66 & % 3
2025 £ 5 H

K X % i
ACTA ASTRONOMICA SINICA

Vol. 66 No. 3
May, 2025

doi: 10.15940/j.cnki.0001-5245.2025.03.005

RRBRIMTERETITEREHAFBRVERIL

LS Sl
(ZHFAFMELEEFEREFR T 241002)

FEEE o5 SUT 247 R G000 5 0 BeHE A SR 0, 560 P 52 BUILRLIN 4 3 7 2 i BT ¢ 7
TR ARG 1A E AT BB IR, 45 REW, 17 B RS ) /A i R b i m e o7 B AT 45
TN FEUTE RGN SRR R A AR A A B e 2 i A G 5 R R 05 12 A G, T A 8 U T e R
ARG R R R RS RE T R, (H 2T AR SRR HE R S 2 AT AR G P RE A B A oK R
R — B2 aE s, R RS2 EE TS AR, 5T S 2T R RGENHERIL, 24
16.9% + 4.7% T & 81 2247 B R G ORFFAT P (0 B HRAT, 10 W3 25 28 48 T e 347 22 0 Jall 24 (0 3 0 2 4K

XiE 73k MiE, B gt (TESIE: s NhFRUERE., B

PESYHS: P132;  SCEKFRIRAD: A

1 38

TR e ] T B AR A R B
TR 77 A, RIFEASL R Ge v, X 28 5d PR #VE &
WA J5 W BEAT . R E AR, I RGO
ST Z (BRI N BUR 282 R R

S=klnW, (1)

Horh W 3R 5 45 7€ 75 MUIRAS FEGE L R TOUR 45 3,
BRI 2R, kNPUR 2585 B MWRIOU A LR
F, BRI S F 2 RN FPIRE )
MER R AR A AL, HA S M AEE DR
FMEEEUMESEHH B2 M MSTEE. #H
125 WL e S FER . ThAR G FE P Ky
B G AT I 0 T o R BP0 )
SR MR M S EAN 2 R H AR
2024-04-19Y 2 R, 2024-07-29U% FI1& ki

P A A A AL A AR

B 7R E R AR BL R, BARA T
R H AR R, F1 T B RG R sh 22
16 1 A5 B 7 1R BEAT (. A SCHUL R EE A ) 5
BORBEWEIE N, EFXATERGH ST ERE
HEPP A R, IFES 54T B RGN S8 Ris
HN RSy 735 BUB R, F 7000 5 HE 5 0 L.

2 HAEYTERREPITEREHF
HREYE X
AL TF L T B R G AT 2 5
S FE I, EAT R B8 b0 LR I B R, 7R A
AT R, R )%, A R A
K. VF % S TAT AL RO EIE A , A4 T T
WL (47 R RGL TG T MO T34 MED 1 1L

TE K E AR RS T H (12103003) . 22 UM TE S LT 2 B 202448 Bt 2 <R AR B B0 R TS IR AR 2 % W H

(wdxykesz202402) % B

t wudonghong@ahnu.edu.cn


https://doi.org/10.15940/j.cnki.0001-5245.2025.03.005
https://doi.org/10.15940/j.cnki.0001-5245.2025.03.005
https://doi.org/10.15940/j.cnki.0001-5245.2025.03.005
mailto:wudonghong@ahnu.edu.cn

66 & N

3

s
=2

b4 3

76 3/ A R o, T T B 0 8 B AR TR
9 LU BB A e, BUNA KB AT I 7 Sl
HE B 5% R 8 FE 6 P B, 01 SR A7 3 4 7 81 L
o, IS AR R T A
0B 2B 2 025 B, % AT IR 96
O U . ARARAT S R 24 h
7 S8 AL 00 T B 94T I R G B 2t
%R B L IS, T AT R B AT
JRHEFE A7 56 RO — B 253 07 A2 R 5 0
PO 247 R eof S HE P K,

S TSRS O 9412 % (1) S0 B/ 2% 2
TR e SCAT B R o BT R P T A,
BTt 3 SUAT R o LA R S A
(V. BT P AR 2 52 SO J2 A 7
54T 7 B0 B0 15 A A B 1. R
05 Sk, 26 UK A 45 S HEFF 04 45, AR
BOWIR A RAE A5 F, 172 RGH £ DR
B I HE P 76— AT INIBAT IR 10 R ok, HI4047 2
TR HE A 9 Frmae > m,, WAL = 1
T < me, WES 1 = —1 Fd m Bim,, 5
59 5% 45 o A 14 (B A S 1 3 7
SVHE S BT RS+ VBT R R R. B
RGEMBRIFAHINT =3t i x4
{803 MR I 1047 52 R 6 AR T 10 20 2 B2
BV R A5 0V 1 LA BB A 0 4T
P BRHA, , FERA:

