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AT H & TR A AR o, PRI 2 RAMEREKX I 9 m A A4S
MBREX(LEERE LFaAAREF AP AN I RTTH), £ TFTRIE2 4
RE—H#F P EABRHBEHEAALRL , ARARLRZ L6, BAH, AL
BBEMEE STEMBHEABRE c,CERSARNEHNFAL AL, 22, K
A bk, 2FB(LEI )G IFHNHUETEREHG FRATERER
Me R, EMYER A . AT TARMERN c A THRHELZMRE
M EETFR RS TiZEAE A, vl X2 iEAHh ik B kR iE L
Hk, BRAREFHR(IOB FVRAWMERELTE—#, 122 %0 e
b Eik AR R A 1905 F AN S TARZTEARALAER A E
M, EFEZZIARAEEZAMBEERE2 PRENRTRE—HETAEEXRE
MEHE AR KRG E, BLTHRERIFH . “THEAMT - Il Nt — 4 &

BRI EEE BRBE2)— AN EFRRA ST —MAEAI LA AL GMG(LEF
ii-&%uﬁ!%i#é&iﬁ%%%%v’r\%i) AARLZ2PRBRE cHEH X% A
T MT AR GERHEF, [#EiEL1~-1 7]
[#EiE1-2]

XTRELZFTENT R, LEF G R L — KRB EARA - AHMHRG M, K
A E S XN BE - MALEE L PLREEE,

A eREAEXEZLERM, WM AFLEH, Eob@iilA M £iz g
M, el @z LB R BRI K ER L, S M &R BIKE £ £
5 Bk

Z FEEB#M, B EFAAERLAAFRERALRRAN T4, MAMNTHK
WKEZRELAAXHANFHEAN(FEEAFAERAG EZCMNARRS), T
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RKERZG O EMFRAES A EREF LT RLAR, T EHT
i h——h Sk ERBMEA—RKR—FF AT, ABBHREFEF
Wieg B, R AR M AR o5 XIe P A6 S KL Ao “EB " AR Y o
Bk T&E,

B0 2, FRAETEE, TEHAGNELL QM LB HIKE £ X,
ARAK, iR MABHKIE X £AEKL, 0. 5082 LA BF
MAEED RBCEEHFQ MERLEARKE, RERELMELGIE
B AREEE AR EBRERRAL KRR, LA W RIBEKE
FEE BAMIY, HEFEMNTEoE54Q 954 TA,HAMSF R MR
B MK 69 23k,

B 987, 9B ERLHEAMN B A FHAIL , KA IALE
W& AT AN E M,

Z R4, [iE1-232]

§1.3 BAZELHK

BHAMBEHRAZ A AR A (LE L -1 REAER), T —FBHEZ
AWIETZS AR ¢,y 2 B x" Yy BT RR

(=) Ll:y[l—;v?x)’ (b) ' =y(x-wt), (c)y =y, (d): =g,

(1-3-1)
He
1
ST (e
IR AR ET R PR R SO IE B B A B A B ( BIVAE X I 2 A 0%
AR ) 0 _E X i (8] | B (A 2 S 1 LA B A (] % e R EE RO BN B R AT TR
1905 I AR O R TiX — 2, HRROREEM FERER DX —
4 B B AR AS , BORIE SR B TR\ TTT (B BR B8 AN JF 901> R 1R LA % X 249 57 4 0 4% 1m]
[l PE 1 B BRIA o SR R LE 22 R (AR B B ) X T 97 38 00 19 X 40 E T2 S K
B, TRXRBEL B ERX"HIEMER., AH AR LW kix— @, {48
UL, EE AR R AR LME 5T BRI RA T TER §4.5
B AR RAERTAY 1904 FHRERTRIA(L -3 - 1) (XIEL XN
FRABRELHRAEGH) AL RAHESIH . BREARK -3 -1)RF
0 A1) 0 75 P TR AT 48 DA TR A T A S O AR TN S B B, BT L B R

y= (1-3-2)



8 18 FXAANIERSIA

(1 -3-1)WABETHEMSI AT I, KRR O RE A AW 20T (8] (bR
2 R BT E]) B b A AR AR {75 SR B R O R AR A, IE 2 X0 R g AR
ML HF W BIFERBESHET WL RZTE .

AR XI5 My HE L AR XS B E R AR SR R BB A R A, U
—ZEME NS SRR RIF L. RN, UYEEEORFEREANA—
MEME RS — 1B AR SR K B AR 2 (8] A A AR AR B, T 5K 72 A AE e
FAXTIE A 77 75 S PR B X 51, B AAR XS P RS AE B AP 3R oh A AR ik A
| e B2 AR M JREE AT 0 B R RE R, T H AR e R ) s AR
BRI A {0 By C BIP AE AR X 18 69 ) A X PR R AT LSRN ) 2 R B R A
AR TR AR E 2R e A IR e b O % 18
$EL B R X 14 5 ) B s 4 — ) I R 0 7% 3K K 2E 45 IR AR R T SR IR, T LY
RZBIERERZE T, R &N B H A (BIABXT i ) AH ST MR Bl o8
MBERNE Y RERNEBRELRTREAAL" HEZRE WEERR
TR BB,

BT E - RN EEA MRS, TEE S S &,

odMy=1//1-(v/e) B W v<<c Bt y~1, 8z (1 -3 - 1b)iF Ll EFx' =
v, SRS A (L -1 -4)B95E — -8, b, @i aEIE g =
(1 =3 -la)7E v <<c B3 0L IE B (N F) B AR ) o/ = e (FEILHERE 1 -3), B[ I
AN e A7 e B U8 R 2 T e B (R A Bl SC b A AR R T B AE B AR
M IREEU(REENS ). AFLEERTIRE(BERE . WWEEX
AL ) th B 4 K 2 B R AR BT A A4 D R (R BB AF T, R
m, MRS H Y MERERSEEFE R ERER T (B e R
R),HEAFAG, X FW A2 HEAHEH. flo, YK FHEE =
0.99---995¢(3H 2n > 9) B,y i RIS 10", BT L, & BE AL T 90 B % 1) &8 43 1)
RAE R B SCHXT IS AR TT

2.t y=1/Y1 = (/) AT 0> c Bty HEE, B2 AR ¢,x,y, 2 A
txly! 2 BRI, MA(L -3 - 1)y y AR BET » RAFKRTF ¢
AN, M v =c By JORE (SRR B Ay BT ), BT IS A8 25 R e M R
ZEIAMERE o 5HT LR AT v<e, RITEME RGN ESHHLE
XIS PR AR E RN AE, FE($S OB TEBEESRHEREXR
Y 3R By 0] 24

O P (covariance) " — {7 “ B BE " Z R, AR AR P RL FYA R E R T
A E AT ) BE 65 0 e K B R RO B A B IR AL
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3. (1 -3 -1)RMAE 2,y 20 0,y HRERKRMCR, A X HE
it SRR AR (B AR ST Az K
(a) t:y(l'+c%x'), (b)Y x=y(x"+ot’y, (c)y =y", (d)z=z
(1-3-1"
MU EE A A, B ORAE B0 (87 52 4 SE A RO - K TR A T b T LA
v’”ﬁ]”*ﬁ%?“ﬂﬁﬁ*ﬁﬁ?kiﬂiﬁﬁ -vizEl”,

CTRATI S EEABRR (] -1 -6) BT I, AXEM B LT L
(1-3 —l)&uﬁ?&&ﬁD—FB’J*HXT RE G
L. k. B R e € I 5.3

WSBEEIE, X ERXEHILSBE,

(1) KFH o BFIBHE RO ER, EFEH. B u Moo JA R
FHEBNMEIERPOERRE AEREFRE, X -3 -3)EHATEEEER
B BT

(2) % v <ce B ou/c << 13001 —3 ~3) 81 26 1 1 25 0 A
(1-1-6),

(3) MWW AOENERETLHA, M v>e/2, lul >e/2 80, AEE I u
BT R le' | >, Bl i st o {8 B AR R 3 B Wﬁ@i(l—B 3) Al LAk
PR E A A S I, RER FHXN TRIBERER v <c, EHEX TIEAH
PRI EE ' HHNDT co THEHREWMBFEO R THEBER K 8y
WRu, =c,u, =0, =0, MHEK(-3-3)FBEERER K'BIHEZHE

c-v _c(e-w)

ul = =c¢, u,=u.=0,
Tl -v/c c-w :

BLA & 1.2 BEEI A0« 32 R IBIR X AR XS v R B A0 P HEE R A1 : RE A
I8 A8 25 A e AR IR s o, 3 (R TG SARRTHE IR E 58 2 Al LA 3L, A7
L BAERT LABAHASE B, 3 05 FR K A A IR g B 1 A0SR A KR R 5
K'Z B % Fl | mg i, 08 2. & IR 7 e K RIE R 57 K RHTE R[]
ERERITERERGBLEDLNE, EEAKRERSCHENEH X ZH .
(1 =3 =3) b ARG AR A
u +w u u’

u, = , u, = —, s : . (1 =-3-3"

l+izu; » y(l+%ui) ) 'y(l+;u)

c [

5. B SURBXTIE PR EATE TA B 0K A3 s 00, Bow IR . (D R4




10 F1E KXAEIRMSIA

W@ EREE G BB D X TR, B AR AR A2
25 s L HEATE A (T2 LT AR — AR SRR BOP ) | B FE 7 25— i 6T 28 08 M
WAIE 1y 580 T ot 5 JLAE & MR, A BIETEE 4 EH AR,

[#EiE1-3]
PR EHE, B r < WERLETREMT I A B T H, BKELKZL
(A) a2 =y(x-w) EMEE 1 =x-ut,

(B) f:yp-lgj EEE 1 =1,
c

HTv<<etby=1, ARFKA 2" =y(x-vt) =2 —u,F(A)AKRBR L, KAt
A(B) LRI BB TLEE, AR THR, TEASFEFXAM, LF KA
24,

B dy=~] AEHFHH AR

Vst —ux/ct (1-3-4)
b L ERITE =17

Z XEREHAX(I-3-)LLF _ATHE —-AF LK, B 5 A
t—(v/c Yx==t,

B oA RN FHG 247, BN ETRAEEME, B 20 H L] >>
(v/c’) lxl?

Z AREANEE. D EFHRAEK ZHTELERE 0,0 2=0, 8
R (/e )a=; QRFHLAALK AHTAMLFREO W2 =0, Ha' =
y(x—o) ¥ x =0t RAX(1 -3 -4)4%

=t - (/Y =1(1 -v* /) =1,

B @A REE6, MR F M LR, x F2 0 RO LT & BRALST
o R xBAMm RN X(1-3-4)52F —RERKE —ALKD?

Z WHRPGBREFMHRET, KOEFEL BN ELTRE v <<c LS F
Aot TR —RFERING L EALSL T

“E?@iéﬁfti-’r-i%i?ﬁ.ﬁﬂW,ﬁ%f#&l%iﬁ!‘]$4ﬁf—rﬁ'§,ﬂ%viﬁ c FE R
A 7 A L £ e Pl AL o

Ech»??«fsﬁSﬁ:ii—‘i%h%—%ﬁkﬁt"éi%iﬁﬂﬂ‘)f?ﬂ%,f{é)fa#—‘é‘—ifm’"\v%kbc
% 9‘(@42&)?1'@?#&}?@%)0 REFH G x5 kR x=Ma, L+ M
RNMBRG(AER)H,H1410°,10", -, (X ZRHG 2B Am BRI 8
EREL, M RARERNGEF TR KR AD,) RAX(L-3-4)F12
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Umc—%Ma:%l—ﬁM), (1-3-5)
¢ [
#

L—L':l—t(l—LM):LiM, (1-3-6)

C c
Bami'h L egiest £ 54
Loy, (1-3-7)
I3 c

BAFERGFHAKATIEED S(FlH 65=1072H10"") , M A4 (1 -1')/t <8,
PR

v

v 95
c M
Blde , ZE M=10"6=107" 0 v/c<10’, %A, REv<I0c, stizEHm T
HITEAFELETEE AR AA R Tk,

B Bdotwm AR, £FARARAL, E5X(1-3-6)rw£7T X
(1-3-5)F @t mT, “&HLE, ABHELMT 3k 24 Ly, Bp X
(1 -3-5)m&A

(1-3-8)

¢ :y(z —:—ZMC[) ,

i% ST 4 R Y v R AT 7
Z R EILIRST fe kR A RS ERAYE FEI R EaRZ MR,
[%iFE1-3 7]
APBES-BEXRABRGFREAMS . HTIEAXBTEFEH o/c MEBIT
K, MBZEEER, MRUA—FFRA IR S RSB A H, o ERT KA
‘. W M BB B A8 e T B . — R — R E R A
FE LA S — (R A Z BN ZEFENE) . AW ERF
) 4 R 22 B SR AT LU VR B A 20 LT 88 o ) 488 2 25 6 8 33X > ht % i
KRR R T EF U c R A R E TR B EE EH c=1(HFR A
XF LA A B B T8 ) o AP ML F 18 i UL B A 41, X BT i 12
Rk S e
(a) t'=y(t-wvx), (b)a'=y(x-w), (c)y =y, (d)z =z,
(1-3-9)

N (1-3-10)



12 $£1E RETRSIA

%1 %94

Fie JEPHRABRETIRBEE R FERBHFENRERWE ) -1) ZE &R

o RO -3 - DB -3 -0) (RIBZE R IR TR .,

2. MBI TR (1 -3 - 1) HAHEB TR EEZEHRN( -3-3),

3. WEHM p,g WWMHR K=1t,x,y,2] BWARFFCRILABEAH ) N p=(0,0,0,0),4=(1,
2,0,0), (a)REBMER K =1 2"y, 2, EIRAp Mg RIBT A4, (b)FEHHEE K=
LTy VEWRR ¢ 5T p KR RATEE 0 -0 = ]

4 WU THERALN:

(a) yo=o/y =1, (b)(y-1)/0" =y* /(L +y), (c)dy=vy'odo, (d)d(ys) =y dv,
XiJ B o 28 A7 1) 0 Ay

(a) yo=c /Y =1, (b)Y (y-1)A" =9 /(1+y), ()tdy=v'vd, (d)d(yv) =
¥ dv,

S. BHHR KT KMELL v=c/3  FAEAMNTKANEESERN v, =c/2,u, =
w =0, KFEMXT KREEE I w0 ),

6. KA TR K=1it,x,y, 20 LA AR o W 2 WIEm T, B -F A3 F RBUE
R o W 2 B KT, () SRR TAEX T K 3 AGFERE S0 8 o, B0 IR (49 Bk A 0 7y 22
U SCARRHR MR ) s (D) B n=1/2,0=¢/2,3R u, BIHE,

7. BUF N BEETHRAHSEEANRELEZTS,MA , W ERABEIFN 0, H
vy, U EEBRBBE o= (v, +0,) /(1 +20,)

8. MR UELHROBER v IBREEEMNO<o< Il TR -1 <o< |, FIAFHSH A, 5
FIRFEA v=thaCth RFRIMIED)  RIE: () A WERETERE2E T, B -0 <A <o
(b)Y AX A BB HIBZER (FE TLA ) BN TR " =tchA —xshd, x' = —sha +xchA,

9. (a)BIELA A ABRHMBEE TR LE) MBEREL - ISEOELETHR,
(A FEM N BEETRGEBERAPREBOE TR, ME, HHERNS S
A A A, MEEHRABE A=A, + 4,0
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§2.1 L&KaLBJLAT

e ARSI 2 8 B Ko & AR 2 2 6] S5 AT e 1 AT BRI AL, 45 %5 1 JB) T
MR KA T B RS RME - — MR v Y
FiAET . MM EE AR L AR AR
BT LR F R B E R TR
Cinvariant) , IRFR A X 8 DK G 25 8] (1 2 38 2 o 48 it
WEEY W LR 2 BRKES RS, 1 AL R &
TH— A EE (LB 2 - 1), dl AR % dL B & (R H
TEHK) Al K3k dl B9 [ R 2 TT (line ele- B 271 BRZILRER
ment) | TE AL — A%, AT dE MR G agg O ARERTAL
ZE K BT AR () . FEE R A ERR, a0
AR HE2 -1 B0

dl::d)'2+d;r:” (2-1-1)
WA AR AR re!l MR~ 0T 4 MRERT N
dI* =dr’ +r°de’, (2-1-2)

LSRN~ TR O B R AR, 48 R BT B ) R R 4RI 2 5 TR AL
LAY, BRI RIEKT R, BT AT R A A T AR R, I, 38 |
y' R x| RS o ATRERT R (U3 2 - 1) SR 5 WA P22 1 6 4
S

x’ =xcosa + ysina, y' = - xsina + ycosa, (2-1-3)
[
dy® +da® =dy”? +dx’?, (2-1-4)
Wikt dI F25 R RB KA
dIf =dy” +dx", (2-1-5)

MRETREXTAMLIRAME LR TS L, HEEFFERALD:
MHMNERAEALIRESR (RSP8I BRIRE TR ERAE.,
TEAMX IS PRI R MBFI . EBihig 2 fafs . & p .p, LFEHBHE
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R R KA Km0 5 0
pr=(1,2) = (£x0) b= (1a.x) = (8,50) 6
Sdi=1t, —t,,dx=x, —x,,dt' =¢) -1}, dx' =x, —x], W HELELHEKX
(1-3-9
dt’ =y(dt —vdx), dx’ =y(dx -odt), (2-1-6)
B IS HE 5 E () )
—de® +da’ = —de”? +dx?, (2-1-7)
& YA ES (5T ) i8] BR ( spacetime interval) ds® i
ds?= —di® +da?, (STEPFFEMHEI AR ds°= —"di’ +dx’) (2-1-8)
W (2 -1 -7)FBAM 75 (A MR ds’ EIBRETHRTERARE, o1, 20
Wi, it 25 (8] B ds® ARARZR T dI° IPE AR AR ¢ x RAREL A AHR v, 50 AZETIT
Xt 7 -

A7 (A B ds® o BRECERIT di°; BAEAHR (v BRI LR v, 2,
BCIRR” FAE 2R, ARG ds° SRR d° R —Z 2% d°
R — 1, RIWKERLIT d —# B2 EE ds’ — 2 E[mR(2-1-8)%F
X RA B (daxtig) TR A Al e EM R 2 ER R B, flin, 5
BREG 2 B 5| AR A bR R B9 0E  IRE AT R PRSI AR LR R (g, i

x =ychy, ¢=yshy, (A ch # sh 43 FIR TR VAR IZFIETR)
(2-1-9)
Bl — A1 G ds’ FERT RV RIARE R
ds =dy’ —¢ldn’s (2-1-10)

g FERADBXWAREE: (1) BREKLIT A MARMN SRR ds° #HE
NS (X R ) 5 (2) BRERZ T (M XS I8 (8] % ) B R X 7 B M A b (IR 4
) ZH T RAAE,

X FER LA, ATRO & MK E PR Z B A BE RS  PI E 4R 2 (8 /Y 3 A
MR, TR LA M R B BROEG 2R T R E < B R B K E OB EROT A T T AR
dl AR 43 5 T S 2 8] B BE B 58 S0 P A 2 (8] Y A e T 2 9 RE (R T B Bk F
HBoT)MEAZEMNEBAEXANRNKSERRKRZ L (FREELE B LTk
FE)o W E RIRJLAIBITA AR EHK KL Tk E  REZHBETRENL
o X—FRWIERILAT B, BE P SRERLTARWERITHE LT —
FRIERR LT . AT RE R KM 25" MER., WE, R EE U 6
B ds’= —di’ +de’ tWBEE—FL T[N EKRLTT, KRR k&5
(Minkowski) ] , Bt B E — F JLAT, S5 ERR LA, #R K (2 48) R K JL{T
(Minkowski geometry ) , & X T & B& JLAl #9 %5 (8] #% 2 &1 K == @ ( Minkowski
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space) , SEH—HMNS ds’ R LLITT (BB KM IIEHE d) , Br KIBK R TT
dr —d) +dx W g AR ds —dy +dx’,

Pl B HBRR T EWITE 2 fN R, AR s B8 ER K=,
EEEHE 3 FER S A, KR T EEA LR RPIRBN

ds® =dx* +dy* +d2°, (2-1-11)
WRBARLIRRr. 0,0l FIRAZREEARARNBAKLE
x =rsinfcosep, y =rsinfsing, z=rcosé, (2-1-12)
M EEAGREBIKKATT ds’ =da’ +dy’ +d° TEHRBIRRBIRER
ds’ =dr’ + 7 (d8° +sin’6de’) . (2-1-13)

FATF R, AR TR TR R EA N REXMARL oA E, REB, X
2-1-13)5@-1-11)BERERRFE, BEE -, #HMRE 3 LERKRET, 7
EHEGA
ds’ =dx’ +dy” +dz° =dr’ +7°(d6° +sin’Ade’)
WRMAL =LA (PN SR ERE ER A BIRER) BKKLTT ds° 19
FHERALCREMEAEANER, MREA TR EEALIRRT ERE SR
R da’ +dy’ +d, R EIEE4E EE 4 N EALIICE v, F RS
4 HERIRK TEEARMNERLER:
ds’ = dw’ +dx’ +dy’ +dz°, (2-1-14)
54 fRKLTT
ds’ = - di® +dx” +dy’ +d7° (2-1-15)
X (EHFNEEELE TN HRT).
el th , 2 AR A X BB 25 A s BUIR AR AR R LASP R AR AR R, B IR R JT R 3R 2k
Rt ZE LA, B, Hik 4 BRBIRR 0,00, P r, 0,0 1HK
(2-1-12)7E 3L, W R RLETHFREXE A
ds® = —d12+dr2+r2(d02+sin20d(pz)o (2-1-16)
HREEROLTR,IRETHRAXEE L I, Y HM Y E AR ELR
A HERETABEBEMERLR -dd +dx° +dy’ +d2°,

