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®John A. Wheeler 7EH 45 GEONS, BLack HOLES, AND QUANTUM FoaM —f 155 : “Spacetime tells matter how

to move; matter tells spacetime how to curves.”
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TEER. MTa e, DEREFWRENAZESRATE, MARSDL, Sh
FESIEN

TR S T DA A AR L0 B 1 B R 2 M [ R /N TR B R T A, L4 R
Rl — I 2, B HL IR G M 75 5 W R, T S0 R R — AN KU IR B RO —A
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W, FFELE AT R R AR R, KEER T R R R R R R R 1A 1
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T N RBGE R AR T8 | AR, HER RERRAT L 22 T R AL 3 7
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TERARB SR L3R BRI 0y R0 I, — 2R DA A SRR v, 53 —A
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Hr, ¢ HAFIRIEREE p, ShE%E pv AIREEEEE pu, F 2XNHREEE. XL
A A FR 2 nI 45— a5 ) P B -

a(n,t+ At) = g(n,t) + % 3 [Fi(n+1/2,t) - Fi(n—1/2,1)] (9)

k=xz,y,z
BHL no= (n1,n0,n5) EFBAE, n+1/2 FRMBBR, At F Az 4 BUEEELK
RIS REE . M oA I3RS T — B AR q(n, t + AF) 152 U2 T 0 I 1 57
AR RE F(n + 1/2,1), —FhEF 00 7 ¥ 2 R AR I P, B F(n +1/2) =
[F(n+ 1) + F(n)] /2 A8 T ARG 30 B 5 ok 7 il T 7 A e, — 2
R AR PR BEAE 43 T IR, SR P2 IR R ISR . — BRIy 25|
DTG A A3 ™ | Ry g A TR 1 R s EL T T | AU MBI I, 53—
S PR T R 4 B 207 ™ (piecewise parabolic method, PPM) ZEAI4BHY
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DASEIE L. Jesh, tiForsehih 70 E by, fEmsi K AA R PeE, A
TEE A7 | A T B 2 0 o 7% 1 T BT S 0K BE R B 1 R e . SPH 7 Y% I A
LT 68 F P08 IR SRS 3 2 B, B E A(r), A

(A(r)) = /d3'l“/A('l“/)W(T — 7' h) (10)

Hrp, W(r—»',h) 2 NAZRE, b @0HEKE. BIRNCARER T § YHE A,
PO W= W = g LS .
_ J
(A(r)) = Z; ’ A;W(r —rj,h) (11)
Hrb, omy Mopy SRIRKCT § MBRERAEE. FERIH, & A(r) = p(r), F (p(r)) =
>y mgW(r —ry h), AR BB B AR AR A A E W . E— R LT, K
JE b JRRL T AN A R, B b= ha(t), B 1T R B AR S 7s B L1 0 < ek o
B, BB S e R R b, R R AR R R, AR E RS . T
K ER AT PR B IR 25 ) A FER AT AR G OLUR Y, iE & SPH A — M. A, 1%
Gi I M IR AFAE— e 1) 15, (et ik AR e S e o B0, BB S o Bauer™ & 3
SPH J5iEX RS R TH A 2 IR KR 2SS 30E W o D 1 PR R 45258 . Agertz
S NUFEXS SPH Oy SRRy PR FUBFST R 8L SPH JLF- AR REMRT A 4 3/ 1k Yy 3
SRR . ML, Beck™ SR T AN THGEERL. A i A T ORI I e M o 55 v A
AbFRIZ% 5, Hopkins™ M3t —Fh i FEa% -5 A 2t (Pressure—entropy formulation) , AJ
PATR] B PR R e S AV SFE, SRFARIT A RUE M. XA #T P-SPH Jy kiR Z A IUAR Y )2 I

[a1}-43]

H o SPH ke T A M P T mATR ¥E, 8 2 N e RS 7 b,
GADGET™ * | GASOLINE™ ""fI CHANGA" 2. T SPH J7vEAgREam 5B J HoAfe R

