — AR 7 i |32 4 g 22 3))
JIEAV T, S A ZE AR AR P X A Ok 4 25 4
U (Idini and Stevenson, 2021, 2022; Lai, 2021;
Lin, 2023) . BEE%¥ HiEMEOEEE: “ITE
AT PR B SZ 2SN PEEN, AR A
T AR I PR AR SR b RE R XS ARB) DL
W HEIJPE. WS R E DB R A T A i,
T AS [ 2 2 1) 38 3 0] A% 3 B 4% b B AS TR A Jofd ek
PEANE, DL RHEEZE50. T ARES RI%55, TG
PR R T RBURANE 5, R R R T 2
W28 45 T e K I . [ B B 2 (4] A4 H (1) JOVIAL
HRIE T 2021 4 8 A3, oAl AKEM LA
FE R 9 BAPA J BRSNS TR R R AT R
A BRYR Y, S L N BB A b R VAW AT A 1 o
S OB B AR A ER IR &I, DA ES &
75 0.8 m PAST L& 1.8 m TINTIN Hb i 22 i 45 N %
Oy, H RO B B0 DL 3 AT B SIS R
. KRESSEE PR el KRG sh5,
A I AR R B A R AR BN IR I (] R &%, 2021 .
TR TS LR A 22 YR EE S ERIN ) 2 3 K
ST, DO R AR IR AL T O ——
HEEM B E ) RwES, @ T EAREIRE
X (p B fARFE, XL p BIFE 900~1200 pHz 4%
X 1A] [ 42 [i) 32 5 U i 10~50 cm/s, 55 3th T 00 01
SR B EW A, SRR AR i N T
1 cm/s (Durante et al., 2022) . RGeS @ £
WHEE MM R, C IR AR 3 B2, A ifrk
AF IR et B e 4 B Ak RURE 1) P SR sh i i P A
0 EHE T - B R A TT e 5 R B SR AE B B R
[E, BT Z ARG S B R F8 IR
=, Bl FHIPERZE B Bt (Mankovich, 2020;
Mankovich and Fuller, 2021) .

KB R AH B NIRRLS. 1 i35 A7
SR, BT X P RIAT B 24 ) N B 45 1 AN 3))
F1%E R T BB I Z K. IR RS B AFAE,
BURAT B WA R R E B S B XA
EMEREMS, XMAREMRRIZES)E R FF R
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TR AR MRS s 2 A1 2 B RIS B BT SR 1
M3 B B2 4 B & 45 6 R A B i e
SE W R AT R R DL R GRS, ]
LA B30 FG A 0 PR AR B, AT AT B S R s 2 5
NS 23 5644 (Cao and Stevenson, 2017) .
I, AR A 2 O T AR R e A B N L R N A A
IRE ST, FEARKARRE BSZBRT 24 H0x K L FE 1
FRAA. BRI ARV S IR TR B EA L
N NBAMIFHE: FRE TR — ML) g
FEAR m ) i@ X CREBE D s JbBRY) 45°45 5
AR AR B AR B2 () IEREIE AT s TR 3K
(R 1 3 UL REDRS P 0 . X b AE A AR, R A 2
T H AR — DR, 2% O IR A%
KEHAERRRERER FEXE, ZAEREN
T AR T AN 7 ) B A Bk E LA X
(Moore et al., 2018) . X — K I NALEE T 5 ) Hda
VR 37 I 1) P 508 65 A ABE Y 2 T J ST 1 (R ) TG
AR KRG RMESZIESL T LEMHENESH
SRS ARARHE, XA P RO ARG, B
AR TR 2 R LX) B R e — M RE I
JZ X 3k (Cao et al., 2020; Dougherty et al., 2018) .
Ak, EBSH AR TT I BRI R Y, B
TIRZRBILZAL, EAFAE—HIRE KBS 5
Y. /NREEWRTEIZ ) DA KA )i S R 4E R 26
TVREKHEAHL (Dougherty et al., 2018) . #Rifi,
TR NGRS IR Y R R e =, B
SR IR R BN R E AR, X2 H Tt
FEHRT A R I ] .