§2.2 X K JUAT

HHEERL RIS 2 FHR, B ds’= -d’ +dy’ BELTAIE IS
MBI R ERZE X ds B9 B d’ B RS HHE K- Z4 AAES
Bds' ERAZE. B2-2RE0T S5k, ML L, WE-TERHEE " >0,8

BRI AREN R di= /ds' #& L AT e, M6, AZAH— BEAK
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*
¥
o
ok
|
Or
[y
=

(iLfE L, ) BAR

Lo = [ V&, @e2-n -
{BHI%k L, B9fE—TEEA ds <0, MBIETEK dl
h7E XA di=JdsT U dl g R g, T R AR K
RN TR XS, ds” SRR - dr? + 7/
de® BRFRGE IR RFFE LR ds BT T (4
SIH S @ B ds, LLBY I8 T 7 FE 5 55 B o
FHX—RME), BT b AR ERRERL H2 7 ARTANRRR
R F M ER R RN A g e R e )
RRBEEES &' KEHXBZ RIS d° TR &, B 7T ik Az
“ds (R Al (B3R BT LML ds° AR ds B9 T IRRIE . K M2 R
ey LTI dl 5 X H di= / —ds” GEERE - ds’ >0) 4B L, A F a,
b, R IAHY — EEIE K XN

by
Ly, = [ V=05, (2-2-2)

B, ML L, 84T LA I =0, RINEXHTEKIE, WM L, BiF—2
BHMEKIE, RAEXRUTLRIE . X2k —FHME L IRRKERD
T HEXFLARK/LASRELME— P EEX . AKKRXERMS,L,
PR BRRKRECER, AEXTHAERKRERENE,
GERART A —RB ML R b WAKEFERR
1, = jb L ds® |, (2-2-3)

FERE A& d" >0, ERXEEI(2 -2 -1) 588 - HKMEH ds° <0, LR
EEIR(2-2-2);% Z6MEH ds" =0, ERBE L, =0, LI EFHEAXERT
F 4GRS ZLXHMERRGZWOT -

(1) {F—TCERERA ds’ >0 B [l 28 R R 26 &5 M 28 ( spacelike curve)

(2) 1E—TBERA ds® <O AYBREE PR N 2B B 28 (timelike curve) ;

(3) FE—JCEEENE ds" =0 Ay il 2R FR o 2 5¢ 8 28 (lightlike curve, LFR null
curve) ,

BEAM AR TR IR AR R £, B FBOUEE ds® >0 i — LB ds” <0 B
ds* =0, BAVKFRIX LB LR A RO T LM 4%,

B2 -3 REKR-FESHEAEITE, AEEFE, AT 3 45K
145 3 S PR EE 3 Ao BKER % LR — o A B — 22 81 &, 71 ff A6 2
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B B 52 i) Pl B 2

é(”:é’l'ﬁl )

B2-3 Bz ES R RS 3 L

ZEE A= (z,%,5),
M T XS 8] 0 — 4E AR R B[], B LA X ER 25 (8] FR 2 1R ER Bt =2 ( Minkowski
spacetime) o ANWFIA N X K25 [B] & B % R FRIE, M 5 0GB 25 32 9 38 2 KA R
5o BFZ BT — & p B8 — B = & (spacetime point) , R FE— N FH A4, 7 H
VAR E N

WS gp = (t,2,9)0

H&E , — A R &, 2t I X B = TS — AR B

0 FE SR T — A JLART [ R, B AT LA AE AU O 2R B B RO THe AT R
R B LA T B Ag i 2 (6] 82 B R A e R mAT AR (R a2 8N H
B ERAPH— KR,

§2.3 3k @ JU A9

B0 7R [7) F BK B 4k 70 59 28 5T B T 7 B JLART #0 BT AR O 3ERR LT, AiX — R X
LU, B R L R R BRILAT . it B FESBRERJLTRG , LuzE RE —
ANREZ B E WA B K LA FR N P BR JL 47T ( pseudo-Euclidean geometry) , 7%
WENE MR E AL, BIER & JLAT, X 2 —F 2 43R BRJL, H 4ot
AR (x .yl KRB

ds® =dx’ +sin’x dy*, (2-3-1)
5 KR TTHIME— X R dy’ RTE A — DB F sin®s, BARURET B8R Wit Xk
MR TREX,BETHH —BRSIRE X HELERE LHLTT.
3UERR IR TUIERR AR R {r, 0,0t HIRIZA A
ds* =dr’ + 77 (df’ +sin’0 do”) . (2-3-2)
WS ELIRA 0L LA A2 RBKE , L Z2ATE S EME—t &, MRb
AHEEEE S KR EEHATTE, A (2 -3 -2) X —HKRTEMNEITHE



f= =

18 FB2E FE—gma/lf

AR AMNFTER, AT oBEMESRE L X E8A8F r=1,8K(2-3-2)
Bk (B ds° ) -
ds’ =d@® +sin’g do’, (2-3-3)

HREEN 2456 BIAEREH L -STER D LIR(OM o) LKL
R 3 4EES A MBR Rk o e e T H A 0 2 EIR AT g5 M A B Z 0T, FR N
(ARE) BRI 5T , WA ER T aX A 2 425 Bl A LA (BRE LT ) o AfTFEVHE KA
EeE R, Rt B RS EBERARLILMBLIT(2 -3 -3)kE, HIEERX
(2-3-3)5RKQ-3-1)FEE—F(EFHNRETLIRNIZCTA 2,y A 0,0,
X TR ), BT A2 -3 - 1) BB E K £ T .

RZAE AR 3 HBR KR CE S HER LR T M A 1R B, (B 3R 1 LA
AERLAUAKET I BT EMMB Y HFE, EXERRHN(2-3-1)FR
By —FF 2 4 JLA .

§2.4 # #

FIFLRTT AT LAE L — 1 FR 0 B 2R (curvature) BT L, U AR R BKE, Bl 4
TR EMBEEZLAERPREEN TR AHREALAMEMS 2REK
i, e F LT M.

(1) #& S RENE RS [BFR A T H = 6 (flat space) , 75 W R 4 T 25 18]
(curved space) , UNER =Z5 (8] B it 25 (H b —4EA SR AT (8]) , U -F B %3 [A] 1245 g 45 (8]
43 FUFR O F EH i (flat spacetime) F1 25 ph Bt 25 ( curved spacetime)

(2) PRERZE B FHEZ M, B K= 2 FERZ,

(3) MR 2ET M= E M EF T . 3KE E—SmiEaIEET

(4) B CAEXTIE LA QR 255 2 S o, ﬁﬁf‘X#’E—ith}\Uuﬁlﬁlﬁf SHHE
BT (HERLFOT), EEMM S h iRl XM LENELSH
FCEF 2 #A ], SR U SRR T4 XA 1ds™ 1Y EL4T Eﬂ_\(2—°-3)ﬂﬁlﬁ}ﬁ:]:
BN

§2.5 M W £

BREC SRR PH — K RSB, X L, BEEXHMML, B i
HALIRR PRSP RIREERIEC R L3RR R A6, 4 B4R
Ly 2 WRETRAMHAREEL:

y=ax+b, z=cx+d. (Efa,b.c,d BFEE)) (2-5-1)
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W TFEBEENAHALKRRZE AR ER SRS, T, R &
2-5-DX—AEAZML, MEME-EARARBN L, XEMRIEEL LS
S ATFERRIAIRELN A —RIAAN L ELBTER.

BREEZ B ZFUR LLE L BEL, ZRAER — LR BN .5 KA R LR
R XMEEALIRE. B0, R ESHE -LEREN SRR GLRER,
X R R BMAATAEMTEE XER, L4 ERNRNE 16 KE
SR, BRI ARAR ,x,y, s ZEIF T HAHXE:

x=a't+b', y=at+b, z=at+b , (EFa b ,a b0t 0" SRS
(2-5-2)

HTEER MR R Z B AR AR B AR R T (R T 8) i
PABR R B 25 R B B R St B A X Y

BREGZS (B AR RS AL P E SR, S TH WS E, A FEEREALIRA
IR ARAR R SRR B ALV &, HEMELUE Lo SR, 05 dll = 8] 49 fh 28
FAWFTE— R R E P LR, B MM £ (geodesic) , B T BUE WA AR08, 4k
DG B ML e X, RAEIE S T =4,

(1) WA XAFFEDE SR ELER. 700 282 e 112k

GBS E R

(2) AR UEFKE E A KRB L3R\ il Erye L. B bR b
il e Pl t&%“’EL{R"jE%jC@]%)R

(3) ETRERAEFE WA ZBIHE A" S50, A 18 I 2% B
HRRL ?éinn —WIBAE S, T EANZEMA K,

B DREUERXRTFEREN . T o AEE A Eg, bR &g #

B sRm E sy KRB I G2 ) — 5 2 0T AP 502 18] A ol 5 il £, 2 g9

Z Ax. B2 -4 gy K SAND BEARE S S
5 D a4, 1A 8 K9 SED TE

B REEETRARE B TE? B &
wUMCR AT BT R - u AR TR A hNE T AR I
18" LAY, oRBUCE 8 U AT LU 7 AR /ME, Bp A
M= E/ME. BER UL, UL SAND &R E L

B R RS A ML AR, 3
Z  BLEsEAE T KBl SAND S W4 X — 4% B2 -4 L A
AR, B AR T E 4R A4k SBCD v ik ( K Rk

BCD &t B,D A 89— D REI) , M b o F .
SBCD & =SB & +BCD ¥,
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SAND K =5A K + AN K +ND K,

SAND £ —-SBCD ¥ =SA K + AN K + ND £ -SB kK -BCD k
=(BN ¥ +ND ) -BCD k&
=BND £ - BCD Kk >0, (2-5-3)
[Hrhss = FIF SA K =SB K (HAT X EERY A, B £) & AN £ = BN £, #
(B) >2)2[H% BCD 1 BND #0 2% 4 B, D &4, Ml & &M ML /5 & R
£, 4 BND £ >BCD £, ]2(2 -5 ~3) £ B MM 2L B SAND J I @R, % “ 1}
HUMR R,

W H 2k B SAND Z BT IR R “4R 45", M T4 F 6 SRR S btk N, 5
HEML LR — AT BN S BN S
SAN FCRRABIE M 2% SBN. AT LUGE B, FLEE AR 0% 2
WaX, BN EREEL, Flin, KEJK SA,SB # SED 4 5l &
BRI,

ERBITFEZEBEMNMETH A ERE TS TEE
W, B ILE7E R4S R A 2 R 7 K B O 25T U
& ENAEREEBRE MAELKEE, B2-5H2FK
B 25 TR LA F o [ R B pag R— A KBTI (AT EHLR)
15 E B & 2 p,q,aﬁZlﬂﬂF)?ﬁﬁéﬁjﬁHé)%ﬂF'%ﬁiﬁ%,ﬁlttR
FAEBA B AT — 3% p, g A HOZSHT I 2 (BN pbo) BB, S5 W2-5 ZEH
B pbg RAHTE - FE L, FAFES « M TTHEZEN BEraRp.o
H4% paq FNAEMHLLR pbg 43 B £ /N0 B, iy K BT £ K 7 Y 5 IR BIRETE
(2 -2 -2) RIRRL I &K T HTTE pa 7 pb 94 KIRIK N

(dD),, =/ =ds’ |y = /(A7 =d™) 1y = (0, 1) = (x, —x,)" =1, ~t,,
(2-5-4)

(dD),, = /(d =da®) 1 = /(o —1,)" = (%, ~2,)° <1, —t, = (dI), o
(2-5-5)
[HAp B8 P RE A, —x,#0 Hx, —x, <1, -1, =t, —t,. ] FREEE & F
FHRAMAE—TCB R, >, AHERE ERFIRNES T pbg BATAE t — 2
W bR — O, AT ISR I EE AE AN RS R WA ( SEEE KT A
TR SR LA AR ) i R A K 4R
WS AR R T M 2R — BB B E B [ IF PR L2 AL, B A (2006) TR
3-3-4] KF §6. 1 EHF|,
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EE2-1 AE—RKpHMp AR—ITREB v, FHEM-HNIBE, EEIp
RL,MEBEAE p iS5 v Y.

THEHRAREG FRBEEEREZ X —E®, B%, MKEEE AR KN, 5
E—mpHp A—NRiv G, BRAFEBLMNGFE -FEX (ML) , ELT
p RMATEp 5 vAWI[E2-6(a)]. HIK, BHERBA—&p Mp 88—
KE o5, BREFEENFE-ITRKRAM(DMBL) , ELTp SAMBEEp A5 v
HYILE 2 -6(b) ],

EH%Z

</
p KB
(a) BXEE 2% 39 BS 25 i) (b) BRT

B2-6 <E#2-1HIE

ATETEZFILEXINEE, KNP EREA N T LEES":
EE2-1(FR) —'5—9%E~{ﬂ1']o

#2595

L ABREZHRR(-3-NHERHERQ-1-7), RARTARERLE TR FE
AL,

20 Mds’ = —di’ 1 da’ +dy’ +d” AR ERAT A’ TERLFRR L, 0,z PHEX
H(BHp,0 52,y IXLFEN x=pcosp, y=psing),



935 AR LR D

§3.1 #RZLPr=TH

FEAEUR ) %, YA B TR R A R/ X B 5.0 BY R R m R KR, BT LUEE
EAEAE R T RK/NEIX S A I %) 25 82 B §— A X PR B S K P
FrhRA. #AMAMEE, BANBMSNARET BE(ERERS) LEUTE
HEEH(EHERL §5.9), WAAEH —FMBEZHSRWR, KR AFD
(AT S, ERERPELOCHEIES . XMW RN K F (photon) o Ji
SUREF B AR R F (particle) o X BHR T RBBESHN T, 5 THHE¥
WAEKF(ET . FFH) BFRRERER, BE2BA KD A,

wWEABACZENRA MRER - 26 TREMBELZEERS EB—1
FH L U A R — R ER R ENEHAHN. BRAE—FHHE—
AR A R EMA L ERN S PR RHAR(RARER) . M2, EM[
BT 2 AR 0 o AR R B A3 R A — AR R FR M IORL T B 57 22 (world line)

B MERRE MR, BF AN SERERER R, B R EE (2
Al AR B ) B R R B9 A AR EH, X S A AR R AR X S IS B A B A AL AR
RO, TR SHE,ETE X — AR, AER  HERE AR (REZ
REBTEIR AT ) o AT, BIER AL EE, FE L RSB RAERA 3 AR
B, AT LAz Rl ARAN HBEEN B, B0 « A0 @ # c BIEAS, A 4 B E BY
Hfg e 2= E

Bl B3 -1 P - HAE 4SS R ER (RRE) RN 2R FRt
FET

B B EIAT R T8y BERE T BAREE R K T EALT «

O FEAHAT IS R AR TR A B BT B A O A K, LG IR T IR R Y B R
BEHERGILFE T ES TN S RBIBTRO R RN (R $5.5) . AabmIB it RIS
ﬁ}l"“{‘l

@ LT Ak A R 2R O NG ME A A R L 1R B A R B

& WREHER B E B E) RSN, RE AR RE, WRIEHE .y, CAT@
bR AT 3k, 2 B A LA 2 O T M s ] At ey BT - B
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W ox RS HEIE S, o E A

X, X, t, — 1

BT R = =——=1(=¢),

t, =t ty =1

B R BRI BN « BEFEEE R 6T

T E

(3-1-1)

B WAZKLF LR ERE S, 4

fy i R 2R
Fig 1

LR et
B2 LAE3 -2 MASHELR L i FRAMN FRRAKCECF? =i

2 L, 7

B3 -1 B LA A ) P B oS B o 35 P B B8 (6 ) S A Bk 3 A

i
|
b !
A
| |
Xy Xy X
y,/
B3-1 SUWLEBEATFHHAL Bl3-2 LIMHRIEHE

Reym =B, L BE R
e L, REHAL,

B MR L, EfE— s p B9 VDT IR A KA (B AR B HT k) AT L 45° 8 B
(BRER) GRAC -1 -DMITRTHERETES S 2 EE v H AR
HEHCBP w<1), BT L BEMRA(MAREST) MEHF L RZ, A#L L,
(FEEME)EE— S MY EES, BETERE -RTOMRLE, SR FLE
MOGHE , M CER T MM BT AFE, TR L AREME TR,

M RRMHtREREMNBL, R TRETHEFRBL ML £

THEAERTIMRE,

XtF 2 gEmE S (DL e,x 9E B AR it AE — B
ERp RAFASTHRLR(REIHNE + 1 A
-1 XT3RS TS p AEREEHTHA
B, DAE—FABLRIAE — AL p TS 8 R 5
L PRR p A BIEHET (2 ERI T ) o X T 4 A,
B|aapBotHEERE -3 EHE T (B3 -3, d
HREERgE—4E) . REME— S ot , 388 3 W

REFTHE  (FiHRE
<< _ |

Z4IN

B3-3 pRarptEnm



24 #3EF HNBRHLEkE

o A R TE S YD R AR A RO L B AT LB R B R A R
i ith 2% 15 1A O R i 5 4K

AT BN E A ERT ﬁhur.(f“lﬂlﬁﬂ)'ﬁﬁ 1B (B ) Z B
AR, AR — AR T A BT A BiE MG EN T EE K
I 4 AF R H Y 2

B3 FEAEERA)MIETHE, - AE®gbygREzssE3 -4
(a) ]I B A FIB 7 0f 2 [ 7P iy O 57 2 (e b 60 R DB 2 HE) o

A\
@ )\;@
ol /
//
‘\\ I\
A \
\| !
]
/
/ > *
/
[
\\
(a) 75 (a1 F (b) B2

F3-4 A#IETHE, €& A E RN G,

B OECAAMEX FHEFSLE MHEFLBARREL. ETEROHUR
2, A MR BI N2 - RIBRELLE 3 -4(b) ] (B2 HEELHET A
EW. B, XFBREANBEEY SN EAYSM? XBETEBNNE
BERGEER, AMX B LENEEEE3 -4(a) [#FRBZER(TEE
AEMER), AESEEALESREZEH - AR " BWRHEIER Az, IR
AR BTt RE B AR A, X X HME DRI EERE
K? AZEEPFAERABNER RIELEABMR E—AE R ERE
0.1 m/s". X—ifit XM, ZRIECQENFELEML2HNTRRLEE., K
Z MR RN EE, ABETEA B TERESE N~ FEE R b %@
IZI EAEE MR BRI E FE REERBE M 2

CEMERE T ZUE 3 -4(b) AR E  REEER A AN EBeE L
ﬁﬂﬁf{"h*ﬁlﬁx_zﬁ] X7 U EiERAN S EEH s | EZ 85 H

B4 AEFTEEHNFRERFEIE" 690 45 B RS OLE —2&
HHI ) .

B E3-S5(bhHERUMBERNEEMNRZE RENAEE SR, D



§3.1  {i SR AIE = 25

BAM B[ ILE 3 -5(a) A% FHUE R B #H L AU RAAMIL B EL S £
EOA M BUERLLR — B o AR T IS Al L B R S AR R R Y 2R
(BHER 1) AT T EE S,

(1) EAKEFE—S e REHEEL"FH, (FRER - FLELKX.
NEFHHRH—A REEE S, o LR H EREE A LB— D)
MTRIEAE A Ldidiet AR A Elic (1 [51 1-2) Bkl a hlR"A'S A
TR WS T AR RS o ST RBR D 1/0 MR G

B B’ M M’ A A’
B M’ A’ P, q
L ! Y
nee) T v
B M A
b m a
(a) =3 [a] (b) B} A

B3-5 MEREZE %% FREE. B M AR

(2) UbRFEEERHM, B YRR B ) B LRayaC &, {8 a0 fa i

FEME? HFHM LMo B FHLERF S KA. TIH3 -5(b) B{E—KFL

FREREF(MHMEAEMS) IZJEIT’/iiE#J%?#F( AT REE {E) BT,
i e SHKFELS B 8938 M

)y LmEMEMHEBEY hHE Xof b TR 5T, X — [ Rl BT T
a BB EKFL ab £ BT ab R 5 M KB f30E m, B AT E H M2

EAFEHH(FF ) mEEAFTRFCF HP—FXFHRTRS M L
3E°F p B P

p="M B 4Lk J1F,
KRZEHTE(EFE D WEN KPP —RAFHRERBET ') ap REFT M LXK
Mas M F p, 7T WE M 098 F e i Bl LM E kb, X M5 — M ENE
TRIA KB b S EWA,

MEEC AEKBEM . eI UL M S B 2 3k ok S iR B 428 ¢) T i £l
FlRANGEHEBEEHR §) sl WK ERNRBEH o, b H AR,

FEIE 2 WA, B3 -5(b) BT — KL & SINE (AT HUE ) B AT
RAMEMS BERXEKFLAGEE AN A%, ZHEH R 475,
BU 2 Rt sy 0 —ay HETTZE 2 4750 8D 3 HERT 2 0 - x -y, [ABFER R R B N B B
B3 -6, B—REEW S )MERE -2 ) BRABIH FiF. 1
IR R 3 4E5s (6] B 4 fﬁﬁfr t—x -y -z, G Bf o R SRR R B A



26 F3® AXRHLEARR

REF—BZ &G FTAH N ES, A RZEZ 6 26 ErESEL
USR5 4, S R R B — sk, if 5 ~J ﬁ?ttﬁ%ﬁhﬁﬂﬁﬁq

— PR FIE ST RO EXR) 4 FEESTFRE KR4
M), BESEHE TN CRARF(1 EXR) . EHEBAN2MH
RGPS (s RSy DY Rl [ S i S-S W AN < 1 o 97 S
— M2 4)FEAERES -T) FFARTHEFE(world sheet) , & 51F— [F] 6
i X, (LB A AR A o BFZIAG () ) R o $#F47 PR SR i (2 43K
), IR B A B oLl — AR PR M BRI A RO SR A B R N
%3 -8 H’JM&[EI(ﬂ’ﬂf'kf'[ﬂlt‘:l’f[ﬁﬁﬁ)o REFZRTAFAREAY, B R
(T—lidmf i E, 53X DAL T8 A 3SR A AR R ¢ B 2 B 3 BR 5 1T (2 HE3R 1) ,fH
& el ) 52 4 HJE‘/‘(I HE) A R IR PR R A e A [Elﬁﬁ LRE R I P04 = 4],
R Aok mirp b B35 3 A (814 (L aniid, 2 5 ) L X B S s AR & 2 4Exkim .
R el PRI ET AR A R LR ot R LR (B3 -9) .