(B R T A% Sk 29 A B

FE T RICHE 7 R BT ) A B D RN 45 T A JE, KR 7 V.45 B e 186
B R RE R . DL AREPO FUF " AR M2k ik, AR A Ry e
A B AR R DO RO A, TSR T AR B 1y R4 2 1 40 B il
W FISFE R . % PR R B B (Voronoi tessellation) 755, #nfll, 4T
DA HASE, FEREERL TR WA FIAS HOTAR , RENS T AT B BRI 3h , T
DB HOR TR 5 25 DA B eI 2 il R TR SR PRI AL PR Duffel]™ p| Vandenbroucke™ SelE
SE O R A SR S BB . Hopkins ™ 14 VO JE MBS AT AR it (meshless finite-
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mass) FIJCHIRE A PRI (meshless finite-volume) 77355 | A FIE A EERLAL, H-15 3L
W HHE GIZMO RS . %5 X RS T BT LT NAZ R W (x — o, h(z)) FF2S
1430, DATE R ORI SR R S e, P, AR TR T BT
RS sR BRI TR . % M e 8i Y SPH B bl gk IR S R AR B, R #l
RPN, AE VT S ) e P e ot S Ty, A LU [T A IR R s, HE A8
FRELURAT R, W TR ZE I ST R A A

6 Z#HBERTARERGRXFIERNESNRERTEE. ZERT 64 TEHANXTEFRER, B
%E?ﬂ‘ﬁiﬂ%@%m%ﬁ'&, HAERMRTTAMER, SERTRTEFERR, ELRTESNE
.

New Meshless Methods Here (MFV, MFM)  Unstructured / Moving—Mesh Methods Smoothed—Particle Hydrodynamics

T ZHARAENAREEFHNZESETEE, REEBRTHT FTRAGRTHRTFHZE. £
EXRTEMEBRARMERRES %, BFAES—H T LREABNREMSEENMAFEE.
E}%&ﬁt%’riﬁﬂﬁﬁ%‘, NERIRFZEGREM . GEKT SPH Ak, TESEIURF AL
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3.3 H-FPpLk
SRR B F AR IO R RAOVEE . B RAME TR 5 2 1 K (R B
SRS R LR, X IR AR AN A . BEAR. HERR. BIRER. 1%
HERB . AEALEEE . TR PR I, Tk B X S AR,
{5 P 7 PR ZE A LA TR o % U W PR RZE 4% BAGLE B™ ™ | Tlustris NG 4
A pIRES g SIMBA A ™ . i SR A SR S R S DA
JE TSR BT, R A LN B A o R R 1 1 R SR B BRI R, DA
e SR B2 5% i 5% R T B0 B RS R, AR 4 B RN, B
R ™ R R S i R R LS O SR R AT IR, G &
B R AR R AR A FEE™ . Wright % A ™ % EAGLE, NlustrisTNG
Fl STMBA BEfD T FARFRAEAT HOBE, S 4007 Fh.0 B2 25 P o P S OB E , 45
RUEHEERELE 2 ~ 0 B K fk— By ia B o & BRE IR, 3RS i R 1
PR R A
KB SRR HIE AT I . AURTE R S iR SRR B,
SEFEAIE SR K, S B RR TR SRR . 5 150 2/ 2 3030 1o Rl P 5
B RS RAO ME S AR W N RE T A, T 52 SRR kS, 1E
Ktz e W HIR N
Leool = _ Sumpkp
20, (r) A (T, Z)

Hrf iy BT TR, ks BEREDHER, T RKRE, pe (r) BAKRARER
i, A (T, Z) RO HIE, IEARSEINUE, B SR AR . 7672kl
o, AR R T B s T et i T B AR
Pl . A1k Puchwein %’5]\[@] . Oppenheimer %‘%}Kﬂ’ @ 1 Bieri %‘%)\@ WS T A B A
SR ZA . R TNG 1 FIRE th% R s R B e 5 5
TS AR T, SR Ry A b . R R RS PR R )7 2 0 A s Bk Tl
BHER, it FIRE-2™ %18 T 13 S0 SINUE , RS IRIR KA 10 S0 5 S0kt 1k
BRI, 4 BISFBA TS S, TSR A 10K F] 101K, 7& FIRE-3 ki
A1 SRR A TSR IR . MR SR TC R RNING | e TR R
SH TR (4 R HIERE 105K < T < 107K [/ 5 3546 . BAGLE R T
Wiersma 22 A\ ™ g sh MRS, FITG L BI#kPE CLOUDY A} B8 11 Fib2i ot 2
VIR, ustris ™ 5 AR A TE 2RV A EAER R I 52 MR T FLBERE TP
R M B AR 1, B T B R B 1, e TNG B 1
S FH R ¥

WRBE R TR S T TR 4 4 B R TR A AR S
WRE KB T2, T IARREEA R, X105 T 2 R NS M
WE AR B KR AT O R B K2 1% A T Y
BB B2 R B ) SN R O ~ 2% Byt it 25 L ZERCE s, T