gi b, SErHIZTHR TR A RV B GE RS TR AN 1K
M 3 IR R E G R, B AT AL T 22 B
A ETAT TR &, AR 8] Py HE LUA B 1)
RINEAEAN 7S, )5 2eR 70 BT 3 o SO o 1)
R, B AR E N st e, idkm
FAE BAT B NGRS R T

43 ABEHRTERBRUARRINETEMRD
B~

HAr, MARSEATENISHWRIREET
“RBEAZ” B BIAEAE, X — R RAT B TE
AL IR S F it T R B G N
AEBTERA AR REEZG, T
Y AN AR RV E AN WS &ALy =2 W K
7] T S 57 B T 3 A O 1) A1 22 3 I 1) o A 20
(Mankovich, 2020; Wahl et al., 2017) . MR ¥h

FEXE Ll I Je I HRIR G T A, IO EAT B A
XPim AR A 5] T B 3 S04, T AR GERR R RUEE R Ak
SIS HAFAE N RE R T AT B AE SRRV K
B SR B & e R R 7 BRI U
JRWIEER I H Ry A8 E PR B HIORHRUATL il 410 1)
TR RIBR G, WA LAKIALRAE (Leconte
and Chabrier, 2012; Vazan et al., 2018) . 5 —H]REM
iR se, (ERL A5 ALFERT AR BFFIF R 7 —1
2 10 fE R E AT 2R, EORH R fLfg T
KE W IRVIBUE %, T BOM: B 1% 45 0 1 K 0 4E +F
(Liu etal., 2019) . Bb4bh, 450 5 A HIS @A Ly
H AT B A% O I G 3 A R R A AT A b
IR A, 17 BRI & )8 3 B w15 KR
BErFE. RERAPETREENEEEZSTIZ
—ARAEZ K, FBHEEFAR T 2 B UOR R IX
—UR. MM, KRR E LS B R A E
TC RO AT S 8. AT, R LLT,
VAR B () B T R L AU I MR S, IR
FEEMAES. BT IR ESMBERRY], K
BIFIE5E 4N (Leconte and Chabrier, 2012; Vazan
et al.,, 2018), PR LIX T figf B8 1) A3 S ME A7 BB, 7R B2
BRI, 55— MAlgeR, KRERKRAWETR
BT HERM T E S HETR MR HixHEid
TV fif R K A S P o A2 RS 1) & % (Schnei-
der and Bitsch, 2021) . i&F —FM SN, KREK
AT RE R MR AR B TR A B TR A5 LS
% (Shibata and Helled, 2022) .

HIGTR RN RIINEAT RIS A A EESE
1 1E. Thorngren Z5 (2016) T 47 P HEATE
AR, SR AR, P A B e i
WIEBE TR B R, R T RINETERNEITRS
HETEREZAFES IR, PfTEHEITRL
JREREAT RS A, A SRR (R
HyuER G IRE o &0 B, X — &R T
KETEATEWM THEZHEAZUE, NHRE | E
TCER LG N E, RES R NMET
R o RNEUREZ RIMEAR T € LR EBIEEN,
KUIKHRABAT RS RIPEATEAE TR E LN
AT REAEAE LM, SR R E R g, Thorngren %5
(2016 HIAEAS 32 52 o fE 2 4R IR AR B M
BAEAT B ESE AN AR, Rt HSREE
T AT R AR RIS B M R X . HRT A
AP HEEATE, HAMEAETAH
R ED M EITER. — Ao B0 2 oK A
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HD 149026 b, HEJEZH 110 NMHUERFTIE, 1M
HPE O R 2N EIE 50~80 AN HiEK )i & . X
FHE T3 & RIRSTEGE 1 FAR T RER IR E
) “FikRz”, WECRIFEZE VRN A
MAEETCRAZ L, TR TREU AT T %O X AR R
JEHRL R, 28 SRR AR TR e DL R X b i AR
B, BTG N—BHOARIZL, SRS R,
AT 2. BERE S A% HAEr, B
FABNGEB AR, PE. FRU LRSS EFE
FESERDUIN &, 456 B B A 5 N S 5 f 5
B, X RINEATE NS AT e EE LR
SRTT, AR~ BERG A N SR 45 A REAE, 49 T 1 o0
FE. MR R BARTEASE, VhRIa )R EE 2 YRR
(R MR I SCHR R SR >4 i ASE 28 PR AN o 1tk
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