] |
/l/' | T = £ s tHE 2GR T
= [
T 1 T lix 1t t:
/‘/JI l I ¥ %l- ?'I-
B | b 2
36 & - @R M3-7 RFEHRE
BT "l Ay 4 %5 (8]

ﬁ m—
| ) e
bt 2 W
S < o
T 4 25
I AN R X i I 41 4 5¢
143 -8 [ H: AL BRI I3 -9  AMEHbER TRt R ek

fHE 7 VAR 3 ) CHOR UG 90 00 0 1R -2



§3.2 WMEUE. SEZERMLIGER 27

§3.2 WMHEAE AX ALK E

BTN A AWME L, BEEWEEEEA BB S, FRRE

(observer) » R 7 MM, W02 B HEAF — A £ BT HERR A9 Bh, 1Y Ehivy 5 2k
’fm&ﬁ’(slandard clock) , 72 B &) SE 8RO IO ) B 5 ool
(proper time) , #EM [ 2 . Al LA RIE - (R —E &
M) EREEAT — M ARHER B RAE A 8 C W R A FLER
a] =B & AT 1EH 7
ORI A 2 0 B B0 LB 5 4 Loy
BT E S, 3t R R A HE A A R BERE L
EX 1 REEHCHALEEMSE p, M p, BIEER
SHHIR T M (>7) (LE3-10), W% P8
oo s WRK e REOKKL,, = j: ST 163 -10 HRiEdE
(3-2-1)

SRR O — AR
Fi23 EAEUH AL FE— cBRAREARE STEREARMKR N

dr= /- ds* (3-2-2)
Ay IR c ANECH ] L =N e
dr =/ —ds'/c (3-2-2")
H(3-2~1) MR
oo = f v (3-2-17)

Fid 4 LR E X R — AR R E R B PR B L
IERAXG-2-Hwr SHEEBBEFHEERN TS 2,

FiES BLEFIEBLUHARMENEE —ERZE (rate) IMBEE
(setting) , {7 & S BRFE B B9 HR1E , ) & T & Xt & SR 46 5 o R v R R T E B R 48
HEOR (R EESRarERE ST TERR), HEE —Exfy Erthl, e
AR A ZR B R R — /BT, X R R AT REME AR LA R S R R
B B EBMEERE .. FELE RN FYLAEE B A REDR B kg
WG RE 0 T B2 FHLA E B 1

MAENABEME LS. MR e e, R ERKR S ARB KR m

EAE R IE S SRS s 2 4. MR B0 M B, S 05 88 ot TR FE Y dn



28 ®3E AR HL AR

THIE B R

AE X REBSE R B AL S AT AR A (RiX) -

(1) FrBEWET L4y I w2s, BB MR 3 (inertial observer) FIIEIRME W & -
XA X G A A H A RN B BT LB RS XT A X o IRAT USRS A7 —
A X R ME? BERERNE IREDH AL ER A,

(2) B B4 W2 TR AL, R A 7E AT 11 B Bk 19 DL 19 L 55 AR AN [ 9 5% 1
WE ., A R AT AR AT RAOA AL TR # R DR .

SR AT 4B A SR E 2 83U, B SRR W RAE
XAMEA 2?7 BREREFmES 2K (EME A LK) 8 SN,
HERFSH RNV (T ) B ENEBRERE R H KRS E a0

REFEMRGE, 2, REESHLTE S E TAE, R MR E, K

TS e ARG S E S a5t (R LRI Z 2 5/ 6 XK 3] & 4 X /)
MR I HEAEMNA ., RERERSE,CYIRENS M F S
B R B 2 B A AR AT R, X R R R T AR E . K2 TR R
AT IR AE S T A B A PR R U AT o 1 A AT EE A L R
T HE W CHLEE A K SE B (5 0 T 6l R T S BB 98 Ul T A B B AT LA S R
o UEXRTFTRE AT B ERTRACYER)  BEARE RLG 8w R,
O B tEa e EE(HFERERSSBBRA);Q WA T e sh 89 &
(AR ERS) o

PR J TR AE RN E AR WL 2 (B ) 9 3 D HE B Y 58 BB AE X5 R il it
TE A% SCH XS 1 HE SR 1A A 151 W 2 B B S0 e B BB 2 Y B W A i
R LSS MH LR, XD WEH LRERE (BHRR) . X—EXANECEH
AR RN B AR 5, T AR AT S L UL
B f A UM R R B BA M A ) 8 — W N AT, S
b2 BB Sk S 1R BB 0 — S ZE I Bl 4

WE (TRBHES &) 89(E 5 200, I a5 8 RS W3 X & &
EHCH E8 SRR B, AR S R 2 i R A (A d B
BRI o 0 A S R AR A X3 5 A {2 9K o BT BE T B B L, MO AL AT 3 47 0
WRE R, SRR A B B o AE PRI T T, AR SRR XTGP R s s i ey L Y
S (5] S ik JB8 F ) 0000 A (R DL § 4. 4) s AL HE O T L BT R K SO AR S T fa]
TR o 8] 42 WL 6 5E 15 B AT 2 WL & B (55 %38 (B an 1 A 50k, B4R 9%
—ENE], IR R LB 2o U AL R BRI . OB T RE AT R A TEAT ] 4
SRR BEAT M FNIC S, W E AR O E (- W — AR e X s



§3.2 BHEME. BERILRR 29

TR RE M ES (B RN BE R, SERANE DREE
LA AR M A S A R R B E S R G R, BT LLE E
HE R ARGt AR RGP AEF— SRR TH, ALHELARG S
WL B A AR A, (R R IR 2 0 R AR AR, BOAR AR T TE S Bk
% EIEER L 50 AR — A4 ,) DU TR 52 2 560, T e T 4b 78 9 48
o F 0 T ¥ 1 B MEPE IR R (3 - 11 i T PR AWM A RL) . R
MALIB YRS o RAETEMHE A & b s BIET B © HOFT 1 fh 72 3 KE B B 180
r TR LA BN o ERSE R E AR T L, B, =7, (A) (FEB M
BIARKABNEE). ATH S ERBRIE o HERES (B A WFE
Hb) T AT YE— WL (GEE O) o 50SEE 7 B £ AR AR B (AR AR B AR XT T H0 1 2
TR ) XA RAE — D ALARE [ x,y.z) (O BT RARITTHS « L FRAH)
BaEEES AR — T IEELER (E o A B
3o 11), M o BT LR A 2 A AR H
a=(t,,%,,5,,2,)0 a b

—MENBERNT A RSB SRR, BN ,
AT SRR TR B RS % R MR — X
BFRF D k3 A AR (G — ) M — S A | 4
@ Pl Az % 18] AR AR T 5 (3 53— 18T TR 5 g 25 ] A A R
A) QB3 -1 M4 GRS o(INE)BEW
FO(K) Mt R H — 5. H3-11 SREZE R

TRV RS % RRRE SR R e AT pl g DRy
GHFRZ RN R,

MEBF — A EEEL, BFF e, b EFEI -1 WEAKTFEE,
FEANKTEENRE KR (% F),a,b & 10 % %5 R 6T 8] A& 4T 7
M BRI ¢, =0, Ho e, =1, (A) g, =7, (B) ., SR, 455 e 8 (1E H 28 4
BB ) MW R R S AT, B L R ARAE ¢, = 0 N T MRER X — 710, T 1)
Yyl — 5% R B0 & B0 B RN AT B 4R M, B B SR 4% 4 7 AT — R A T
R AR, WEX-ERNEHHRENEREN, BFEMNIERS
S FAE TR0 T 22 ] 604 B B 4 T IR S R M B — 35 K e - Lo &%
ShE R — I O BB E R e, /EB AT R T B (6 8 4 50 3
R AR —WE A ER B RE" MMERECHBRERLECEME ) WE
B 45 50 % — Bk B ARBUTE ST KRS A BI46 5", BR, “ S5 £ & L5 w2
B S M E BT EmE, S b REBEINBEBDWEMA Wb Y a
KOER— KRR E Fo BFLL R BT a4 B4 b I8 [ O M i




30 E3 W EXROANLTERR

A IR E AN B R A M E SR, AT L 4 B 1 A A A B
Xt R A FEIEE LA R FE A G — RN - .
] 45 (9 [7l 25 $ 4F 4 [ FR B 5 35 3 (radar method) ] : ¥
HEABE(AEEFR)EMB. " HESLE—@
ST, M T B3R K O SRt B AR 0 SR E L a
RIE A TE3E MRS %W B Kb (FMF o), Bk B

Wi st (B b, B3 -12) . Bloa, £33 A EiE
AR B, o (RFE AR L a0, BHPA(UK @
Kty A E% 510 A B 8 E A R E B
g AR,

B 3-12 HREERMEIXE

[#i%x3-1]
AT RERIESS A RE G FHE R T R AN BIR A Bl R A
BRHAE R LAFR(LTT), AHFEABLELERHIN, K, 1M
MHAERSCRESTERERE TEL(AMEXZBEFTHHE), XEALET,

Sl iihihie B LG (B MRTIEMHARGER) &GRS HIN R L
(REBERE), wRBRZF LM TENMSE ZB AR AKED AANLAE E
HARAMELE 2 BABHER,

FAX—ELE HEREAEA KT REFTE L A TFTRREAKIRE
55,35 2 49 W K AR H IR A, (i3 -1%]

§3.3 LB AT gEE

FABIEAPR R KAl LA B R e LA FHEE, LR FHERL
(B3-13)  HfF—mE ALK &R ¢ L
dszz—dtz+dxz+dyz+dzzO (3-3-1)

d
L p AR B AR 2 TR T 7 A 40 p AR X AR 4 5 X
KHEFEEHRE LN P
W T
um LEEXES . 3-3-2) ] ¥

BERGB-3-1D)A[HNEY B3-13 RFHR
2 It B
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ds? = = di?| | *"T :—(l—uz)dlzo (3-3-3)

LS “a"REFEMNT, M EXFEH:
u=1 & ds'=0 o kAN, (3-3-4a)
u<l o ds<0 o RILHAER, (3 -3 —4b)

A LB TR AT BEAGER" A4 MBS EHRRE, WD
B4 3 48R E KA M P a] i

(A) J6FHX FAEMMBRME R ORI w =1 (06 RIEE R AR E A Z L
WE);

(B) BREMMFAEMRAMREE v <] (PR SLENE” ),
W, EHTENREZRG -3 - ) XAEHNMERAIHEESEHRARDT

(a) FHIHRLRE(BRETZ8) AL,

(b) AKMHEFEXR(KKFZH)IEEHL.

M3 -3 -4)a A4 4E3RiR (a) (b)) FMT 3 4ERR(A) (B) . KRTW,3
HFARDEEH TR, WA R FHEE v E L, MBI 4 ERAE
GHE MABRESBBURM, 17508, AMTEAEME 3 FRA(A) (B)FR
Hi1E4Z A

(A") TFHERBu=1;

(B') mAMER u<l,

B A AR R AR ISR LT VN E RS S TR REMALENH
B, XEET, " BX" —RAAUFAEMARE L, Kb HLEEYE ERREH,
REFBBEHRIFERE BRESFRAMAY FRERNERE XL -3-2)K
Fth XM RR B R LETRANELA RAL S 4 HRAK(a),
(b)MFE(BER” A RALTMATUREMN ML), BT S RHF
M RFEBEE L2 5, SR, 2R R E XIS RN BB, A& 1R U % X
PRI E " WAEE TS, WP, XMIRBBFRE, T EALE
=,

Bl Wi,y 2] BRHEARE ATREXHEREIT,X, Y, Z] .

T=t2, X=x, Y=y, Z=12z, (3-3-5)
]
_ AXE+dY +dZ?
U= qT (3-3-6)

HRBERSEH LR FRER, B EXHE
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2 2 2 2 5 5
= ZL% g s +dd1y A2 ou, [REMBIR(3-3-2)]

Wou=2/3(R02¢/3) fEH U=4/3>1, A BLEE.

EIZ 6 AR E R AT TSR & B X e A IR R B — AR
BE A5 —1EH BT AR SE -

RIE ARBIH US> WBEE(B)  EHIFRETEWER(B) BN (B)E
Sk ou BB AN PR R AR T A T, XY, 2 RERER. B
| EREERBNE BE2LEBFABN.

B2 WK=ie,x,y, o BEERIRR, BEAF L0 « WARK AT, 0 &
3-14 iR, Whog Ma, REF L8« 245, W R=x, ~x, BEWERER,
AANEXATREL B ZZEH B K RS89 @—
XULEE%E"U:

U=

dR

=g (3-3-7) B3-14 fl2HE
TE

_dxl dag

Tode de®

M dug/de #1 dx, /de 53 5B BF AR F K RHEEICHE ug M u, ) K
U=U, —Ugo

RER u, = —ug =2/3(B12¢/3) ,EF u=4/3>1,B0BNH,

RIF B3 -3-7)FXH u FARW A RS TR R 093,
ERTHE  c HAEERER(B),

B b B LA =23 012 85 u, = —uy =2/3 HA S B BTG T B K
H’Jﬁﬁmﬂﬁ%%ﬁ%ﬁﬁ%i HEL L MANEEERGEHFM 4 4RIR(b) A

AL R R I

B3 AKEIRFEH G EE A & e— G R E SRR 8, 7 Ik
3-2,

(£33 -2]

FHEAANARMAQL HRREZE, T ALERXEMARA, IAHZTAT H
M AHEEFARM®E, L, FEEE-—MRG SORKGEAL R HFAHF
FHA LFPHER L RATES, COF-—RANE S REAFFENZ ¢ 69
AER(ELRAIRBTFHLTEHE), AFTFINEHGRE P, —4AZ 4
(Bl BAMNHBRAR) KRR REL -2, TRARALEZAFEFH TP H—F
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Ré&, E5H—FEES HLERAER I HZBZZR, AMNAATE A ¢
EELH—BEWKZT AAAH-EAHERACELTGH A TRITAEL,
Ve b vy, B — A AL 6T SR, 5 A IR BT, A — 5 U B) L A 30
JRAT, A KRB R, RARWIK—H, FHFAMKLEA T,
EERNEFGEE DAATEH 1 eH R, TieH D), AE R AR

A u ARELA D(o) 6y e F A
u=dD(1)/dt, (3-3-8)
FHERAHE NS PEE T ELSEEANZLAZIAGRTERE v HEMN

a9 FE & D A B

u=HD, (3-3-9)
b HRZRBTH(AHTH), B EXTo, 4D L4 Retu TR TRE,
FEATHBAFRE . XRATEF AT RO EREL? ZERAFFHF, X4
ET,.ZBRAAKXB-3-8)LBFdETELEFEE 2EHAFH T -
3-2)ehid A A AV G e K TR AL Fastit, 2 EEFiadR
BEEAFERLARAGEEG A H AR (D) LHAEABANLLHERELT
AEHGE, FRE A4 ABTHRTEAH AL ELRRAGE -2 7004
R A LT[ H L E0H, AK2006)% 10 F), By X (3-3-8)%F L
u Bt R FRE AT, EH R R RE R (KNRE-AET
F)4 HEE T AR, KA RILAE T I R AR W R e il 2T ik R
EAHHERKEDH EH M4 & (b) (P RAEDEFELLTLE”) W HE
AR EARFLE, F—HEZRFEREA LT EGEHFAATR, ik
EH, AL, BABE 23 FHHFREART LA AME(FREABAR
AT —FWEAE), ATR AR AR? (£ 3 -2 5]

§$3.4  BEA M5 A ARa e K 5 A 2

WIPEAR AR oy, 2t R AL B« AR M IR M e AR Y, I FR AL AR AT, 55 14 47 B

T BEAT DX AR . AR ARET S5 08 AT I A 0T B e T X
(1) BAF RS ER SN S R R R E B AN AT R

PR BT 28 L, AL, 28F p o U p s 4R 28 Ly B9 — a3 19 [ 75 A R] LAAS [
Feh L, —Sa AR RO, B A7 § R — D E U, Bl A A

U Tl E A T s 03 =3 =20 0 MR A b ey o, AT P S I 5 ) O AS £ (.

B A b 5



34 E3¥ MMM ERA

B RRIBEAE T, MR RIS TEE, M & DB LY
Wi, RO BN E o GBI EG R 7 K 2 B A 7E T 8147 B 60 A U o X1 S
EOAERE . URASR I M 6 B B 0 T B R th ok, B E R B A8
o) B2, AARE SR LK K WE — 0% p BT R T B AR AT

(2) FI— 6455 & p 755 e A8 i 3% o T LU 7 (7 B 0 A A B O
A e A — O 3 2 B SRR ) B L 0
BRR A BRAT" . T A B U AR R AT R MOV I — R IR
BN I BN ARy STER R R A B A B R E p 1Rt R L 8
— R A S KT

N p ATER AU R L b SR UK BTN L &R0 — 5 09 AR 7,
IR SR T — MRIEAFTR {1y, 2h HABAT R p A2 A AR R 0
FRAt L, BATEHE 7 5 B% R, R AL R L a— N TE, & AN p (I LE
3-13) EEE LRREEHEL, B3 -2 - 1) M dL W E A

dr =/ -ds*, (3-4-1)

54
dr* = - ds*, (3-4-2)
Wou L LA RAR RSN TSR AMEE, M EXE5R(3-3-3)

GiEEE

d7’ = (I =*)de*. (3-4-3)
BARKS y. =1/ /1 - BAIE ER MR
de
o Ve (3-4-4)

ERE BN c SEAR r S XERX, Y LEIGERERAH—
BHERES B (3 -3 -2 HME w=0,%y, =1, FEEE =08 1=0,3xK
B-4-)RIER/ =7, TRVEAMN, EH BEE 3 - 11 T Rig—E,
T —BF R p (CHBFICAE o) BIARARET o, ARBE X K 1, =7, , K r, ARt p
AR AR AR WA R R AE p SN AT BT

§3.5 WEHEP LR

AT E PR, A s R N A B MR A AR B L HIT IR B0« BT o R P
BEH PILAE R [,y 2V MK R4 20y 2| (B R8T 2R T B G
9% R T AR Ay L UL« R AN 3 - 15 R . BRATA NS E B R
o BT UM LER 2 =y =2 =0, ML KERMERBIRES O M R,
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O S ERAAE FTHEE x EmSHEH, BHERKEE 4 g
BIFirA R EL. ZT 8, FEWNFEESABEER
WEREFHEESL, RIMXEHN! BhT. BER
BN ,x BRI FRRSR o, i, DL R AR AR Z (8] B9 5 &R iy

% %% R ISR A B .
V' =y(t—wx), 2 =y(x-n) (3-5-1) \\/\\\x,
B, A . BRR I EESRA 2 =0, RARK !
(3-5-1)Bx-u=0,8 E3-15 #¥EH
1 SLHIEIR
t:7x+00 (3-5-2)

HRE TS, ELL « A AP B ER LR BT, EXTRER iR
— R EAMEL R RENEENE) TMAMER v (>1), AR
B3-15M MBEMHRKM, BP—FHE. MERAE =0, RAKB-5-1)1F

L =ux, (3-5-3)
AW« MESREANER, BEAo(>0), RME 3 -15 B 28" R H Y
TLRTLAbERER . IEMA 2 BRTE3 -16 7, BT 8RB R T
HEEL e PR ETER SR THFRL BRI, BF6 ARd
XEER R R e Bl S« B IEZCH, T o 5 2 R AT R IE 5T, X S Ak B & F 15
RO AFA? HLx BEa S B g R ", 72 AT 2 15 3 FH BR ES JLAR) 48 15) 2
BIEE R . Bt 2s B Y B R LT AR (6], AR 4 X EC JLAA, B 3 - 16 By /Tt
ERT 5, 2R, HEMR R ERZMKKIEELR, (KBIFREGHHKIE
HIE S EE REEAAMEIR.) RZ, B3 - 15 i o555 "« " 40 2 BR IR F
ZMAERAEEAH . MREBE, KRBT UE ") RAEME, B3 - 17 gh 2
Br B, E5K 3 -16 SRAUNE, LHEH,

JeF A&
HFHFE

B3 - 16 o, x4l B IE 5 I % B3 -17 A=) R
HoRt 214, 4 TE 3 - 16,



36 E3m HEMRAILE&RR

25 A BRI B R B TEACHE b KB 2 K B RO FI T L iR
p= (1 x) HAE— 7S op RIEH 0 55 p ELB (K3 - 18) KL KA
L7

L= JT-Ceal,
ARMEL -+ =a( W) LEAS o MFEHLSEK , FI op 5 og H,
R E VLT K (B ERE LA k) A% B3 - 18 v f0L i 4 e e f 8
5 B F L B AR SR A R R T LU L T A (2 p A AES—
R A LR AR (Y p SES R,