>

_ (=1 (n;1>(q+1 - (2

PRFLELA, RN TELRI n A, 1815 A g
fr ', HuRAT— N uR K. WAHFET A
THATE ARG EHF BN Sy =Wy, X
BB E OIS L T AR SBURZE 2R R P
IREE2WH. MR DMEENBUTEN RS, 17
52 MNP BB b 52 4% HEJE B A/ B K I HE B Y,
Mo RGN EFFR NN — 1, MR FR
SRE—F, W, =1, RGN EH T AO.
AL, 0 AT A BN IR 5 K BN

q

A

n,q

27-2

WGy HE A, A4 R G R E PR N —N + 1,
FARE BT RORAR S B A — i, R G R HEF 55 90,
W LUE B, AT B R GA PP IR, REH0HE
F Al /N, SCRR[8IHE 25 R8 IR 4 1 2 i B, SUA
A28 8T AT EE AR R 20 B AR IR S H 5 i A
{BAT BT 70 55 IR B 52 . 3K b oggs e
il R 2 G0 R A R IR 5% 75 22 S0 1 D7 VR ok AT
giit, WHERECOR. BN Bk 3R R A H A
T, FATA S T A B0 2R LR T R
e, RETERG T 2N H KA T 10, A
K& KRBT T7 R GE, BREEIELL, 7SI
PR 28 SR HE AL, OB T R G 1R S T
(AipuRE

TERGHNHNFEUMTESR
% PR E HEFF BRI 2 IR
AT R R L
FREHEF BRI
R AR R\ D/ B AT B T AT R R
Gt N ER I B, 1K R AT R TR TR R gAY
AP AR IRAT B RGBT R A T A E AL
e, W4T B RGN  EHE 0 2 M AR 3C
HR 8] £ B 52 5 i U7 vk, BN T AT B R gL
e AR A7 B A e R AT B R G AR R AR
e, FRBUT B RGN R A R ST
B, #se b, 47 2R RGP,
bR 1AL E A, AT B ARE AT RE A AR R . B
OeE R, X W S ibAT 2 RS R R
W AR XL, AT BRI SR R I8 T,
10020 B 5 2047 22 AT B RSB ) 2 T
. XL Z g AT B SR X B P B DN 6 L ER 5T
B OARAEZ UM ER TR (0 = o A, R AT
FEAT B R A BEAR T0. 165 Hh BR T & FRAT]
Ji R NN B K N PP, 3K 2647 2 AN A AR AR
A R UGE SRR T, FATEGE R G HBAT
EA10% MR AL B, H0.5% MR KL
b, HARELZ A — XA AT B R A A B AL
BeulEmb . R, RATRE 2 R 50+ R 8B

3

el — |

3.1 RITERFRVRULIS



66 % RIRLL: RARIMT B RGP AT B R RS 3 A 3 1]

B, BATRAEMR. NT . B H TS, FoE LT

AT R 5 05 B HE PR 08 A B 0, R AT RIS A T S

A IR AR . 3 oh — 2L R AT A T Fr=g— 3)

2 16 (R, 5 — RN R AT A L A

e ERATHB S, BEUT R R s FE RSO AR R G PR, Sha o TR

A TR RAHEAT L0 VGR Y, oA R EAT R B AR T AR Ik B0 B0 0 0. R

B e R 5 P AT SRR R HE R AL Fr =1, BW%E %R OLEFITHES, WA
AN, BATE N T — AR F o8 2% WORE. Fol/h, Bk s Pl A i, 2508

RT3 A B B R A R IIRAS, . So 5 F s B LR

40 | Swap 1.0
30l 0.8
0.6 |
w 20 Ny
04}
10°F 02}
ot 0.
25 Collision L0 F Collision
20 f 0.8 F
15 F 0.6
w &
10 04}
5t A 02}
0F E 0L
10F éwap+C()lllisi0n
0.8
0.6
'y
04}
02
10° 10° 10? 10° 10* 10° 10° 10° 10? 10° 104 10°
Iteration Tteration

B 1 100HEE208UT R VI IEHFRIN0RAT 2 RS, 15, UABN S 5 R 2 b P B ARRE A, BB R 3R T R IE AL E
Ay R pE A DA [R5 R 5 A B S S T . b LG X IR R 1004 R 421 S M F 168 % BELAR X 1]