(12)
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Z SR 43 R R [ R AS 1 S B A BRI T B R s, 508 3 AR i i R i o
B3 Ak AR 1 7 S — T A A T e B Tl o 1 R T, LA LA R ) 4 8 o 4t
AL . R 2B (1 EAGLE, TNG) %555 55 B BV F e B Y
FOBIRE , ELR ] 7 R AR R I U B P 4% P R AR, 3140 FIRE-2 BRI TPy
SAMRTE R R MG, BIEE S (A S ER P BRI . SRR e
B, FIRE-3 /S =4, $5 F BRI S S v e R A, B IEAETE B I AU
SRR T B, FLAMINGO B8 ™ MK 258, 1 25 BRI R SR 1 S0 B 4
1o 18RRI 15 R R MR e = €pgas/ter T, HiH poas RIRHIE,
tor JER RV, € JRAIREERSCR, A MR AL, T A S R 4 SRR A
0.01 — 159%™ 50 iy P B % 2 K 0 1R TG T S0 7 BB I, S B B R
I PR30 3 SR ) oy S DA JE 15 JE RHER-ME 2R A, 1l EAGLE BURLKHH % ik
T RS A2 %8, TNG 2R Springel 25 A 4RI AR, (G RCIRES i)
BT BRI IR BRI B X

VR BT R B A R A PR VA e T A R T B R R R R
AL, 55— W B B A AR b ok 1 AR T i R RS B SRR AGB 77
AR E B S BRI T 2™ — W BRI, o R AR R B
B R 4 T2 S R R 1 S PR s ), 4 BRI 4 T B RO R R
o XESE—BBE, KREAER (m > 13M) —BA DS B 17 B bR A TR 7 K34
Jk, NFCRE RGBS AGB B R 2. R R 2 i o AR 4R T R
B, E BB T T S A4 E R ST B R T SR e R . EAGLE g
AR 30 AT T B 88 o e A3 ) R T A O I, 3 R A i
S AR SR AR SE B ST, FIRE-2 A% i T 157 AL [ (0 842 T I
e ST, AT B RS AR A8 o R 3h i, TNG AR ) g i ik 52 ST 2 [l g
e froc(m, Z) AN BB TR 0 5 2 B3 A0 R B EO 91, B3R R R [ 4R T 2
H o
TE TR Y B, 7 0 R R 58 2 DA AR B 0 Rl 1 T 20 K i RE BB R 4 i B
. DAREEIE R BRIORIEL G EAGLE ¥ Ak BB REDLIR T 40 B0 SRR T, 24k
T UCE S BRI R BB, AR REAR Y s, SR v T A ) bl R A AOR i
e fon KoL BERH S BRE RN T4 5 — R OAE AR v Springel 2
N %, HERHFE TNG BBl %0 vt B R K R ik 25, A d B R K
KT ARFEZE AR, 24 0 2 KR T35 B (Rl % 5 JE 0 i md ), L 3R UKL T &
HASAE SR T, TR BRIER . B AT RE 1 = Muima/M, FIRERNGEE vpima 38
[F] phe 5 T 2 /0 R MR R S i A B S R L 0 R0 3 Rl 0 )l P o
5, TR E RN, B AU AR U TEAE T U R S AT AR e, 4
8 R SR T A R 2 VB R B G, NG RZR g L 28 R 7 ] B — 30 4 B R A
P REIC , RENS A GRS AR B R A, AT B0 B 2R A TR A . X R
Pt SIMBA #4ul™" Al ASTRID #2040l ff R Hl . FIRE-2 BIAUR[R T 13 4 b b 3k i
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Abstract: The standard cosmological model has become one of the most successful frame-
works for explaining and predicting the formation and evolution of large-scale structures.
However, numerous challenges persist at small scales. Over the past few decades, numerical
simulations based on the standard cosmological model have deepened our understanding of
cosmic structures and galaxy formation, serving as a bridge between theoretical research and
observational data. The Milky Way, as the most familiar and extensively observed galax-
ies, provides valuable samples for studying the galaxy formation and evolution. The article
reviews the current status of numerical simulations of the Milky Way over the past decade,
first introducing the cosmological background of large-scale structures and the numerical
techniques of N-body simulations. It then discusses theoretical models of galaxy formation
and methods of hydrodynamics simulations, detailing the impact of baryonic physics mech-
anisms on galaxy evolution and the numerical subgrid models. Subsequently, it focuses on
zoom-in techniques for simulating the Milky Way and some popular Milky Way simulation
projects, as well as the latest progress in using Milky Way simulations to study small-scale
issues. Finally, the article concludes with a summary and outlook on the future of Milky

Way simulations.

Key words: numerical simulation; the Milky Way; zoom-in simulation; galaxy formation

and evolution; cold dark matter; hydrodynamics
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