B 3~ 16 3 DR MR 245 O (7] 0 60 6 T ol T U305 48 M 7 L[5
BOARNTHE . IS 3 — 19 BI%fk p 7 g0 s FENMEF [0,x] BT AR 0
T L BF L% R AR B p A g KR, KT .p.q BT 0 REM—IK A
BT S, b BT L) AR AR A T

¢ t o
\\ / f
. /
\ / /
5
. . l) '1[ 4/1/ q //l)"
O\, q x ‘, /// p///
1N [N .
. N\, / ity T
/ e
/ \\ ’// -
\ o -~
B3 -18 Rk v fh 2k 3-19 p.g&id,x"] R A RIAES S

G R R NI~ 17 N i 115

§3.6 HAFEARXZ

RLp, #1p, B#RMCKEAMHBAERET B4 BENEREBER K={1.1,
y,z| WIBTIE AL R ¢, 0o, N SRE At=1, =1, SOCH A TFIETI) . & p, Hp,
T —BERE K = a0y 2 AT A AR AR R o B 0o AR AR f & e
BB AaRTPERT 50 o =0, 0y =0 A =0, — ', = Ar >0 S R B TFIE T
RIS, FEAk ABXT e R BT R JEAR AT A A0S A —JIER % IR SRR E B Ar <0
BN, EARR K RINHIET T AE? Shh ik N REg 28 BEMAEA
BEREZ M RN A DB A W FE N REAR R,

Feitie 2 YR RET S X — R BN 0L RGHEHET 2 4 XAt s, & p, A
pr A AP, EMTERMR KR K A9%45R 058
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po=(t,x) = ,x0), p,=(ty,x) =(1;,%5), (3-6-1)

L At=t, -1, ,Ax=x, —x,, ¥ 2 HERFE BB R KM K Z A A 4R A0 3 H B
RN FERE R ETSR:

t'=y(t-wvx), x =y(x-wvt), (3-6-2)

—HAT v>O, MERTE A v ATERTA(RE I <1),0 <0 LXK RIFK

FxHmimizEsh, AR (3-6-2)18

At' =y (At -vAx) (3-6-3)
Rk —gtE, i Ar>0, XEKE K RIANHEMSp, BT p, K4, R AC>0, 8
VLB E (3 -6 -2) BRMFH AR A <0, 5L # (3 -6 -2) 2 AT
iy

BYFFRE R RIF XA TGRS EE, ¥4 p, Mp, RZEHE /7,
E XK

l,=-A +Ax’.  (BiIEBEHEBRETRTERAE) (3-6-4)
@by R =31, >0 WEIFMAY EZ 81, <O By E BRI 2EaT /91, =0 A [EFE Y
KW, EREET K FECHEER AR, AR ERMZ., THEHEAT
PR EER,

EE3-1

(A) EWEGRERE AR BN, <0) , WL K10 28T R ER T F;

(B) L MEMMEMEAED (1, >0) , MLLH BB FHEEETE,

ERR AER(3-6-3)BRHEE AL, At Ax,v B BATE At>0 4, K
HRATELE AT E,

(A) BB (3 -6 -4) AT A ,[, <0 {RiE

[Ax| < At (3-6-5)
FER v <1, XE A > lul lAx ] z=0Ax, 5 (3 -6 —-5) 518 At >vAx,/CA
H(3-6-3)F18 A >O0(RETF), AT, 2 [, <O BF{Efa] 38 10 2% % e &R 1%
55 O
(B) Hiz(3 -6 -4) Al A
[,>0 & At<lAx] & At/1Axl <1, (3-6-6)

MR, E 1, >0 HER T, TIL Ax HIERR, F RS FHEEEL
ik,

HAx>O0, M1, >0 B Av/Ax <[ (3-6-6)], HEE v>At/Ax, &
HovAx/A> L HRA(3 -6 -3)FE A <0, LA v IS EW BT HE ik
B, B3 -20(a) BxFR#BMet = B, BE R EW HE 2 A: >0 [ A’ <0,
(ANR—EE B L p, EAMRIER ! B FRIE )
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{
i
X'
9¢—f =, S
//// \\\\
- X
P 7 X
- '
P X
q' b ~ng
(a) v>0 B I (b) v<0 AYTF 5L

H3-20 MEFENEEEESH. it R, p, 5qFRE. BT p;
gl | &, p, 5 R, ETpo

2 Ax <O, 1, >0 F1F At/ 1Ax <I[K(3-6-6)], RER»<0MA
vl >At/ 1 Ax| fBH{E Ar < ol 1Ax] =vAx, BEHA(3 -6 -3)FE A <0,5x 4
BB THRFEREF, B3 -20(b) BXMTHMANSE, mER L At >0 7

At' <0, [HEEE]
FEBREHS - | QWAL Blp, WEAEH pdokk

VR el (B3 -21), %1, <08 A/IAx] > 1, A 7

3-21 ATAERE pp, BERKE (AW p, f1F p, 1 E A

RAGHEE AR A p, 5 p, HEMER, BAN L

MBI AT AA S p, H p, 4 BIREAME B 8 & cpitid

RBEWEE, B0,y RELEAWGDAE. g, REMEFE L)

X, REFHMNFRE H o, RETHBE, A
Z KRBT AP A p, A p, (R 1, <0)ER pap E3-20 Ffhep
DAHERER, MEERFE— MBI EERESHZ BRBE 7
KB py B TF po B (HUBE ) BE 4 R IB R 5 R 5 T (T 47 o 5 85 5 o3
1, M3 - 1(A) R B B R IE R B R R R B MRS, I
ShRETE3 ~ 1(A) B 1, <O BA S HMEL 1, =0, X8 p, 1 F p, B Kb
0L, FEBAARRER (B p, #p, HBREETROESMEBIN),
IR - 1 (A) LRI A7 7E BB R 60 1 1R 25 20 Bk
R, B3 -1(B)MRE, DB p, Fp, A 1, >0, 35 7 K5 8ot FF #9%
A, BEXEANNEEAG G BB, EF ORI R S LIS HRAE
W I AEME AR L, >0 MFF—E A E E R R GEBI T,
B p, B, B 1, >0, M (A0 < (Ax)" s RE—RHE, TR 2, >x, .8
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Ax >0, FT At < Ax (0 3 -22), LI LAAKRERE p, Mp, ALK MELE
1E— S R x BEREL T f(x) & LR (2,5, o REHADEKFIE
LA x, Flx, ZEMEFE—T 2,2
df(x) Sx) S5 A
de | .- X, — X, Ax °
1, >0 M AvAax< L, B[ df(x)/da] | <1, 4

B4 L 75 5 f(2) IR RN T L B LR A S0
AL, TR BEEA —MESANEHp,
B8 p, EEETRFREDFRLERBESBLE,
XM E S HEAMAM I FARFE. XBIEAT p,
Mp, REEMLMBRKR, BAWHIBLETH _ -
WEEAIAF ALHEERXER FEFH 0 ) memem
FEART BRI AR EXE - A%

WA Rk 2 4 XA 25 0 T 1930, B7E K 45

W E 4 HXRKRA, ®REGp, Mp, TEBER K=1{,0,y, 20 RIRN
pr=Ctxyz) = (t,%,y,,2),
AR EE 1,E XA
[,= -AC + A" + Ay" +AZ°, (3-6-7)
Hef At=t, —t, ,Av=x, —x, ,Ay=y, ~y,,Az=2z, —z,, BRI FITFIEEHE
eSS 2datss M, @2 BRIt 5, AN EE B &L ZUE W T
EE,

EE3-2 EXtp Mp, B, <O, MBEEMELIERE K={,x,y,20
Av> 0, AR IRAE L 4R RERE Ar' >0 X RBRE A 2B S80I R 09 P 3 1
FEEMBERPHEHERNF BMASSHERER),

TR REERX—EFEMIEASER3 - 1(A) WIERRE, R 2
MR R (3 -6 - 2) B 4 HEIS 12 A e

t'=y(t~vx), ' =y(x-wm), y =y, z' =z, (3-6-8)
RTTEIIF et e, XBEFLRXRRA DAL B XK (LE 1 -1 kK
B e B2 ) B MR AR 22 (8] B9 A AR AR 48, T 3 A1 22 0E B 89 2 78 4 fa] 15 1 A AR AR 4T
BHA>OHEPHEZRES K ZZAEANERERKE, BTR(3-6-8)FIKX
AP EER AMAZ, SR UK E -G X T " A948 #6  =
IDHNESBRFERERWIERE T, WA, I TIEHEHE 2 B 1E 0% Rix
FhAT R, IXR 4 HEF AT PR AR R KA K 22 (A g9 Ak AR A8 32, 0
EZEMAALBE CBKELZL AU T AFMT.Q PIRESEALFRE A =

J&®
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t=0BfABB ;@ Ix',y 2 | X Fla,y,zl RLUTEEE v=ve +v,e, +v,e;
ST, K e, e, .0, BIFK R a,y, s BIER KRR Q) &R 5 (8] 447
MR EFE. X RALARTHEINT B ERESFRFD U 208, A
(2009) /N1 G.9. 1]

N Y - yv, - yo, N T
, (y -1 (y-1)v, (y - D)oo,
x -yv, |+ 3 2 3 x
v v v
= (y-Dwv,v - 1) (v -Du,v
4 AL Y T : 1 +(7 TR ? T : Y
v v v
) - Do, (y -1, - 1)l
z o (y A Y 2) 2y : ) v : |
- 4L v v v =

(3-6-9)
Hep
v=Jol vl +0] <1, y=1//1-0", (3-6-10)
AB-6-MAR—MWBLETHR, HATIUEHETHE2, LAHAFIEHR
(B3-6-9HERAZFH A TS,
EE3-2HERR BRXB-6-9E1 =y(t-vx-v,y-v2),i
At'=y(At —v,Ax -0, Ay —v,Az), (3-6-11)
FEB v=ve +v,6, tvie, E3HRGE , HEX I HRT AX=¢ Ax +e,Ay +
e Az, RATHER(3 -6 -11)FHh
AU =y(Al-v - AX), (3-6-11")
lafFrRit v 5 AX M f, [o|MIAX I REWMEEWKE[HS | o @13t
(3-6-10)R v, 8 0<v<1], M

v AX = 1ol lAX lcosa< lwl |AX] < 1AXI, (3-6-12)
HR(3-6-7)XHI1,<OFRIFEIAXI <A, RARX(3-6-12)AH v- AX <
AL, BRARK (3 -6 -11")fEH A >0, [EEE]

[i%i%E 3 -3]
ELFRK(3-6-9)MA KR —H B ETRE E RS EH, Kit ikt
Sl AL, BRBIRIFEBY I ERiELE,
BELBOEHMFEY MU B LK E R AHHH, & K=1{1,x,7,
dRMEEEL RZNG— AR LAFR L3 AT LA (% — M) 8 — A T8
HAMMFE AN LAFE K=1,4,5,2]  B—FHp B TAA(L,x,y,2) LT A
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H(1,2,7,5) MK Z2B K AT RZROLAF ZRNG LKA THR(HAFE
AR LARE) ARAERN ARG E T RGOS —FHER, ANARZOZRELR
xm—64)@&%@%&&&%%;ﬁ%ﬁpﬁﬁﬁ%ﬁu%&wﬁé%%ﬂ,
IR AR A K=lo,a,y, 2l BIREAF ZAGRHLIFZ K= 12,y 2| #
T, §FHEAKRKEARB LB, MAX(3-6-8)RATEL, B A4hH
EEEHMET. LRIEKZG3IATE L8 (L—R)EK—IERHZ, 0
HEA# g9 5MK 28K 20985 —# FMFaH 2 K= 2,7,271 5K
AMAAHILEMN ARSI L AEAHOERTBEAZKN(3-6-9) AR —MK
RS, L H AR RAKX(B-6-8) 5@ — D, 2.4, TR EHA R

— BN ET B AASDELRERE TR, S 54D R AL 4
HRKEALAER HHFULATBRAX LG TR, REL HELETHRONA
A AR RARRZ R RIEER EARRELE =0 TS RAFE
BAABEETR, TR TAREH L TURHESH LT ALBHE G &
(ABVER), HABLETRGESHAB(RER), T 5D FmiTi
T R M (2009) F A § GO Ak F [#i®E3-3 %]

§3.7 AT ILFTE T ? ATvAR A IJUATE S 2

e G BE BB A B R A AR B AR DY IS A AT IR 2 RN BE R B ok
B EAR . EEIFARRIS B ORE M (RM LRSS ZAN) — S €% TIX
SR B FIAR X A9 X (CELIE W B R ) I HE BRI, R —
ZEREM AR EFR N FE A K, L0 R IR (relative) | T F7 g 48 3
By ( absolute) . T 1] 45 {9 15, BH

Bl PEATEARTE R R AR AN R T E -
AR AR 24 M AR AR 2 845, B p = (1,2, y,2) = (0f 20,y 2") B 5
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5 =0 lcnmasy=1//1-0.17 =1/0.995,
(a) G R %% & T4 A0 13 69 5838 ¥ 2

I"=1/9y=0.995 %100 m =99.5 m,
(b) {BBE1) At TREM
A R EE SN A p = (1,,x) =, x))Fp, = (4,x,) = (t),x)),
e, -1, =At=10s, x, ~x, =1 =100 m, A A KK KABRNFIEZ R AL A
(AHEB4-9 THEAEAAL) M A =x —x}(HE4-9 Thex] -x] <0),
FRELHE TS« =y(x, —v,), v, =y(x, —vt, JIEF

A=yloln, —0) — (% -x) ]

¥ v=0.1lc, t, -1, =10s, x, —x, =100 m LN £ X /F

A=~3%x10° m, (ke

>

!
T l p Pz{/mdq
4 i
At %
At
Hy
/‘
i
T p x Py = X
B4-9 H28E,10,abHA%E. B4-10 #1388
(BBx2) A= E K
WX (4-2-2)4%
A=bly, b y=1//1-0", (4-2-9)

WA (4-2-3)F [+b=v(a+ht) B a=vh, L MIFH(I -0*) =oAL -1, b=
V(oA -1) iEER At=1, — 0, RANX(4-2-9) 17
A=ylo(t, =) = (2, —x,) ] =3 x10°m, [#R=]
B2 BRAIBEBARE B KA BB ETH, 0E S LS b
B dFAAM TEBARE W RETHES, KK BT BT ARSI
AT 4 BT 6 B AL, ‘



54 4w BHEHERN

&

(fRE L) RS T H KB

A TRB AR FHE ML p, = (,x) =(,x) p, =(1,,
w) = (U,x) B L=l —al =u'(th —t), At=t, -1, §iEHET R

At=tq_~t1:y[(tg—t:)+v(x;—x;):|:y(%+vl):\/ll__viz(%+v),
(4-2-10)
2t B B 45 6] 0 A
! 1w
At:/ﬁ(7+67)o [fREE]
(fgi%2) Anr= Bl LM
HKEaEALELZ2BHZTH4-10,HX(4-2-2)4#%
A=y, +p) o (4-2-11)

HAEBL p BEHKRINERZ, BN A A(EBRAR)E - ER(EH
A&), ¥X(4-2-3)AFiEEBZu =/uBu =vl, ARAX(4-2-11)EHFX
(4-2-10), [ fE 5]

4.2.3 A ELHARBEARER

e SCARXH IR T AR IR E A H R BB BN, E—E W R 58038
FEBCIRI R R K PP I8 SR A 2 0 — (el R R S B AN AT E B, B R
AR A, X4 -2-DHREHMEAFUHTANEGER, - EHE
W EER 4 -4 F LR ERBE L ML, ERE L, <L, B CHEIE. M
ZRBEOR LT REEZMEZHEN,. AR T AFEHARLES R, “FMINEN, 7
CRE.THEM, IRt R M F AR AE T E AT,
(AR £ AT AR E B, AT R (8]0 e o o7 sUBEIC FHE R 5598 . ) E/b
THEF AT MERBRT AN ARSI EEMBEENR) R
RARZWHITNN—F KRS RLAE =18 C,C, 1 C', BT P A~ 2 [ —15
HRERNBEER LT, ERAEAIHCHCHHELETHEFELERA AN
XA AT Blan, B4 -1 BRI C PRI G RAWT Ik b
fhFEmt %) « MZARPRDANFES CHC, " AARE C7 25 A R Z
o B CHERETZl e RRME(HTN e IEEFERBIRKMEFHRALEE o),
BRI AR B A (B o) BRAEFH U CHP7E o BN T 1, OB TE e S
BET Lo BT L, <, WECHFEEGHE ShMHRE"WER, ARELE 4 -4
s8R . NERITEARMERE , AT e fEKFA C Mt R T f(I
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B4-12), &r=l,,7'=L, ,WEREHH /7, WEBE,IEm=1[,n=
L, Wnth&F L (ERARLEIC3). HEASL

Cép
©)
& n
=
= I
\ ¢
*ﬁiﬁ[ﬂl?ﬁ‘\a‘ T
m
0 T 7%
B4-11 GEaBBERRGHE E4-12 K7'/7B9E$ETIER
CHCH, RANPEME,

T=m+n, (4-2-12)
Plle,x i fRFE CRARTEMR MR IR RN CoPfERTE] m WELEE o, Lo
KCOHHEMTFZANESE EEHIEHER(4-2-3)]

n=um, (4-2-13)
A, (4 -2 -2) XH
T':y_'m.o (4-2-14)
7R -
T m _ 1 N l__\/T—Lf_
r y(m+n) y(l+n/m) y(l+u) l+u AN
R 9

(1) #'/7 <1, Al LB 18

(2) v'/7 < 1/y, 0] L ahp 18 &) #2 5 tL FH
& 4 -489tkBh X B

UERBIEZHEARREH T REES  ppwg |
MR, R LIS Xt eh 7 X (B
4-13), BB E! & CHCHHE
BE(HF o) IEE, MM E G AR« FAF
RaHFE CHCHEERMER. RS
L,<l, B CBhEy L8t COMIEHMERE B4 -13 G7Eabt LGRS
. FTRAWE CIAASIMER, XMEWM sigcmce. Smashay

Q

CH(LEG)
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FIERME S HL TR, A 4 - 13 BReE e eb iy Neas s [k,
PP e L e e e 0 20 S Ul B B b i A A T, T O L A G S0 W ERE S 1R
M EE 3 dEiE T E e A AR T RE ST (B B A S H—
166) B 7 TR E 2 2R

ERNIA AFE KRB A- B /r 2l K r=-1,, 7'= -1, FElL

/= (L +wu)/(F—u) >1, (4-2-16)

Fid3 (4 —2—12)ﬁ’n Bl , HEW =L, WEA =, (E4-12), iX
MR RRITF S ATE aef RN S PRI S AELR 45°, B LIS
BT R AX S BR R LA B S50 AN BT AN a AR ER AT A S ME I B X — &5 4%
(FEX AR F AR BRSO ), otk R R v B4R R et 0 9t
WA 1 ML, CHTEBERH L G LD -

[ = [ e = | A

L = jf Vods = [ d il = [ A s -y = - =
J A

FoAp B B B A RLE ea B 45OREZK.

I
!
<

(&4 -1]

2 TrarF X MR M, Z 440 FR . EFRELLBER
(Gercch) £ 48 59 /) #F F “ General relativity from A to B” [ Geroch(1978) | & # & F
*ﬁﬁ%éﬁi’aii,?rfﬁxmf%% 32—133 WA B 546 F

WA A A e ST E ENEC,BMNARMNAEAET W
8% A&, m’.ruﬁﬂv’rﬁziﬂz‘;& E Y AR RN -3 S 3 ]

B, TR CH A~ NAREEGOH P B TUAA—RESAFCHF 5 E
-%é&#zurf{r?f»x#ﬂn;tzé&#’ﬁ&&.ﬁ@&ﬁk%ﬁé~—ﬁ+“/\4—tb&”frﬁy‘r
Koo FF, A0 FAFPAA AL TA G FAAA AL L " —ia
ikt A BRI HKAAA A +EP N LA LS, ox?ﬁ)&-&-&ﬂil?lt
Bl 65 L A #6A FA tskdg 5 A, Bz fifasdb P RAmKEFK B4 L
FTREE, BNANLE—0) LAFRCHAC A LHR"FES A, 4o R 4HH 5
R Rt ide Y bbb HARIA 2R T A
ﬂisik# ------ BE b  EHBAAKLARAGiCEELE, & &, 41
AR, RBERE R AAFTRERERBES K140 %im‘?ﬁgé
43‘3‘%4»15“23 NEKFZGXREEC AR At r”, [EiE4 -1 5]
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4.2.4 HEHHIM

S i B ST N SRR B I R IR Sh 16 S0 & b A R o B ER A R Sl A A
i 8l (A - - RO IR ) A I B S IR TR I F RO G, G, G,
(R E—niFR B aEK),, RWRE G, HA a9
TR AW G, K, R B A &R i ((IF %
FAE) BATE p, FAps (18 4 —14) LR p,ps BIZR
K AT, SR G, TS Uk a9 B, M B i pop!
Bk Ar, MR G, WwalmRiEm RS, oo
YE G, MFEATER G, . LL Ary RFE pg BRI K, U
Aty = A7, FFR/NT 4.2.3 B9THSE 5 AN HEE B

Ary/Ar = V(U —u)/(L+u), (4-2-17)

[LFBA B M ], Db S 4 - 12 RFE—FE, F 194-14 RENSUHOE
W4 -2 - 1S A FERARR L | B BT

ATZ/ATl:\/_(_‘l—_ZA::)/(l-Fu)-O (4_2_[7/)
PL A, FLA, a5l ER G, F1 G, AR A6 I 5 <, b U84 5 JA B A OE L (8 15
A/A, = V(L +uw) /(1 =u) >1, (4-2-18)

LG, AR R BD G, BRI BIE L G, F DA @ L) 75 15 i 4%

R IS AT EL S (redshift) o SXPRLLAZE A FARXY I2 8, 5 A7 B 2 35 $ Wi iy
JJU MR R Y 2 BN AL RS . (84 - 14 FUROETR ' R AH T (AT i )
TTTE oL A R BRETHR . Bz, I K 47 Al (6] o 3l CHR A i als ), DU 38 0 45 19
A HGE MG ER , MR 2 E#HER .