Fig. 1 The evolution of entropy S; and the ratio of entropy to maximum entropy F; in 100 sets of planetary systems, each
containing 20 planets with an initial S, of 0. From top to bottom, the plots illustrate scenarios considering only positional
swaps, only collisions, and both positional swaps and collisions simultaneously. The red shaded areas represent the 68%

confidence intervals for S; and F; of the 100 sets of systems.
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Fig. 2 Left panel: the arrangement of planets in planetary systems at different times, where the size and color of the circles

represent the mass of the planets. Right panel: the upper part illustrates the evolution of S, for the planetary system over

time. The lower part illustrates the evolution of F; over time.
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Fig. 3 From top to bottom, the evolution of F; is shown for
three sets of simulations, labeled as A, B and C. In set A,
the initial planetary masses are sorted from smallest to
largest outwardly. In set B, the initial planetary masses are
sorted from largest to smallest outwardly. In set C, the
initial planetary masses are randomly arranged outwardly
from the center. The red shaded areas represent the 68%

confidence intervals for F, of the 100 sets of systems.
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Fig. 4 Upper panel: F, for Kepler multi-planet systems,
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multi-planet systems. Lower panel: the distribution of F, in

Kepler multi-planet systems.

#Eie

ARCETF AN RS AT 2T RRG T
547 B EH T A K r X, IR SRR
IEBEAUFI N PR 3 1 55U, PR TITE RS
(130 1 S AT AT B R i R s .

BATMET L 45 SRR, LT E R A M8 1%
B, M. MELBRETNSSEITE
R EH TR AN REEEEL T R
S0 () W5 AE T RE /D, H M AT R SR = HE T
5YHRFFERA BN R AR RHF BT — B
SHINRES, XRPRAE DB TS 5
88 247 B R T LB, RATERIA 2
16.9% + 4. 7% I B 817 B KRG R FFR S 1A 7
PE X ERE X R G R G IRA TR RE
D3 RN () 8)) )3 53 Ak, AT ORE 3E T Bp] 39 1 o =
HeFp. X 3R ATE U7 s HR AR R AT B K B 12
o3t T LR,

FogH A A A S E R I s @,
NEMREA T RENRES. R ADSEHE F. &
WL BB KA S 75 BB R S
F AR T A O R AL = PR BT B R S5 B

5



66 & R WILRIMT B ARG PAT 2R HF RS A 3 34

[8] Kipping D. MNRAS, 2018, 473: 784

[9] Zhou J, Aarseth S, Lin D, et al. ApJL, 2005, 631: L85
[10] Chambers J. EPSL, 2004, 223: 241

[11] Lammers C, Hadden S, Murray N. MNRAS, 2023, 525:

2 & K

[1] Ze#k, =0, Bk, A%, 58 3. dbal: mSEE AR,
2019: 164
[2] ZEi4. K, 1992, 11: 6

[3] 4L, VLPGITIE K 2E24R, 2005, 29: 124 L66
(4] TR, BB, Aof. JLat WA I, 2013: 149 [12] Chen J, Kipping D. ApJ, 2017, 834: 17
[5] Millholland S, Wang S, Laughlin G. ApJL, 2017, 849: (13] Rein H, Liu S. A&A, 2012, 537: A128
L33 [14] Rein H, Hernandez D, Tamayo D, et al. MNRAS, 2019,
[6] Goldberg M, Batygin K. AJ, 2022, 163: 201 485: 5490
[7] Izidoro A, Ogihara M, Raymond S N, et al. MNRAS, [15] Obertas A, Tamayo, D, Murray N. MNRAS, 2023, 526:
2017, 470: 1750 2118

Exploring the Evolution of the Entropy Related to Mass Ordering in
Multi-planet Systems

WU Dong-hong
(Department of Physics and Electronic Information, Anhui Normal University, Wuhu 241002)

Asstract We define an entropy related to mass ordering in multi-planetary systems. Through Monte
Carlo simulations and N-body dynamical numerical simulations, we explore the impact of dynamical
evolution on the entropy of planetary mass ordering. Our findings suggest that collisions and positional
swaps during the dynamical evolution of planetary systems can modify the entropy of mass ordering
within the system. Positional swaps tend to gradually increase the entropy of mass ordering, whereas
collisions may lead to a decrease. Despite the potential decrease in the system’s entropy value, the ratio
of the current system’s mass ordering entropy to the maximum attainable mass ordering entropy
consistently rises, indicating the system’s progression toward equilibrium. Observations on Kepler multi-
planetary systems reveal that about 16.9% = 4.7% of them still maintain an ordered mass distribution,
implying that these systems may not have experienced significant dynamical evolution.

Key words methods: numerical, methods: statistical, planets and satellites: dynamical evolution and
stability, entropy
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