4.2.5 P18 RAE0 M 8L 38 E

5 IE 0 R ) e S S B AR E] - DRI S AR B LRSS TR LR
K)o M RBBEMEVZ RN T LB tE M S EE S, M T fl]HJ&m
WP A XEE TR LLSE AR MES , B ARMERE Wl U SRR TR N ARIR, —
ERENIME S, TR T ST AR (Tl S A P % B B R IR & *F_El"]réiﬁb*l—f
W) . BUH KPR CRMA 2SR T (I v A F ow TV K AT #8E BE

L SEAE W FEHROY b AP AR IR S ARG R o N YRR T
:j"‘(lt‘l'l‘m)lllf}l F A T (meson) B FR A w0 T f”. T J|| FALAT B B H X ﬁl’] (L F Wl 2y e
FHULE 207 45528 PILT KA 7 P ar M 10V 8w IR G bpe (1 2= (A48 A

RoF bR 2ps B RIRKMAG 7.
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Xeﬁw]ﬂt'}%ﬂik% R, T LR AR e [ PR AR T (1994) 1. st R4y
SRR TR . PRI R, XA ERE KL Z Rossi 1 Hall (1941)
SR ., &% . Frisch 1 Smith (1963) Xf b X4 T HE M LR # , 8L T F
ARIBRAE R I LR A RSN RE MR, w TAA
MAEKRAZFH N TFETMRAY, ENIXERTHEMEF, B —KHE o
FARAY DRI AT IE R AR S (R B2 USRIt R R Eis
T i B XK (4-2-19))F ] FE, TR — RO o FEEREE—
PRHERR . AT, A T H BB A MBS p FE— AT, — MR IE R
?Mr‘ AR BT ER N E R FG ., BRI 2us (B 2 x

TR TS km B S SRR AIHER LA w =0.995¢c (R E KA R, 40

w/r% waxtie&m )?JE%;’E'LJ;"&E‘M?, I

{51 B P 0 R B NTwERR | e,
(3% 10° m/s)x(2><10_h*)—600m }p e | ERA

WRAT B A6, KT, 0 Fiuskz K B &K

W FAEBRED DB UG & Do)\

WA (EHER ) I 2us B 3 ”0;)\

. B 415 - R mE e, 2% | N\ |

WAk 75 G B AL = 2ps. (B b B 4 A R AT g Avekm o '

AL =yAC Hp N
= S 0. B 415 p KM RE ™ B 7 1

J1=d?7¢8 /1 -(0.995)° Hifo &k w Tk, B p UK
KR AR p FHEHHHEBIEE » PR
ey 10 4% B

At =10A" =10 x2ps =20pus,
p A X (] N E o B R R
Ax =uAr=(0.995 x3 x 10* m/s) x (2x107°s) =6 000 m,
WRZ o FTEFETS B R REE T A PR A 4R (6 km F%"?}i)ﬁif"fﬁi(ﬂﬂiﬁ) 7 B
e S B R REES & e — B w FOHERR KA Aash
B LA EA NS K 20y CEERE TS S8 C, MES C,, ENM1EEF o
g &R %

AR w T2 KM 35 B, B R R (3 4 # /& C, 055 25 &b
CHHBCHBE R BACKEMRE 2 ps, MAHER(EH o) SEa5 8 C,
B M s ERETE MBI AN BN ETE &R 6 km? BEER . HANEER
A, JBC MC, FF-IERKARTHLAFE, M Ax=6 km BiE#BR K,



54.2 4 1% R & 59

B K'RNIRFESFEE, A REHUM AT AR RAE (TIIE 4 -15)
Ax' =v~ "Ax =600 m,

W0, B e TINABCRAEET 2us(MEBEENBEIRL C) ,BRT(HE
)R EEBEIRE(E) . HEV . 0 T, BABEL 2us AMEFEABC A
&£ 7 600m (HXIEHHE (RGN RE, LI ERES B G YT AT KA 2
HO Sl BXBHEEAGHEL o TR K OIFERMNSE, B FHEIIL
LRk BRI R OB R R,

AR, FREX e RAYNEHS NS AGEROBUE.ZET RN
- 1 AU B B

(&4 -2]

AU EAZABRFZIROREGRNLITE, AFFLENYTHTF A K
FHEAREME, ARFATE R E2B AN — 2 p FRATLM, 15 H 4
M, %é@xzmawﬂfmsﬁﬁﬁ@:

n=nye T (4-2-19)
EFnFen, SARE L F0F8e p %ﬁ T, R, EXERE =7, 8
n=n/e, TR, 2 7, /B8 p THAR T A48 1/2.7 42, AMilskde 7, &
A T 69 FHFF A (average lifetime) U, X (4 -2 - 19) gk A8 1F & ) # A7 3k
B FHAX EATHEOAHEY R, REARER . ExtFHik u T L&
A7 2 KA K pIR AR A p FHAEGTEE, @TK%%H%%
b, X(4 -2 -1 BAER ARL SR T 8h K LZeour @2,

n=nge O (E b ndon, BEEA IO AR L FHK)

Bl u KA p A TFEeRE 4 y=1//1 -0/ AR AR RA =
t/y, &

n=n,e #rre (4 -2-20)
PLAE %R 7o KA R AL —T—éﬁ—‘{—i‘];&/} W EXRAEE S yr, A
EH o FHFEHFS, T EKT @A Frisch A= Smith (1963) # £ %,

BFEHEFEBEART 0.9 9k FARECH T, L8 F £ 4T
FPRRE M p FRERERHA Y, FRAABLAHLEEAALOG.LTHER

U B FHEEG "5 £ R0 A 6 445 F 808 E 52 5 et
(20 ¥p ML Washington, 42 F £ €] & New Hampshire( 45 £ & 4 52 3)
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EAe R FOG B ERELANFEIMNEF W FHRBGPREFA LN, £8
Sh A AL ik R AT 0.995 0c 2 0.995 d4e Z M 8 o F 4,18 THRK L & X
(4-2-20)8 n, Fo n, EEHRIFAA

, =563, n=408,
ERBEEFE T)ﬂué-%‘—ﬂipui" Mol ke Fe FEA 7, =
2.2x10 %s, o, o W Tisb @bt HHEE L=1907Tm,¥% X (4-2-20)
ot A

=L 1907"‘———6.4“0‘65@
u 0.995 x (3 x 10° m/s)

FR(4-2-20)8 y FHMRE(RRAE uth BB, PRE y=1/ /1 -u'/c ),
J§ A b BB N % R AR 13

exp( —LL) :—’1;:@:0_72,

Y T, n, 563
£
1 6.4 2.9
0.72—exp( ‘7&) _exp( - )
i d K 1F
2.9
Y S0, 72y o8

L=y HRAREERM G — BB (2 563 2 408) KR 6h, TR MK A vy
GIMMME , HITAE Yo =8.80 F—F @, B-F vy LM AL A0 40 A £
AXE=ymc v, [RXHES FHX(5-5-2), X Pthm, KREuFH#H
RE.] FHeF LA FECFTPOREFAMEE RNE=ym, " PETK
By=8.4, B HEMHZA y GBATREM, FHITH vy, =84, A FHiZ LK
BMATLIAAY v,, =8.8 #4F485ma (%iE4-25]

§4.3 T (FF)
4.3.1  F 3R H R B M R A
ek = CMBBER EHIEB ARG AT R WA, B H AT E A

(U Bp Harvard University, 42 T % B # Cambridge, Massachusetts( & ik # 696 2 & W) . & 35 i4
TR LA A A AR R 4y A
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R R A RSB N R, XERFBEHRTFEEZ. L WNTFHEEH
R R REAZ MEAR K. —HFRERANREALEE L& NEE
Ao, BABLRAEANHZE, Fesk &FE CABIHMERMSIENF . VAR E AR
FHE . KERKBENEMMOAEE T, ZTCRENMRFNEZEIR,
B AfIARBER LT A M EEFTFE WREMEG, XMEFITERLZE
G2 ARYEBE WARRT IS, AR E UL AORE AT AR, T ELRAE 197) SR E B L5 A E
LTLERARAAMERABEETFH(FERAT4.3.4) ITERBEEFNE
KEWMES, CHLAEH (ZELER DB NEH) JF & # Rz RS, X
BANEFATERZ N, B, NS I (A AR RS, BT
H.th EEFFE RN EZTUELHE, HhnT,

4.3.2 XFHMAY LB A

FIF 4 4 TUAA 5 & AT S 30T %500 45t B O TRT 52 T AT A ME R B AT . B R
P —A, WEE B, X — T 425
PRGBS (BT ) 89 FR A MR K
IR, AT RBETLENE M, A&
e TR i BB A 2 © JE LUA it
BRI iE s © ZuEIREI5] % B i
R RTENZ ., B4-16(a) BIEMAE <
TR R E (LA R ) . R H S
ERHB,BHENE HHERLELEER
(Zeatiishee ). SLzp Z A i, KA
KAFTRER ML, SN —ELEE, p, @) —gER (b) B RI4EFR I B0
gEANIRESTFREERESG., CHSHS
F ol B L ERARSE  HER B FG? NRA
& HKRBN? AEEX M, AFLEFLWALEEFp. o A& ALHW
A B E], Wl R B LN T p,q ZEMIER L, F1l, . HARKKEZH
P (] B9 26 B Y b 2 R X P s (R A B IR I R B (L 8 2.5 KR B kh L, >
L, ,FIREENZLWHAER, FEEHMRE L, 51, WAEAR RELIHER
KBAEE BAAWAZEABARMOE -BRAESEL K, &E L OE R WE
4-16(b) XN ZHWHARZHFHHRELKERMITR EPHTHE=ZAEXE
($4.2@FIE2) 5B Ly =yl HEP y=1/V1 -0’ u RFEH B LA N 003 R,
PR AR L, O FEFEAR N 202  REREEF R0 LMIN
304, Rd u=0.98c; QN TEH“EMAELH. HEEEFTE", B

P

B 4-16 X806t s |/
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u=0.999 999,

IRF, R T — a8 U LT3 B A B 8T 28 9 T, UL/ 8 (]
PiB WA, SERE BIET M KBRS AT E T A
VP2 BRI # A SR EITI8) R 8 4 %98 T M L A AT
Bk F T 49097 (B R A0SR AR i — A AL R R B LR 3 B
% BB REE — 97 TR 6 B AT A BR 40 . REVE W R AT A I
o /NERA NG RFE R SR TES, TERENEE(REFR) 0E .
AR 2 T RMUT R AT LB B W AR R, X8 % ) S S 0
o A H— AN TERRR R S L, MO R B RO R O — R R
HAR K B B R BRAR AL R S AR R R AR R TR A
B, 4 EE R EUTAR YL, © 10 K KA X6 BT M R A 5. T 8 MRk
RIBSIH], 1E4 FiE T BZA T MR TR AW A
% RS T — /T

[ 4 -3]

Ak RAstiEF X, L P REALEH,

B R E AR " R E R fe T AR 6B A e R

Z AR ACERBIKTRSE ARG EARE AR, XL
CTrTHA4-4F, BF o bRAAERUAEK AW C A4 LAOBAFH, %
BAT 66t A9, A RRK AN E X AN F 0 2T R RFERRE, L P
B EMAK ZaCMFagrrRE gL, <), HE#% 2 C4bey B A &N
(AP ey B A ob 18 5F TAFAT AR 269 24780 8), B4 K RAA C 4 AEH , FF
Al <l Z P HAFENE SLBP AR ", AAR AP s, EL MR
% e AR R BT ) B K (time dilation) ™, 3B 3502 B A T R w30 4P 89 B 8] R
A MM 4K T (the scale of time is apparently stretched out)

H "RTUBE"E" MR HRELTHOETHORLEL, HERLTLRR
— L7

Z R BEERFIE EARANRZ AR AL TR EMITIEIEHY
AF, Bl sk 4 R b K R Fa st eh REFER, KRR, AT LR HEZ
PR —MFMIRMRESD, TN -2 Flh, — 2o FhAAELE, ARLLEER
B — TEEFHULEFHEKX, [i£i%4-3 5]

4.3.3 WF“FiR"WIKHAILHK
Z R8T 1905 5 9 55— BB X810 SC Pk i 30 i B b (8] 8, 3% % U5 Sk B
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BRI TR R S Bt EHAERME (M ZL §4 55 7HEH T
(4 -3 -8) (B —AEDHYMARK . RN Hed YR FNE EFZ RIS
ZEE R, RMENTEEER (AN FHXER) . ZPR LR FZ
LABEB AR LS B FER (M EBRE) EFEAMBRSACHILTMZE &%
BRAEREGET—B) BmME s, BEMEINILIG . 2R EECH
IR ELEBRAGFEREGET —B) BmPE A, HREFHER, &
RULESKREFRRER, TR UFEENTHECEN TFR, XHAFGHE,
FRMBAEIL X2 % 2 B 1F I8 (clock paradox) B W F 1 iE (twin para-
dox), X—“HFR"BAEIIEIFEZWIEF K LKL, A 20 20 £ s a7 6]
B FRHEENMYIERIEZ —, XL 1956—1958 F 1) — 50 A0 & 8 4 41,
B IR FE T R (McCrea) MY IR H ¥ K T & ( Dingle) HRFEA
¥, X & & RTECH K (Nature) ) (Bl (Science ) ) 1 (& I ( Discovery ) ) 5§ F &
FRE L, FIRXFHEIC A FIEE A TE 1951 FEH XA $1FI18 K KB X
[McCrea(1951) ] 7B SRR “HBRATH, AMES M ABFEREXEHILH LIF
W AREX — R EERMEN LR EER 4 -16(b) J#HITITEHEL I, =
y g X—EWE IR, 1956 F (YA RS KAFLLH WTFELHES
ZRE), TH AFK L Dingle (1956 ) | #t B 4 5w A , {1 IA 2 , 43 95 48 X7 1 IR 38,
—PIER ARG, W TR Z B HEA T 2 —F CEXFRE) , Bt & &6 LA A8
R, MEEFXE 4 -16(b)WIBRM T KETTISMITE (BEHEHEN),
TARUEH " TR ARENFIRHSE, EREMNRETY, ERAEEMEX IF
B tE M AHEH RN —IES R AN B, 2B MEE T P RAE, E X —4%
M ZEH (XS FBOEEN FB AR, AYIEAES, ZLFJLIRF B
FHIGI% X R W7 8955 v XA, 6 A AR TR R B T B TR X — X F1 5
MEF AR, PR Bl (B im&K), W6 F L2 B LB
LRAMAIEN ML (FAMERLE) . THUREKR, BERE ZFB RN G
WIAERERE, A5 S B FZ B AN LI Z5]" B ERLX. E Tl
2, THELER M TN &R T 2B e BB E & %02 X8
REMIHET ST T A B BIFF W AL, T2 KR (X ZE SR
SBIMERE) ERAEMEN —MEXTFRER(FSHNEEABESE I
) “he R AT EGEAMM) E B SR H EAINALTA HFATE
(FAEIRLE) Ko, THLEIH—NRATNFARGELIT A AR 4%

@ THYZRFZKELRE R — s - 588 Relaivity and space travel [ 3 5
# X AE 1956 4E (Apnil 28 Fil September 29) i Nature 2%.5 |- |
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. PG AL T E 4055 R R RS MR B AR, K
b3 5 R R KON R S IS T, B E 1971 4 BB T AR KT R
(F— /N9 TESE T P4 50 R %A 8 AT B 72 4 % LA 2 W E IR
XSRS AR S K R T IS LR S, A B
ARAER(RIER) T,

B 38 VA 00 L VF 20 AT BB S I S ZEAR R B o — 4 0 2 AR R
B R — R E R, R T F 24, B HE Y BB I iR
7R IR 4 R e 5 SR, BLSE B AARRH IS BB MR B2
FEB B4 X BT B BT 2 F B AR, R4S, B IR R (/T 4.2, 1) & 4R Xt
BB 208, 2K TR T FLIRA R AR . B3R S ATRA SR
AR 4 —— 0 A 5 o B T AR AR X R, B 0 AT AL, AR T XU
T 1R o 24 24 X1 B 25 5, B R 3 B0 T 2 4l R 0 (T
AR T EAED) . AR 0S4 X 2 B SRR R G 4 TR R —— S5
WEANEBTE, RATEEN A58 BFHARREEE, HEHEEEA
R ILP BT, 5 AR . R AR IS % B R B K
ok A B LATIE B R A K gy BRI E S T EA ) , A9
ST PR 7 W PR R R 3 T R IR LA 5 B R (R A b
2R (BES RGBS . o TH B, 142 Lk 2 aEk 8T~ XA
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SRR T TR R SRR AR 6 T2 T AR AT £ % A48 0 5
A (%3] 1 05 I 3 A E B B9 3) F98) BB P LI L R 4 e
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AR I B, — A+ 5 R A MRS WA R E MR AE N Y
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FRBR ST 0S5 B AR 1 0 0 5 60 TR LI, A 0 0 S S8 AR R B0 4R
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f e Al St R Z O ) DA S i A AT R — R AN . X —HERRL T i e iR
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BAEH, BIE§3.3ELYFT 4 HRBUT 3 HRE, AUANRAEXR
M7 —ABHE, FERMMEEHAREEBHFL NN, BT 4 4ERA n#E
BHREMEABTMEERE FSERMET 3 4R8, LA LB TR
HRHREAEARBEIEHKG ., HE2M X337 8 RME # 1 H K&
MAERIEZ S RIEMNE 48 2, TEMIRB I, SHEMUYREBEZ N2
KT AT R M ONE S S A RS WG, IR X — G510 0 [F] B A 4 2
IR E RGN FRER MR, R, L RS MEREEsAE
BT RIREN RSB 2

BARAMALK(E 4 -16) BB ML E RN FRMHER—E % .8
BWNESH,UMESHACTREES XBGMENETIEEMEIE, TR
KTFX—HFEBRLEEEMEE LIRABR DAL, 2B BB, REH
XF 1624 K L 78 % (Rindler) 7EAMB AT F 1 F — B i [ Rindler (1977) P. 45 ] X X F 1%
DL TR E R

RENEREE (RF)hEdMr AR FEAASSGRB B EFhH KB
EHEINGRER RABFARTH 4R TARAB(ALEM)HFE S
AR ARLOTEAFREH{LFAE FHLATRLARL, AXTHAAGXENA
FTHE ADCMNARGHAF> 2RI AELAHKFHL,”

(&% 4-4]

81905 F Uk , A AR TE M LakA oM, B4 B ERG KT, L
KEHMATHEA4-16(b)BHEHLE A FBLT AR T L LHEHOESH
HEKRIEL B TR EE, (FEFTHFELENN  AGEEFLE, ) X
BRI LR, A LA L@t B4 -16(a)6h W £ 94 €k & — A& 1AL 9
Tl <l , RRAERXARASLHFSELEKBEKTET? B—F i, 225584 -16
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BRI 2A R KA KEE r EOREE(BA4-17), 3 T&E pr
Bl A AFHmE r A, MAEATEN pri 2T FEmHGE 2 A
L(ETL) 5—F 8, LAEqEFIRARAInE rBe , MEBTEH rg B
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HRPFEAGEARAL (£T1,). BRIl RELNLZ, L ANE
AR EEmERTOSEA L HREE, B
S AR TR UL,
PhpqXEeFE =1+, +1,,
LhEpqz R SFHERE =1 +1,,
WFA3HET(SRLEIHZTE), B RGH A4
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hEBRMZA, XA ELHAE—ABMAERFM, £
BETLHFTH NE " F“ AL AR EREER, Ede T 4.2.3 FF&F
o, it AR AR EAA C, o C R LRAAE ZA4 C,, MO LRt
FEANA, EABSIAN EMTAES TR E pr BT ASE/H m B r 7
B, AL R RTEnR P HE 8GR L HAETAGTHAL AL
BPHLEmeGisd  BARLENE(BA)BTL LOEE, wRIFEEHE
T IRLAH— X F[( R RE(1997) | ot th &, 45k, 44 Lk
FHLFHEELFHETHE, LI FL T, RLHER LB
4-18F T M L AEBE r BFHARER X I AAPHFRA L (HRF L p oS
FHAT) BT r ERBER K S AL PSR A (<), FTRALE
(BR)HBRE AR FTAELLEF, STHEEETZHARAMIEL? £ F£4
PP ET LT RE " Fe“ AN EHE LA EEA, TAFRBEFME
EHLEHEMATH LA HLEREEEZT MEEHI-19 T FLLEEER
ANEW(doe, Fre,) IABMALEZERATFHREEHLEE(H ], F 1) FaK
B, CARFFHNELEFTAE, T, wRFPAE LOLAEFETARL
mEGLEBEEET MNHEAI-20 ToLAAFELFTFEN LGB E(—IEA)
ERRAFTELEEAGEFT(FARATYEFRLE ), EXHEL LT
AR CERBTHAELZFAEL” 2XAEARMN EHFALLT, € Lid 24 F2 7
CEHRAEE X -AH LA G —NEBEERL, BR—F 3, o R B
Hlelhbf—wzl, ORENEE FTEROLEELATAAN T, oTale
FE MAZANFHCAAATFENEL ATCHRRGLELTUH T F15
(IR EEE) RAGEMHE LR, [i£iE4-4 5]
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#
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A
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m
P n
B4-18 BEEF? B4-19 FHEFTE B4-20 ZAELEEAESN
MAE#HEME, i kAR HFE S,

4.3.4 WFRRHRRKIE

TR, BT R A B TS SR T R TSI R T, SRR
NEBRIRATIRATZ 5 302 v A AT WL () 45 8 2% 5 7 vl 2 40 7 o B AT 5 22 %
MR BT LA A B TR R4 2 4 B S B R B, v B B BT 0 G E 0 Rt
127, BRAE T LU LLTRALI RO, 5B R LERER — SRl A e ] 25 B R
A0 7s B R, H B T3 M0 A9 B T H R H 1 it. F 2 Hafele F1 Keating
RAE 1971 B TR A CHLIEAT T # A R Bk KATSEH 3B T 5 A 1
SR M RIRAE ST T CAT S 5 e T b 2 05 B 6 (8] 9 6% A BT R [F) [ L Hafele 0
Keating(1972) 1, $RTf, L3 SMLHRESHFHEBREN BN HRT UL E
EF R ACRTR TS0 0 0 L T B AR MR . B 0 BT I S R 3 36 B
A L 22 8 HbER 5| 745 35 A O s BR R AP B, 11 SE 06 1 X 69 502 BLSE A0 M IR, %
43 2 3 TR 9 45 o S % 17 LA O 0 B OB, T 5 i 1 o S R L M i AR 1
ERT  AEE RGN R 20k B 2, BBk 6 B 5 (B A R0 R ) A
MEREE]H (E ML AR ) o K E FHEM, B0 283k 5] 7,371
T #k IR AT R, AR EREREEEAC R s F i C A
Coo B C BEAT KHLLL 1 600 km/h B 3216 70 64T , Fak — UG8 [0 S 30 & 5 b
C, T, 1B W7 B A B R B R i 2, BiF RS R BREZ IR < C
SRR/ ECR BN AR E A B AN SRR, SR RNEANE
B IR AR — AN AR b s (A R (D 4 —21) , T 5236 2 1
C, b W M BR B4 (3 76 T (AP o] 75 ) #5050 o IR RS2 3, PR TR IR B i
B B AR & A ER LA 1 600 km/h (i 28 2 5 6] 4R35 51, LA R4 36 1) 78 AT I
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& B8 B S L ER 1 R AR I BT LKA (T C 46) UBEE 3. Pidh AT R
ME 4 -22 iR, TEIHTEAHAREE, AR—BE, CHWHES FH(F
# p) Epie % E it (B ) B A FIHN r 1. BT ZEEHIRS] J7, R B
ERFPEMT, HETERITE, LT AR HR A EPRAALH

BR 4
O M0=RQ /CO/%ﬂﬁ?'[[g
o s
Bl 4-21 Mt EZ bR, H4 22 KL C
Co RERMESH, o A8 P b
EHRE R A, A K= {t,x,y,z} REHIRFAERBRER (H vy, 2 5
AR IR B HE A5 ) , 5IA S Z AR BIERARFRFR 10,r,0, 0!, T R R4 50 75 (1 BR
B RN TR .
ds’ = —¢*de’ +da’ +dy’ +d:° = - PdP +dr’ +77(d +sin’ode’)
(4-3-1)

LQMR R RFBHROBFEAEEMFEXZ, IBLRXAT C, KT
— LB, ERBSE L r=R,dr=0,0=%/2,d0=0 % dop =0d:, 12
ds’ = —*d’ + RPde’ = -c*d + R*Pd? = —[1 - (RAUP /) ] 4de,
(4-3-2)
MLL w, RRFEE— S AN TFRER K) BMLREE N o, = RO, K
ds:—[l—(uo/c)}cdlO (4-3-3)

PIRTRAE R U BB AR dr = - dsS" EEFEIRHER Y dr= / - ds* /.
SR E 4 - 22 "] 40

e I N R e

(4 -3 -4)



70 ¥4FE BRESHEUN

1

J1 = (u.o/c)2 °
(S B RE FRIIER p SBOMLERE ¢ =0, AT ¢, =7, ) ELRPH
1 600 x 10° m

Yo =

Uy :ﬂﬁ@éﬁlii =1 600 km/h Z—NTS—~444 m/s,
sE, ACREKRAR TP, 59 B E EFHEIE v, =465 m/s K15
(uy/c)’ =[465/(3x10°) 1% =2.4x107", (4-3-5)

BESR (uo/c)” AN/ BEATIR 5, ' = (1 = (uy/e)* 1 BFF IR HEEOH R B
v 7N T
yol =1 = (uy/e)? ] =1~ (uy/c)?/2, (4-3-6)
AR (4 -3-4)25H
1o =L1=(u,/¢)’72] 7, (4-3-7)
BE 4 -22 A 7 % F IR A 5 — R Ay aTIa] (24 /N L
7=24 h=24x3600s=86x10"s,
TEABR AT — A P& BRIt 8] 22 5
-1y =[(uy/c)? /2] 7=(2.4x107"7) x (8.6 x10°s)/2=~10"" s,
(4-3-8)
AL R EEBEFRCTHERER, AXHFRES  XRHFETRET
PREERBAIEEHET TR KMA IR, B EEBAKITERNE &,
PLA, TRAT S 5 b TR AL T Bk R M A B9 R B & L AR R T AR XTI (G R
8.3 1), k3 N RS E WA AR ERME - TAR 2 E R, LRE
NI EEFERTIRAEA AP EmIF KGR R ENBRBMSEH,.RE
A ER, AR LRERESBE T SENSHBRTF. HREE4 -5,

[i%i%E4-5]

FREMTHRNCMBF I RERTHAKR KA THAF—AOA, F=
Ko, AR R A B MK — Tk,

BREMCEFRELZARE 0 A KT (>0RALBDA v<ORAHT),
Mgact TR Rk E (T u) A (bR T ERTA AWM E THRX)

uw=ROQ2+v, (4-3-9)

Bv=0fv=-ROM u=RO=u,Au=0CHEREHRHKAZEH/4I-226C,
Hdo C %o R v BATE, A2 EAMCAFRE LT, BX(4-3-1) T
C &gt —LEA
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ds? = - i’ + Rode’ o (4-3-10)
B dep/dt & EALE f ik R M AL Kk £ u = Rdp/dt, R EX 77

2
ds® = —*de +uldet = - (1 - i‘;)czdﬁo (4-3-11)

C
EXAERA u KABEK(4-3-3)F6) u,, Brd, fe C, Kegakar i ki
K(4-3-T)t5u, A ui@iF CEYIFET R (T 7):
r=[1-(uwe)’ 2] 7=[1-(RR+v)*/2c] 7 (4-3-12)
Ho=0MERA

[ = (R@Z28)] 7=[1 = (uy/e)?72] 7, (4-3-7")
7 X A0 2
r-1= - [(2RRv+v")/2 ]/ 7, (4-3-13)
EXBAX(4-3-7")4%
T7T _ = (2R{224v-:-v2)2/2€24 (4-3_12)
To I - (R /26
b X

1 = (R 72¢7) =1 = (uy/¢)/2=1-10""=1,
[AFE—F AKX (4-3-5).] AArX(4-3-14)THRA
(r-7,) /1o~ — (2RQv +v°)/2¢",
FA
r-1y= - (2RQv+0")7,/2¢ (4 -3-15)
TR, % o>0(H C)® 7<7,, FRFE AL BRMEAXLS S H G EE
(“2%8E"); B v<0(BE)AAIv] ~RQ8 7>7,, BPIRsk o (8 3k i & 40 44
BHE K (U RAFEET),
BT HERA A R AB LT RTRAGH G, CEkmeFHE L
G| AW E FRES ART X H AR A — A, K (4 -3 -15) &&H
T-7o=12gh - (2ROQv +v*) J1,/2¢ . (4-3-16)
AP h<<RAXATEHE g RMWEE R E(FmEELF 8 FkiE8-1)
X ARE AT XA A K FOE L2, £5 ZHMETLZ
WEEEE—-RINEFRERA Bl B TEFAFERRATA TN, AH A M
FAEFREELE T AGE SGAFREALITHEOLRREF & FEM
HEEREEHRE —AEEAK, BT RE ATH 5 @M AE 46
EWHBATFAEME A 4 AH(40+23) x107° s, HEA4P A (275 +21) x107° 5
FRERATRALENIT] F 10 Aik47d, $— R A A, H4abiab 654 )
B, E P AT EA 42 MR R(H—AE)A® T, FabE 4 80.3
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B R R ATET A2 48.6 hErt, EHEBRBAL G E LG ERMEW T A
KA B (59 £ 10) x 107" s, 8 k4P 4 (273 £7) x 107" s, Hafele and Keating
(1972) 84 4 Bt .

“HhdefT T BHALANE A EH AT RE X -AM  FALER
At —F4htohi AARNLELY A 240RFF,” [EHI-5F]

§4.4 ZkHRGAIEN L

FINEAR XS IR B9 N BRI E S RO EE ™, FRE S AN T iR R 5 F 4
KROMEARE I KB EREHLENBRERE. FX L. X-RHES
e SCAR AT 18 [R] BF i AE , PR S 2 D9 357 48 7 il B AR X8 BB 1R S iR s iR Y
BN H %) (1905) —3C § 4 FF3k PR XA FRR [ 0L % B #3848 (1980) ]

CEb, A ERETHEARKGAK S TEHRKAS AB 4T AR

A ARG, B AN (CEHEE B % R V1 -0/ JRR"D

MUEFF I 2SS LR i A i I EE I CFE P, EEAMER
FREE R R 2 M E 2 BT EHECEE R S5810) (B R, 1978
RS S ) P EEMBREULIEX —RBHER TR, PhHEAFALBE
SWEEBH— A BFRE, AN EL c/DMRE, TROBIHREHEEA
WORERL R AY; H A SRR, NGRS ER T HEE M A, BX .k
WIRMB GG T YHEER KL S0 RFE, HEFH IR (Terrell) #15; F #7 ( Penrose) F
1959 R CEE NI FIIRERHERBEY X—RERR TAITRET
PSS XARFMENC——" W& "M F W FR (seeing) J& 18 W& H IR 15 %
AR HERFAIRRER, TH K 8 WK E S R a2k RE
IR FH ., BT &S ERIE IS R QAR , X F k% & S R EF
K, KZ,ME(measurement) BISFEE L HEH — M E/E, EE T "Wk &
R R — B 2 Y B, st SRR PR N B & FTiB R —A 2], AW E
[ 2% Z 0 —3K B T . ZNTT 4. 100 PR RS0 R 48 Rt 55 18 5 [R] e 18 ( (&
4-1 W SRR (BR) IFEshF RS .. T 2 s iR E WE AR
WAL — EES [ E B RE S S sh Ty k. AT S s iR R 2 0F R4 2

T WS T A BR DRI IR B R M R L — R A V. Z 0 BB R T, R R E )
I 47 5 4 AR X (R BRI 12 /1 o7/ R T B o R R T, S e = B,
M R TE K, b i 5 A e 4 R P B R T

2 (WSRO RBE IR EEARAZ .
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HMBHENAEE . B8R, Fo/REMESEEEIN TmTro—K
ZEIE ] I Terrell (1959) | R i & 2 9 i (P IR B KTk AR B/ ) &3
YRR R B AR A, l:.jﬁv”‘ﬁt%%%lkﬂfaq}b@{%}{%%%% S =
AFRIE A5 RS, BRT A BEE TS IE L AR R BB 481X — SR A5 B HOIE I B
TR B SRR, FE Y B A4 ﬁ'J/J\fF‘?ZJJE‘JL?[tL%%?FM‘Efﬁo

Y IR S S R REA S ST e T S BB HIE EAR. ¥ K
7“& AR AR TR I R (B R R ECOR W R

B AR —E, BRE NG E B S A R TR,

Bl 1 prEEEh . FIER RS

KR L §r AR FHRPER K SR SR E s, A v 4T F 30 ke

Seift FEE 4 -23 RIS EAT . E RN WE MIE T HRELAWE X Bii" 3

HEM L R R B A PR T, B4 -23 B HIRTE K REFE R Z ¢,
MBI S, AR v=0,MF REEEH FIRRIERE (A ME RIEHE, T4 -23 2
D) BDIE A ABCD, ¥ w0 BF e F R4, KFEHK BC REBRHAEKH ¢
fﬁ BOET ABCD g9 EIER Rk T FTE, R, o0 BFkK 5 —=¥.aT

F AL B A SBIRHEEGE, EA10 ¢ 2B %, =6 ~ L/ (R BT B,
F')ﬁitﬂﬁ@%ﬂ@%ﬁ t, B 2B 5 1F [ FF -5 IF 1 4% S A0 ¢, B %0 BT 2 06 - R e 53k 0
#H RIS . S0 B s B F 0 T ABEF 894 — & (50 fn il & o 45 M {1
B %0 ¢, - L/72c BB RTEIE R LG58, TRAREL UK 4 -24 TR, E
il ABCD B FER M ER . (LA FME ABEF 85Tk, 48 367 5 4E 88 1) i Ay B
P, YUK IE R SRE G R ——m r WEWR S AR BT %
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B C
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LT b TR T fE p(E 4 -24 FR), BHERIH B HAE
sinB = (vl./¢) /L =v/cq (4 -4-1)

R T A B ERAR T TR # LS TR SE AB %%ﬁ]ﬁﬁﬂ?ﬁﬂ‘]l@%ﬂ

R4 SHE4-23 K4 -24 R0 =0.5¢, @AM y =1 -(v/ec)
J/3/2=0. 866,

B2 EEzaERENAEESR

G S TR R AR R WIERE, LAt S {4 R AR . AR5 MR IR U AR
FEWR SR T o MELRRENTR(E4-25 EE) ., EERAEH —
MERA <RIBS, B TUENHLFTTEIRECANEBERT) . T F
By —BXEEZk. MR v=0(3k{EH L) MEREITEIEE(E4-2589 A
B EMNADNEEANRE"), KN —BEK of, KH2r, HRAREHIFZRE
AR RERRR) AU FL v=0 MERIETGHR IR EEEA R W
F . M o=0 6, MBS 2 NAE RS, EKED R MR K BRI r, 2
MRy r(18 4 -26) MBI R

A B (4
- - X
2r ——
Ti“.va
514 -25 v=08F A AYHE HETE % ‘J[A [ 4-26 w0 Bl EHE S
.7 H r(<R). ABRENAE
x-’z‘”l‘: =1, Bl y*2® 49" =1 (4-4-2)
y roor

BAEZIERRRE friz s W BB AR ERIMER I 2r WELKER(ORER
485) . AIMEDE R (B 4 -26) WARASMATE R 7 S04 Rz 3h R & A9 0 7]
AR (B4 -25)KE. Bl4-258 A SZHURLEEDS, BB
Pl J] AT — o C 1] TR R G T ER B 2 B SRS E . AT, 2 00 BT R & 1
A s, RE C A A iR 2 BN ABRSHB N C T AHMk
Tikdt U AEO SN EYS LB ERS A(B4-27), B —Fm,
B4 -2609 B gl PRV &G F7E w0 B 8A B ol K A B £ 1, B7 LA #h
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SAEEWE PR ER A B Y
W4 -27 9 ATERRT 2 o BT ROETIER

—BRZIBEME G, ZFEMFEIE p, = (1,,A)

% At= A'D/c,i% O ZHEE .0 fEid O BIKF

| I
| |
| !
| |
]
~ ~ |
£ EB O mfEO0 =oAL, MR SAERT 2] 1, =1, + I lo | v
| |
| |
| |
| |
| |
| |
| |
| |

At B3k LL O .0 B A6 IE (11 4 -28), 1L B’
R EHWIA A LA, LY — RS
fp, = (1,,B") U p, ,p, % H8OETFH Rt
Bkl 4 ~28 BIKEHLRR o' B B TIHES D B

RS SMEEEAS NEEMN WL - H4-27 ALBHRATRA
BrE a8, N EIER KR Y 2, G (Rv=08Eiliy" ~06, y=~1.67)
B AR B, AUk, TR I 48 7E TEBR/NE ] e ML 4 —29 BSILR TS B

%o 1 AEBEEACEMINT Qi Q K PRISIMBEIT Q. 1E WIS, A
RINTFER AE TR ETAAITEE de ot Rl BRI ( Q &), Q & M A4 3E 2
AT . T Q BEE T EN SRS HEHANY & .58 . Ey
AR LA R A ITAA B I SR T ST O AR Q MR

W R, B R BRI S, RUHEN O HEETFTENLTEE O ik
T EUR T M E T, T REDA ARE T (d M dy & X
W 4 -29)

o
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i I
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I i
! ! v
G N v
] o |
i I
| |
| i
I I
I I
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Dl Py
at B
eat— oty — | .
Ba-28 A BZIFFRET Dy, )& Bl 4-29 ZAEHEHETREANET

Gty + ACETE] D BT E O,
BCBYE 1 BT EOE £ 13y, R B o/B'2
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dx =vdt, dy =cde, Bl dx/dy =v/c, (4-4-3)
BT O A Q BRI AY S @ de AR R IR /NS [E], St AT 38 S 4 [
T (4 -4 -2) K155

y/x = —yida/dy = —y /¢, (4-4-4)
Ve ZE B AT B HR v Ry N 2 B
Yol X = =y v/, (4-4-5)
8 g WA A0 0 S50, A B A bk ST R WG R 2 (4 -4 -2) 8K
ey Y. (4-4-6)

L (4 -4 -5) A L3, mg iz Y18

2 4 2
=y x,..

54
T - e TSy

Y Y ¢
o] B

¥y =r/y e = = (w/e)r, (4-4-8)
A AR B R, HE4-28 5

a'B'= —x+v(t, —t) +x50 (4 -4 -9)
KA, =t 2567 A ATE] D e E, By L

b=t =y, =y )/c=2vr/c, (4 -4 -10)

P (4-4-10).(4-4-7) (4-4-8)RARK(4-4-9) ZFHizHE

¥,

Yo

Bl 4-30 MEGAGLET BANEEAR Lap CHL)

a'B’ :r/'y1 +2r (v/e)* +r/'y2 =2r,
BCR AR IR B UL B e 2 6 20 IRk A R) R B
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vAO B EGFIWHREE S v=0 AR B — B HE¥ =28 R BB, RN
EAE— A KB H K4 -28 AH o« F BRI R ATFD B, BT LLZE ve£0 BT £

BB R 2 T 2 8 5 AB TR 4 -30 g9 TR EE AAB (L), ML, N
HikiEshat , KM EE 2 RRE (B ABIR L) BHNER T B AEKIKE, H
P4 -30 AT B W

sinB=y,./R =v/c, (4-4-11)
HPREHABL(4-4-7)(r A R), FERKMEIEL T RIFFIIRES,

ERBHE SR TRERNEL-—RENAREE TN EE T
Mo Wity RALSESFOREZAMEL. BRITEERR
Z BRIVRFEHWE VIR R €K AR B/, mERYE WL R A
L F i b kR — N ABE, SR, ISR A AR /N, o LUTUA , 4 44 i S [m) &R
oA EES, B R EER RS FE L, A dH Hlsh . 3z s
BREM S . LRKAREZR(ERELZ2EMMTRE) KUK ERSEKE,
XL W B i [ Penrose (1959) HEHI{ , AT TEIE L 4 - 6 A 4 F AT - [ % it
HIIERA .

MEVENREELE - P EREENIRE. PHINHEMRREEREE
B — > EE I L AR BTN D PRS0 R AR 4 B s s T Bl i
A T R ORI ST IR R R IR A — /NS R AL ) ;2 1h
ZUHBB RN ERE. XETHHIXKRL  RINMEEE -FATR
B Weisskopf(1960) ,

RRRUEN R BED B AL RZNAE I TR, X—THRT 20 4 80
FERKYE AEERF LCAEZ DDA HRTHR. UREAEROSEFEENE
A E P IEATTRERY, B B, 5E K HAE 1R At 59 5 A2 BRI R AR A Y AF RE AR -
1B v 45 R G T T AT O AT RE L BETE R A RSO ERILIE S
ME—A7 A BLIORE " ) RS B AR AR (B0 ¢ =5 m/s) , BB E AL
JEXF T ROBE B FE R B AR AL FE R U W B BT LAATS I R e 3 b
WEy, AREMBEAERUGS Y EGIER,WEHAT LG G2 EH0E S
HOBEKE., K431 mEEPY—KMAE ., ER ZAHINE NG X )7
AR BR T A FIRRZI IR LI BREA XS HHTENEL .
MBHEEEA LIS T M.

L http://www. anu. edu au/Physics/Searle,

) http://www. anu. edu au/Physics/Savage/TEE/

()

) http://www. vis. uni - stuttgart. de/relativity/ ,

®

) http://www. spacelimetravel. org/ ,
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(3 http://www. adamauton. com/warp/

(a) “BEARHL" 5 BB FERT AL (b) *ERABHL" LASRT Y o A3 S A X F AT EZ )

4 =31 IRty sEIF < R TR B8 A0S PR af R A9 08 W1 LA A R
B Ao AR B I ] [ 52 4R ( Tubingen) ML B A
A R SR AR AR Y R R oA R R R

[#%iE4-6]
Rk ik tg et E B 4o TR R A KD, &k &S RAKGAEH %
ERABKHB(HEARA), INFTHTLHE2DEALHEGILHERAIERL, &
TAE 4R 2 69 1UA — & [ Penrose (1959) [P 89— B, AT HE £ 2 8 £ E 45
G R ., TR PRANAMTLEEH , B Pbikce= | ML ETRLE 45°HMET., A
BT o R, H AT A A A
P

C B

1G
I
|
|

|
|

|l R

I
|
|
A ! |
! |
| |
I |
|
| d I

B4-32(F@B) W& CHHEG §AadHib hH it AL HA C.

B 1 HskikARstdpab e W FH C & B4 40
B2 LKA EHARE CHFEMH4 L2
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A REE EEARARB(RAEE), 2R T A =& T KA
P2 ¢ AR REAAHTESARM |l FCRIABAMNER, L—HHK R
AR ELEE 22 FH AMELLGPE2 5 L2 7],

w S|,

M4-33 U CEHRB yHMABLEOHTE, 00,604 0 2 Z&H ALK

AGAHCHEEFRARE, FHKZAHCH—N"ERB”, HAXK, £
fIhFLEZEGCHLEFERK, BMmBFTRL, §TRAKEEE CIEEAM
FOMARFAERK L@ RMEH R,

Ay RABERCGRB (2 HERE), AR TRAMHE O =Bk, 255E
CLERGEM(MABERLTM)NAE 0l 4-32, BTFRERER HE 194
FROMAEFRSBE FTREHEAAKG AL F Ak d, otk ¢y, U, i
AT AGEBZ KARAEZa T EH(H4-33), MK e Ra (5L
AR AAAR(ZRAEE—AMHER) AE CHERELREL, £C
& AR — &5 o HE A 2], W) AL BR 2] B 3L G 8 AT M AL R Y £, X &
AFEERELEHE o ST EAER(IRHE Z ) L, HIEFH ¢ E& E5HK
A—ANERFH TEALTHEREARZEORLOE LR K (45°H LK),
RARHENo L (Bmfhs & L) MEXRF SR ENM LA Tk, A FTakesE
Fm B EAR ARG, BAUNREIARAALKLARETLA Y, 5 78R
KO, N REV, NCHARELBGH A LEARSIBGENLE, €N
MAHEAEE MEHENL AR DG LA ERE, B4-33 7 =44
AAK(ERL) a0,b0o Foe,o, 5 FAE4-326 AB A E E4LE a0
Fabo& R DB ALK, Aty KREAFH o £ K ZehnE 247, 0 A, B & 48 2|

O SN EE5HGEBABREN Y, BRMALZD I EAKD
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L=ty Ve K R F A, R EE G EAFHA a = (1, A) & b, = (1,
B) M AETEHH o= (1,,6)0 Fta b #HKAZZANEHS HAUETEE PE
Fo HAMAN® S, Lo EAERWE A =0 - d/c>t, KB EFLE L,
BP 2|3k G AF vl R A Ethe, = (L, E)ETHEBEHEH&EE, L, A w K& P
CHALTHEAHKRFSF, M w=ccosa P }
(B4-32), APRABACHEF BB O E

1

!

%@4-32),@%’»])5}\%51] llﬂ_&éy}iggiw \

wME G kT4, MNEA CAENZ L, BrA G
FAREFEPFF AT LA, L#® P A
FIRE (Bl B E 4 -34 09 EEL), LT A
BAEP L, A, 2 K EFT P H¥F Ba_34 EECHA LT
(RN HF @, 2EH4-35 F R4S K B E P RBAT
24%F|), ﬂllxiéaiyt%éﬁ)&ﬂéiﬁkﬁhﬁ e
Lo F—F @, X HREZELMNLE, SREBELER T L TN

DB AKE=7NT, (LHEH4-35) (4-4-12)

K4Em C ERHES MRXE NI AA2HKB(RABA-35 F& KR
AR, A BBREGCE L, PRI RIk, B TH ARG LKA RK L6yt
M RALGE T R4 48 B, P L
CEINMAMEHE(£H) =C HRENLELLAE
=(ZNIHINEZNY)=(2N3,)NX, (4-4-13)

|
|
|
|
|

M4-35 BRREE=/NT BTFERAG—H B RELFHEALEE, T a0 F bo,

BAYNS, R24%%k@m(B4-35FGR 1 4RA), &L 234 FH(A
PERR2EFER),FATNE 5 P2HRE(CNINNLRE T ARABA(RAFT S
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A E a b)) TRIM | 95 R A
CAHGMEMZ (M A) =1 £E A,
BALEZRIEARM ZHAER Tl BB LEATLFHA2 957X
BT AT, A2 R R EN G G A B 27 Rk (4 2)
it REERLEG I L AAKREZS, RNERTTE T, Rhosh EHKY
I L IANARBLEORE CEH(TLEEMFIEOUEMERv<] EF), &
R MAKREERRAK AL EEHTE , ARAEFHALE CARAEH LR
G, fEX—NETAT ABHYHERBNIACIRLAB(HEHLRH), =2
ZHRFECHHEREEE R4 AL, ECE5CHEREL T o L(RATAER
4-33FibdE —Fito BMAAELK) XFARECECHBTFMFo, FAHATF
oA KBYHAEBE, RLCAAXREHROENHE, LA CER
G',d TRMFM o, sAEN ZRHERTRGRR —A(Lxay) g HER
NGV ELZHHREGERL CLE RN L (=1, —1/c(K & &8 4 47)
Flat A (Rt CHEEZK M T —HARER), TAGBIT@GITETH
CEHAREHN R () =CHRKNAGELLEE =CHREN(LNT ),
EAFEAKK(4-4-13)F CHRFBARCHRK, WA G TREEHH X,
5 O EARK AL CUEREemAER KOEKEE S 57O EN
R, RAGCEAAMIL A d S AMEIZ TR (A3 LT HEE — %9
“#R), TA
CEBGOMEME (B E) =(Y N )N NT)=(2NI)NA,
(4 -4-14)
ELFRMLRR? hl— i, F UM% BRAMEE, X £ N5,
R2UBHMER C 524 FHS YR E MAS A THS 7 08 MAE
TN REA. A FE S F&EATHS 784, 27N AHEMHRLH
Blo XMlFiLhm M, Ao THTARGREK(MHRE ”K)ILFI(&;%%
B AHERZAEDEARBELFRER THRRE(LETRLEILTT L),
R AUK AE AN TRA Y AEDERI-33 54— 2G é‘]t%»%
SREHL, B @I AT @, dutb@e 7N 3 BIAZEAR (AL -4 L
24%%|), TRE(CNSDNLEHERNE(a F b)), 4b E— 4t 2 B A,
Bt vA ST 43 4 48

U BAREIN /HERERE C(HL-32) 225N, 72 I8 TPH—4238Fdm, 4
KM EERMNES AR VO R ERBEL LR AKNE(DELEAHEL 0 b Ch CRIMALR
AL R
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G AFMEN F (4 H) =1 4HHE,

BRERAHEHAAB N ELHNM, P REALEH,

B Akt FARKEG 20FE5T @ 2 TR AF A, Kkifih
H AN EGCAERLC AEAEGEALFHRZARAG(Fldea, b ), 245
2 B TREMSAEGCREAB, MAECHEZ A B (RLES-27), ZFE
I &7

Z LEHELA W, RAAESTH2EBIIALET AL SHIMMEL
AR BRREHAIBHG—HH, RASE AN M 612 P FHp, =
(LAY ST R TE 4 -33 9 Avab 2 87

A XERKGFBEAE, REB4-33 FPERFEH —FHRE £1Fp £
N

Z BAXAHRAGEROEREL KL TS o AFHp ., £M
o, 452 65 p,=(t, B )EAE4-33 8T L b,

B {2a,,b, RE A EMH(ERAL )R op, Lp 2FREN (L #£8) 0,0, &
A pLp,?

Z ERE e HegAast R, Fha fob AT THRE(EAM C) AL A
KARE, 4858 F G A& & KRR, p, = (t,,A)Fop, = (1,,B) F 51, 4o
b, FAH 2 P E R AR, RIEEAAEKRAES eSS T AL
KA, A2, o, K AAELF(I RO BRERZLIHAARESR
WA ) P, #,, e b ST K ZAAREEHSSE p p, s K Z2AHRE
B EHIRA T,

B H4-30A LR ASMBINREIOLR ATHGITRLELL
RE 5] REEFH?

Z BZHFAEBIREHORE —MHT AT EALL, REKEABL
ReGESHEfsks, B TFTAR GALALEEATE MAGOLmEiz% A,
R RSk HE AL ERHIMER T, RS RmL 2 5B,
R ERARTFLELEMGERER ENFE G R CHABTE S, WAL E
Bl—hgatamFRbF QAN ARR, XM LA H KT £ (aberration) , f£3F
A8 5 4 2 5 #%6@&L&ﬁﬁ¢?ﬁ$mi Ko EHENMLFH G RIKS
EEALF O, (M THAEFZE)  ENEGC L 0=0=0MFaHstT G L
ik & v B, 5Gﬁﬁf$#ooﬁ$t%@ CHqGCWARNRE B LB T
#ﬁﬁﬁWﬂ‘ﬁ$ﬁﬁ£ﬁ9¢#9 @ RN T X R (AR A A8 st b kAT

£
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LH%%%i?ﬁ o =0 (4-4-15)
(ZAAETUAT LA H), 0 v A v/co) AR EXTlE8] [ A Terrell (1959) ], &
SEHMARTAEGORALB D HAEEXBEOREESRNRIKE L6
HAGHLAMMAY, AEFHEFZ AT - NMAE O -0, ZHAHF REFH,
FEERXBABABRARAR —ALEERRA XKD LW AN, RIKB 24856 (1K
BFRE) ALHER LT (3T B AN L XA ALK, BPA] @565 A A &
£)o BZX BIREFIRAXITE AATERI BAET(TRNETIH M,
A FETHE ELENELETOAE ML AELEN R4,

B AFLAK(4-4-15)dofTit $2

Z RMEFRAWMOBFRARAISLBZT PR TASSOREZLE(RE
M4 HAK), AsF A%,

B o6l Fpl 2 %5 ReEDA BT RAXATENXIEHD?

Z O HERT, s 1 6 2,0=0=0"F @k 2 YRGB F &, B H
A A THFIENFT AL TFERLEBD LGPL(E)G LS =72, 4%
AX(4-4-15)42

sing’

sing’ = (1 -4")'?,
Bmiss| REEHH =60 -0 64IEEZH
sin(@' — @) =sin(f' —w/2) =cosh’ = ﬂi—*sinz—ﬁ':v:v/c,
HEAK(4-4-1)FK(4-4-11),

B Ad#BREBES ANTETWAI4ET(TRAEIIAH 2 £2
. 5.9

Z EVHHATILE,

(1) #] 1 Foti] 2 R TRARIDHHE AL, MAREERNTHEEHRA,

(2) #12 RiF TRAEMEE Ak EEL A, mARGEERN TS
WO, G ER4-33 PH#RETUART o 8 M4F—4 AKX (R THRIE
b)),

(3) A EBTRIMREA A st o) BWHE R A AT, 640 0 5691t & 54
HEARAAXEEP AR AR E(ARREREYRESHEAGLT), @3 4%
FEE(EREZ)NHTANESIBARS RGO BEBERE AR, FREFEF N H468
FR e B RF T Plhe— B REHKIRAA G o G A AL RA,
e ZE4-33 M EAMAEREBHFAIGOLE —H(F ALK E L BTy,
FEAREMF), (1%L 4 -6 5% ]



84 H4E KA

§4.5 RILFTEE FHELEETH] %]

FRAMEEF —EAATR BT (I905) FPRULTHEELER TEREE
#.D AR EA LR R ERE (kLA e mAKAMRE) ;D £ f Rt
ey (X TEEforr B HERGMEE). RA, EFLT A K KU EZE
LAt s RNBERLMETEMB RSO ET TR, XAEEXHETL Lo
AR - AERTERIE, EFOXRABALEL . HEAFTIIMER KL
T EEALEME—IREALRFE L,y 2 9 REXH

ds* = —di® +da® +dy’ +dz°,

BEILFTEZEZ R LR E L,y 2l TR LAFRRETAEE - ANARBNE
(R GC) , L HREAARAEGTH T ¢ dArdh, RINSBEFHELBTHRT R
AAH R EHGITMR B FTEM4 - DOl 2y 2L 2T {,a,y,2] £
AEHKiEv>OLExMEGHRFH  QFEALFAREGCHFGC AL =1=0 848
B3 AmATE LR BB &, HAFIEH G Z

=y(t—w), a2 ' =y(x—-wt), y =y, 2’ =z, yEl/\/l——v?.)

(4-5-1)

ERERLEAG & o0 B 0 2" 2 8] 65 E e, BT A {
RER2 HAKSEL SRR, & p L —0 % G c
& R E ik 8 b

t,=y(t, —vx,), x,=y(x, —ot,), b

(4-5-2) B

B4-362uklix| ARERGHEE LF CHK , g
WAL= 'y, RAHEHEZTELHERSE C v
CEUC=1=084M8 %BF qg5FHT =1 =0, /
B REAA T AT REA v

0=ds’= —di’ +da”,

Bk di/de = 21, AR —BF 5 p sk T B4-30 BHETREFNE

REHBE , OMNEED 21 G AL, fledtfh + ) 9 —Fith AL, 53—

FIUMHBE, AaREAKXE CEOR L WAL FTHG B EXF L, =1, =
x,—x,, BafGE ()L #a, =0,

b, =t =%, (4-5-3)

Adr KRR CEAE-LHGEK(BATE) b EHBRHLKE LT
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dr =/ —ds® = /di* —da® =dt ,
g EAHTHEE(L T =0),MGCHEA 7=, %X (4-5-3)THEH

T, =1, =%, 0 (4 -5-4a)
A4 A b REABEE CAORE,AFEF BEROMER -1, LA
7,20+, (4 -5 —4b)
RGN R
t,=(r, +7,)72, x,=(7,-7,)/2, (4 -5 -5a)

EZRANATERARAIH TR UATFTERZXAFBRAMES =1 &
A&, da b oA RAAZPBAE RO L, L7 REGC K EHH
(g ARE Ppr, =0) RIT@IETF IR

t,=(rp +7,.)72, a,=(7, -7.)/2, (4-5-5h)
do R 48 B AE R (A5 HFAME)
(a) 7. =7,/y(1 ~v), (b) 7, =7,/v(1 +v), (4-5-6)

AKX (4 -5 -5b)RFHIEFX(4-5-2):

, | T, T 1 | 1 L
L =— =— ——| — + —— — = — X
’ 2[7(1+v)+7(l—v)] y 1—1}[2(“ m) —gun =) | =y, e,

(4-5-7a)
1 T, T

;] a
) [y(] To) (1 —v)]

1 I
{3 (rmr) — et s r) | =y, —u,),

1
—’y | -v
(4-5-7b)
EFRFTBHX(4-5-5a)h & y=1//1 -2,
TERAMNEX(4-5-6), C'&E& o' BROOKKFT
T:’_T:,: :fq V_dszo
BRATATE(SSE), THE—2FEHE, Bl 20831852
-1l = j JdF —d = j /A < (vdi)?
= V1= (¢, -1,
AFEFRANCEBL =0 ', AAL, =0 K7, =0121F
o= =0 =y, (4-5-8)
aBoa'HE ALK L, B AKNHEX ]
to=t, —(a, —x,) =t ~vt, =(1 -v)t,.,

AFHF T RE 2, =0, B x, =0, BERIX(4-5-8) 4 ¢, =7, {81F#4E
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X (4-5-6a), AIETIEX(4-5-6b), ENIEHE ¢

MR, G
AR K (4-5-5a) 5. moeit kel b ‘

4-36T4mr,>7,, AX(4-5-5a)Fhx, 8HE, & A

M p EMx BB ARTETR(ETAHAR),EFF A
L, M4 -36 ATt >0 8L, BHp ST CK p
Fill, x, <0t Fp T CAAANGHIAL, AEE

Hife s B2 h + 1 AT ERELHEAHY T B

>, (BB 4-37), X(4-5-5a)iB i« <0(%Hp o
AT GREELda =0), TARX(4-5-50)% 4, o . .cu
RrH, BRBIHAAELBARFRESS 28 L

AREANEYTRIEL, HAZURIEFHH,

%4 ¥ 9%

MR KA REREHR 71 M2 HOEERH N e, =0.8 cHu, =0.6 ¢, 1=0
BT ARBE 10 m, 76 =1 BT | 38 k2, Wt B %5 B 3 ey B 4T (2)  fH (D) BT | A 2( A

B R AR A ) WIS R 5 ¢ AR E’]BTIETJT WT a

2. HUBEFLLOS cMERMBELREANNHTF KA I n GHT SZHNF-RiEHH
MEWMBEAEZELAFET ZREE?

3. WERAEEE--HLL0.8 cIEFNA CHHE 10 s fE FIUTE KRAE R . KA
i F Z /D [E] AT LA AT 2

4. NIMMR KFRCGAR, BB 0 TR A BFHIRENP LR FRUSEE » =
0.6 c—FMEIEEL B, HHE I ﬂﬁﬂ‘ul_ﬁm B, RePFERE B AT LBILLER v ] A
HWATEE R EA AR CHEBMER | BEUESL @ A MAERE RER#H-H
BTEAH, A SP 2/ A st T (a)tm]tljﬁﬁLﬁéﬂthf???i;(b)ﬁilﬁ#ié@ A Hb Bt
P ENER Ty r, ATy

5. FRAERR A BB FTHEMMERME —FEA . ABANERZFFEIUERE w=0.6c5F
HATKH 2s(REAMBU e IHELBRA, EHNFTFHEHPEET. () RTEEHH
MR (D) H AHIEd s Bt A /U BAIEE L

6. BItEBN CHIC'HIFT RSB 0 =0.6 ¢ HBBHERENE. () WHF CHMME C EMH
HIE LT 10 s BfFIRISE ] C'HAYEERE 207 (b)C EPHAHBAT 10 s i IR A5 H 2 C'
MRS 20

7. (BREM) WAFABRIEFEXRERKFHNF—ZEA Lo A NEBTZ (A A,
B M%) AR R ARLIEE w M3 F K ZIBMHE s, —BETRE B LUEE o> [ RB L
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AL UAREET A B F 0

(a) L B K, (b) t BN, (c) 5B %,

(IB7 B A2 B R T L TS R, R, )

8. EITEMLLO. 8 ¢ BUME (S EE L) MR, RITMB T B RNINLES BR
WIB WAL, FIE 7 ER B b IR B B N6 A A .

9. MUK R NHEESR TER GBS HFEREERSRRET HRACH y .

10. %4 1=5 m BUVKHE L, u=0.6 c B3 FE 4] Bk BE, FE A B I 4 . % ML) RE L 1B =2
S RS AOE B LGS B — S EE B A F o (a) i BE W18 78 % Sk 1 1 44
RO % R A% C, 15% , RER KR E LMK —FE C B REZ LW TG
B 15 (c) Fl u BEFIBH KL 1/,

. EWE G GHEXEER 1w =0.6 c, ABE I LIARE A% A% BT
()76 G FIREIRIES % R AR (LR WHAW) Y G HisdAS s 0, CHKIEHRRES
7 (b)Y G HIER A S us B A L G HAIRERZ

12. (a)>REB4-138) 7' /7 {8, ,BNIEBARK(4-2-16), (b)BFE u=0.6cHl u=0.8c@Ffh
TR TR o/ BBE

13. MRS AB.CHEA ~HAH LI LM B3 (FE 4 -38) 48X EE «,, =0.6 c,
e, =0.8 ¢, A B EMMERSE N K, FK,o %K, ZIAHIME)CET 60 m, @t 855 [ 3F
K K, AN (13 % — i3 F2 A0 BT (] A,

Hga Hea
—_—

A B C
Bl 4-38 813 HE

4. ABRF—HHERNTMBRERE WITVHEHFTF . 8P FLUMAXMEEO0.6 ¢
WHPFR, BB BRFTFEIRENIO s (MELRI0 1), RAFLDT(RE
BOSES BN BRNPFEANE(ERBENTERE).,

IS, R KHKEXMERS v p, fp, X K RS R FIHF A, T 7698 E [8] 5 3
KEMKRDHNH4s TS s, ()R v (b)R KRMBH. p, T p, B-FEER(ER),

16. #MER (4 -2-3),
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§5.1 ZHEMFHETE

S5 RERE N p AR E m SEE « HFH:

p=mu, (5-1-1)
[ 5 T 32 B9 1 8 U e O B R B e AR AR R B
_dp L
=4 (5-1-2)
A1
_d(mu) _ du o
TR (5-1-3)
T B A5 58 B a=du/de, A E R AT R R
f=ma, (5-1-4)

RZ, B f=ma EGHS f=dp/de, H B FHE £ = ma BAE f095E L, HZUL,
AR AECHEMBRRESMEZEMFM, EESE.f=ma FE AR
HEEE —ERL? BEAUWRE I E L EES -1 XX A EBUE A
PR TTIE .

WAEMARST R A E WA /MR, BBFEFW %, Up, X
f AMRERER | s R AR CRBER2) M f, =dp/dt, LA S, =
dp,/de, FW%E “EHFEKRS = -f,. TR

_dp dp, _dp A e
=fi PR TERTE : 5 | 3
- o > 5 Z= 42 ik K'% .——2 _‘04—0 o 15
Hehp=p, +p, RFEHFEREA MBI R HH A
%? A EHAG B AR AT | o | 213
T LAsh e sFiE ., B R sh B sFEE M E AF)

Xﬂ¢m?,£¢mmn%F%ow%M
75— 15U R UL [ — w1 AR, ) e A R
e HEEE AR -1 -6) AR R EUIRTIE, Frdsh it pp
m%ﬁﬂﬂ%%ﬁ&@ﬁ%%%@”®hﬂW®E¢o%ﬁﬂ%&ﬁxm

Bs -1 =R/ 5 2k o4 e i
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e R R s B At E XM p=ma ( Ho om S L) R I 5 F R
DIGLHH gh P RN B &R 2 B ZIEWM AN/ S FEENR. &
K" £ 100 753 6 BR G AT 010 33 5 (PR 1 (IR i A s b ) T el ko BRVE BT A S
I A R B A KR s R KSR, R 2 AR
FRKEFUE,RMENKREEE - BRRES -1 gk ps iR
B AR 3 X K REYEEE (RIIc/E"3 A K”) .
3 K=3%F2= K'&2=-(23% K') =v,

TR KBZWHEEGEEw . Ve E I K ARMEDE, MdESme =9,
PLu 80w, , B HIAI e 3 B 420 ( 1 -3 ~3) 7%

'
u, t vt 2v

(5-1-3)

u=su, = e _ = -
L+oul/e Lrww/e L +u/c

Figl AT EAREEE cMS(HRE ) T BRXE R, A5
TR H 1 5 A A2 ]
WA RE D m W K AMENFHRESIEAERENE SN

R T A8 30 B (AAN) = mu +0 = — 2

1 +o° /¢

filf & s Wt (RN = 2me, (B4 4R BE<F R )
PR B R AT S AR Al RS T DL s b PR AT K RN L BRI e 1 R R
A KOG A0 AR IS SF A, A a0 RSP AN FL R iR R 2 U R v B R 2
ETRE. XS RE PR ER, B F A et R A RSB R R E X
Ban P TR, BT rE Y EMAE R L, %’Wkiﬁff
i, AT HRBMEBCE RS, e T B, RS P 0 R AR A
TR FLE R E] R A L AR ﬁﬁz‘t G SCHI AT IR HR T JHZ%H}M’HG.Z\
05 41 0 O 555 0 B B T Hilxherhl% S8 D NITE N (lj@ﬂlﬂl—-‘ FE i s FE A
777 B m TR ok N R GLA HK AR R B R L) TR BRI e )y
FEh AN E R TR -u‘%ﬁl_f“‘” B hE A PRE R REm o w O IR VE m, (f1
HIE) FFAEHRE(NFENERE), RAEN X BB THEERS -1
KRR sh ISP R BEAREATER 2 fRab mEk 1 LI E w a3, B A s B
RAERL Sy 3 R mo (WA ERRE) Miom i

2m v
fEAT S B R (R/AN) =mu+0 = m:I';, (5-1-6)
| +27 /¢
WSS R (RN =M, (5-1-7)
Hrbm [LEMRESE3 Bz sh il bt BRARE AT S B 8913 80 5 i A28, |/

m, +my =M [ XRRAROBON, HRZ G LKA -4 -5) 5K FRERSr
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ARy — B e L (5 -1 -7) B h
WS BEHECKA) =(m, +mg)v, (5-1-8)
FHAH(S -1 -6) MR (5 -1 -8) A, HESRTFEXN K R, LAE

H&

SRE 2
g (5-1-5) B EMHERITERHA
u 1 -2 /¢
- 5-1-10
: c 1 +0°/¢ ( )
(5 -1 -9) 3 L {E 18
my
m, = — (5-1-11)
V1 -u/c¢

WA RN m, FEEA v E X EAFARIEE S -1 fRfE S EX K RE
SEsr . BT A CHRRT I TP B A B Bl i R RE LR
p=mu, b m, fHF(5-1-11)4H, (5-1-12)
L8R RBIE S -1 BT e 1B 5 3k & X #E 8 XA s 7E(E 1]
ot FE p E R S E

A

k4
y. =1/ -u'/ct, (5-1-13)
U PO R7oih I N B
mai
p:yum.ou=7l— 2/20 (5-1-14)
—usc
HAXFIE B At (R A B KN
B 3 myu
p—yumou—'ﬁ‘T/czo (5-1-15)

HEERAKER u=c, W EXAGH(UAFRTFOE) TEGNERAH
HRu>c, MEXGHNER, EVBEEERBRAHHNAEBEXBHK /D HE
BEBTVARLA w <, ) UL s I S

§5.2 A& & L

AT s SO X TR S, TE R AR I P TR R 00 f R X
H 5 45,30 B O B 7R A 52
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f=dp/de, e pmA(5-1-14)E X, (5-2-1)
ARSI IR ESK F N BT RIS AR K'HE
f=dp'/de’, (5-2-1"

MLEBR B R . Bp Sp Ul 5 EHRXARAKRE S5 HZBRX
E

(&% S5 -1]

FWE X ERR A ey, ATIENECRADBELE, PFEFLARET
BBEFRUMEDRAGTE m FZA A ARRKF O o, 5 XA, AT E
b fIEEFTmE ooy TR, R RTEEZE, EHE L T ZA, 075
RS FRE(EABANMNDREE) TEEZEHEZL? EHFRAGHLI AR
MR ER" CRERAMERA SR S ) £ 65 AR R(E
TH)AEL, B —APRETEL, ES miZsd—ANMERY LEARTFN
FTHAE(BARES TG ERFHTTRBEARE) Kh LE@XT A& R E0i
EARARALEEMMNEFE, AB AKX f=mae FRHZANAEPERAHAN
BAEFTERAER(MF)RBIEIALAX? FXEBFEE PR At
FRFREMNEL)SNEREAFRREOZLEHNG , ENFREH AL L
LT, BB X RN BEAERINENFRE? X — R, f=me L H
RFHREAEDL? FELRZRH, FHELLA LGN HREFT(ART FOHF
BE)e SEERYGALTHRLAFATLEM, ALEHAKRE L4
M6y B XA BRI A EER—— HEEERA DRI ERD
BHEITREIHLEENER, FEO A, 5FHEHT AN LGTHEPH
HEFREAG TR (HAHNRFRAHE L 200 F8954), TEHAXTFX
— 19 AR 649 AR A R,

(1) AFRETEL A m,, my, 2 ARAMKR ] A2 85 FHEZLHRE, &
AR RF MRS o o, (ZBREFAELHET), WENORE
Zm/m, LH

m,/m,=a,/a,, (5§5-2-2)
ﬁ&ﬂ%f%wﬁﬁgcmwm)Wﬁﬁ QAT (4 m, =1), B AE— IR R
F(REm)ETEEIEHK |l i mME, X#FLATFTHEH—ANARENT



92 R DO A W K

el &5 £V,

(2) FATFTEL BRI ZHASELATCHREm BEN iR E a by R
AR, By

f=ma,
Bkt , f=ma ARIHENL M RRAT 4T &) HF 548 T 45H KA RITE]
X —Fke ARt o R H, N R ELERAELEN, HELMEANA T,
i T AER AL, ERA A TR TR HBEALATH IV AEXEL A 4o
E— R o, fema AZARNHEL, 5EEBKAGHAY L TR/ &
HRAAERBHETHAOEKREEXNT, Blio, RARE L6 KR L GRME A [
B R I1EH x B R F T4,
f=—kx, (kAFH) (5-2-3)

Ed fREARKGREm S F a=d"x/d’ 9 KR (f=ma), 5 X
(5-2-3)84674%

md’x/dt* = —ka, (5-2-4)
M ERARGANFFAR, 0L TE P MG 2" TR, Lo, 085 (E,
B)F M F R EM L emhhEicE XN sd,

f=q(E+uxB) (g u R EMEFIikE) (5-2-5)
AP fARERREATE m 5mid B a=du/dt 8 TR KA LXK 717
mdu/dt =q(E +u xB) (5-2-6)
EXTALS RS THFERENDAF TR 65T XML FH7,
TR, ML (S REAT I RIRAG)  Bp i e AT AL B F 4 )
PR CHEF(OIEAFOHBHETUEE, M BLRZAMEREG S H, X
AR FEARGYER (Bl eETHE), A" EAEAHARLRETHRA,
EEAR R F FZLEE A 69 [ Rindler (1982) J49 101 A+ 5 FX 4 —
BiE(TEHRALEEGPEFEL):
kg GH-TAR S A EGRANARE OB f=ma, f=dp/dt, F
BAEER IR ENRHE AACRRIGEX AP O 5B E Rk 4
SC2HAFTLEGAETHR AR, ARAS 6 Frx i’ TUAEL 2 f=
~Gmm,r ' X Ak EOREf=q(E+uxB), e AN KR A LR
AFTHERS GEH,

@O AAM, AACTHAASG HARTTLHEHATELESET L SLHO BT LAE L
WAL FE[HA L EM(Causs) 1589 RAME LR AL LA ECF O, FHE— AL LT A
s ERERB(2012)E 5.6 A
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LK B ET foma 2 FEETHARITRREANTHEMAKA G KA,
REER,CHA—AE N,

Akt X(S-2-2),ERFMAFFRENR AL, LEBEAHS. =%
HkABT B R E m, WA AN (L ERUTIAAMNEFTE), FEHA
R LIt TR 2 Mk | OABE2, BEHEEAEE, Am,
Foom, RARKRFBRGFEF ,u Fu' REAKER ] BB ESEE o, RAK
2EBHMEE(HBELAOELERN S E) MNaFAANFHHETRES

mou, =mul +mu,, (5-2-7)
#

m, =m,(u, —u,)/u;, (5-2-7")
B u u) Fou) BU EFTHE, ik m HEAEEF m,, A EXLTHEESF
MAFFTHREZL, LHBARRERINAAT R T HRE m, 9EL, #A
AHEHEFAXRX(S -1 -1 TG bk @tz FT R

Vi, Moty =Y Mg by + Y, Mpa iy, (5~-2-8)
ARG
Moy =mg, (y, 4y =Y, U ) /Y s, (5-2-8")
MAF uy ) Foul B EBRE v,y vk omy AL, EXRT A SR 2 B
T om0 3L [EiES-15%]
§5.3 3 At

AW A2, ‘J—‘_'Ei’JZjJ E, B AEE u R, HﬁEﬂEE (u) , EEH
LJ—FWT%/REXE/J DIT AR L BT B RE R % BD £,(0) =0; DE, 98T & 4% 1k
HE TR SBT3 E*J}]H@Iﬂ{f u, HItE

dE, (u)_ —dl-u~ cd(mu) 1 d(u - u)

u u m mLf—nldi
dt TR a2 de A

L

2
HTHERKERDPESGES RO SHIEE, L LM A TR o BUEE v,
&P

dE (e du’
de 7 di’
HHAu =0Fu =uMERTSE
E(u) —E(0) =m f‘u'du.' = Lm(u2 -0) = %muzo

EEE E,(0) =0, fEF2ISEEME B KM ek B ARk A .
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E (u) =mu’/2, (53-3-1)

EABXTE R, S BT S T AN D R AT R AR 80 o B S0, RS B s RE A IR A B S
ERENL ERUARKBIEp EXHOAR (N p=nutiyp=mu).

dE, (u) :f.u:d_p.u:u_d(m"u) =m u-d—u+u-u%:m u.E+u2%

de de de “ dt dt T de de

(5-3-2)

Horp dm,/de alERAR(S -1 =11 KRR A
dm, d( _omy _) m,u  du

e = Qu (5-3-3)

\/(' Tk

RAK(5-3-2)#%

dE (u) s L. dm,  Ldm, ,dm,
m =(c —u“)T+u'W:c'TO (5-3-4)
ek B AR w BUEHE o 8D
dE, (u') ,dm,
A e

B =0 F v =u BEHIE
E(u)y -E(0) =¢ fm“dmu. = m,c* - myct,
T g £, (0) =0, G IB F AR
Ek(u):mycz—m“c:‘ (5-3-35)
# EAHE

2
myc

E (u) = -mye’ =my [ (1 =’/ TP =1, (5-3-6)

1 —u'/ct
BBl -u/d) PR RSB

(1 -u’/¢®) 17 = l+—%r(u/c): +-§—(u/c)* .

Bu<<cB HRE EXAHRIHIRRED /), #15

. . 1 : )
bx(u)wmoc“[l +7[%) —l] :—;‘mou'.

A BLAR XS I8 B BETE w << c B AT fBL B B 4 U Bf B8, 31X B ok A — 00 Ty 3k B AR
S B SO X8 B R 3R AL
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[i&iES5-2]

WEish REAZHFE m, KEFHEHFEp=mu T m FHELRER
tastit B Ep=mu, HETH LENFEUAAREA m, KEF T E, =
mu’/2 € mARIFAA A KPR RER, BA

E, =mc ~myc’ =m ¢’ (1 =my/m,) =m, [ | = (1 -u’/c*)'"? ],
(5-3-17)
el -’/ )Y P RF AR HAI.
(1=ut/e)" =1 = (we)t =g (w/e) ' = (/) =,

AREX(5-3-7)4%h

me[ 5 ) (c) %(i)+] (5-3-8)

EEREHEALTENRARELSE A E #mu’ /2, TR, E4EH LT 64
R AR R A mu’ /2, R R A mu’/2, [#£iES -2 %]

§5.4 EhitETIE

A SRR AT IR RER (S -3 -5) AT HE R
.“c =Ek(u)+m,oc (5-4-1)
KOTEASREE E (v) RFEAKMBEE, BT m,c M omd” BEELEHER, ©
a2 EEXAG? ZHEEKEMBIE mcC FBEIRSEEEN o i HRE
it ICHE ELRD

E:mucz, (5-4-2)
FE me’ BRMEER T AIRER TR N BE (rest energy) ,i01E E, , BF

E, =myc*, (5-4-3)
AR

E=F +E,, (5-4-4)
B S8 Ee s E %5 TahaEmEee (FfrUJdHEE?m HREE) . BxN(5-4-
) RA(5 -1 - 1) A5 G E (B8 mERER:

P i (5-4-5)

FGS-1-15)FEMIHE LM, EXRHURSWERZLTHEL v <c, &
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MESHEREREBL, NEEFHRESHITRIRBRE A A1, K]
WA RELR(GS -4 -5 AFHF. XFHu=c FHAG-4-5)W7ERH
T EFESBEELBESFEATCXHTE IR EM) . HULMREKAK
(5-4-5)xHFEM, MEREEETFHHEREAT, EXYEFEAL—
MRZEREFEOETHERATHEL,

BRI EYEETLEFABRTEMRE-EN, BHNFIAED —TF
SFEMERER ST AL, MEEEERKEBIE m. FREAT AN
EBEEE BN (RE) XE - rEf, X—FEELEREBESFTAE
B (FEAlE KRB EEER T8 M. MA, EFHEEE, XL P HIEE
HERSHBRTFERMXREFEY . ARG R FER R, 0] 2028 #E

HEegFEET, §4. | LIEMFHRTE K RPFEN SRR AR T80
B, HAESHR (S -1 -8)HBRAT MR m, +my =M AT G
WA EMIERE M SREE., I, RERLEATE, RO A SFE,

TEARITICREGE. “BLEDEOERE MREERSH A, ANTEHE
XIS HE A AT AL B O R B . BN, TR AAE D 5T B B AR B S5 1R, i RAR B B IR S
AL, XM e L E B H IR AT# L6 5 WM EE ALk i —— i # R B
E N KEELILERE. R, “DEABESTHERRED & F,0E, =
moc”” T2 % PR 4E B9 R B AR B K BTk, FEARXTIE P 5 AR B 2 D R BB 1 B
MEYERNEE KM R R NEEN 80  RMR XN B E i E
—PMREENSESHETEHMARIE)D, LN EERFEFMXT &, Bl 48
MTFRESESMEME. BTSEREFEM LA UHEE, AgEaT LR ER — 4
FEEH. AMASHEEHIEWIL, FEAAXTEH , YR EE m” QAT FRIEE
MINEE A RERLMNM(ZL£HEN) ARFEEMARERMS. ENGE,
HANA e e B E— LAY E(F— &L EE) MAEERSE Z KM
LIEMIIEPXRENREELAEE) , EEE  KBIEA, — P m, =1 g
HE(—RFEEOHEREN %) WHEERELT

mae’ =10 kg x (3 x10° m/s)* =9 x 10" J,

O B, R R B AR PO R RS 19 P9 8 (0 AT o & ke L i % & [ W Sonntag A9 ¢ Introduc-
tion to Thermodynamics, Classical and Statistical) HRAIM &R A 1T M A 1.2] BUIEER0.01C LK
0.611 3 kPa jx R K 54 M0 A AKX SN R GE R E

D BRI YA LR R R BRI AR AR IS R PR T R (R $ 6.5) AR ] 5
RERREEAIE S Ay i Sl Fp S it s B9 2 gl (I § 6. 1) 5 0 =55 gl SR A o X PR IE T 8 I3 b ) 2 PE (S (4%
BN ATE) .
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KYAR S T B AT SR AR RT3 BT B AR AR & (IR BR 2 J7 g TNT KR 2548 4F
i AT R B AR ) | I S K RO BE T LB R (R L o EoAt s R IR 20) A AL A
g7 WMRBUEGE—ZTE R, I EFART,EFAEMABIER) EH I
XA AXENAMNT2AL? ATAFRMEFRIMNECHNEZS KH
[ — &R 4 HEE (fL ¥ a8 BT IR R AR 8. AR KBGMNLFEERE
SHMBEENRD S, T EHRAE F T HAR, XEENEFER
W R AyF 2B E ST, IR — 25 25 0 A B 8K e {3 X B TR, AT 48R A Y
HEEHL BBt S MR K, IRFRMRE NG, TFEERN M, BFF L2
() HAENFR (BN TR H# FREIRIKA mg ¢, E Rl mye®, By, U
RERLSFiEE A A

Moc2 = (mmc2 +E,)+ (mozc2 +E,),

3
Myt — (my¢® +myc®) =E,, +E,, >0, (5-4-6)
FREHAFEHRERLAIENEZEENE, AT LHFRERLTIBEFIF AT

fo, ECURATR MBS (HEE) SEIE R KM T B R R FE, X R EE L E N
SRR R BIEE By, + Ey . ERTREEHIEE M — (my ¢ +med ) BT F
BHIshEE . B M., mo, B my, W BE TR 8 FRBNAERIME., ERITIBRERF
B TR IS FER (B B K R AL 8T8 ) o i 1 B — e B LA X B B B
AR EREE , BTAANTBRE F 32 AR IS Y.

ESRIE T A B0 MRS T LTI T B AR R BB R AR Y T L S R B
BRI, AR A R B9 SR T 00 25 /0 S R BT | T L JBR T S O A O 0 BE
TR AR T3 BB ki —A" O, XREAFEFH#E L RRR T
BTG S b IREAS 4 R ER 4 (2 99% ) 1R FE 4 IR B B AR T b, 45
AR FERE — i #R8E, T B ZEE S &4 F o U m B Ui ge it i
i, T (electron) # 5K T M {4 IE B2 F ( positron ) , H# R it 5 88 FAH[E , Hep
WESh THHSHESS(MRNE, MFERT), B F5ES FHEHRSEX
(%) I ERM AN T, i FHIESR TEREAWER(ZELHE) £k
HFAHTHHECHFEDLTHHERS), S LEHRTH, VESHEHE X
e e 3 2 3k St S 2 SC ST A M RE A

W CHFE—TTR KL — A EE A G RNE . BRIE SR AR SE R, — ST BT & BE
A9 x 107 ] T#ALE — s A A i A BE RE 2 20 3 x 10°), LR BE 2 LA 3 x 1070 B B b rfig B 5 Lk

T T FROL T S 1 T 2076 10~ L o KRR e BB B L BLLE 3 < 10 P K AR & DR AR A . 8
kil — £

oo

pultl



98 Es@m BYRELANFE

WRANEE R, EEW A R B R, 7R
o, BA S EMERRTEN, FTREREFE, & H SRR THRN
RENFRE m, BREFE o BF E=m [ R(5-4-2)] 84 EFta®
SREHE m, FIE, WEROR—EE, AT ORER ¥ ERREFE?
ERRLEEM, B A E, = moc AT m, T B E, Tt (5 -4 -6)
SARWBEEITFE, WERFE RN REANS R, AR,
LA AR SEAE L RN T R 5 & R R 9 #E . S AE B (con-
served quantity) 24675 ¥ B0 B2 e (545 7R 28 (R B 180 7728 ) B it 36 1 0 3 3
7 R Z B (invariant) T 246 BT R 5% RAWEH 2210 A0 HE 1%
5 TR 3R AT R RO 2R o B B, UK L TEAR X I R, B
BRSP4 B T R 2, 0 B R R A <P A, P T 0 B R
B R (e ) .

§5.5 AFCRERAR ST 6 F

REKRBMECHEE=mn EERHEMANEHEEIHREELAR, T
RS m SRR EMY (RSN AATEERELRE—-MEEMSH .
WER AN EEXARX, B REEH S, AT — ULk i do eg o8 7
Xt R RIS RA m, SEIERE n, 20 BEREBE SRR E Sk EEE
E, Zal, ReER A2 F S+ 4“0 MY ZEUTERMES S, HHMR
20 E =me’ BB DHERAR .

(a) E=m,c*; (b) E, =myc’, (5-5-1)
FEY: (a)izgh ALY TR (b) @ LR Y THaEa. MEHER
BEAR M R, IFZMMISH M O E A E R X A, AW, ZEBE
ERBWIBZE R m, HHEEAMT ISR MR, AT T E=m, o REH S
M FRR(S -5 - 1) MM TR, A4, R XAENEHRIERRTFLE
EWE m, BEER E, 1S3 m2 (XA EE)m, MARENT £ F U1
Bo RME=m,c ME, =myc” FHXW NP REFR D RMIE. B 7%
XA R BWIEAR — i fs, ZEIEE 1948 FH KA ABEFEHE:
A AREM=m/ 1 -0/ A F B KAk T — A ko
WRL, BT BAE mARGRIAL AR FTmad A 4 41ESEMT
WA R, MR E A e EINREE S R B SR DL 44
Fo Bl BIEME IR T 2Z 0 ) 1948 F PG —iR— 2SR



§5.5 X “TREEAA MM AVET 99

LB E SR R ATE TR BB . Bk RE (R CAKES B
5 80 B PO 0, TR m — PR IR B, 2 2 9 < 4 A (B
R ERE A GRS T F R m BT AR 07 s MR
2 45 4 B RS TR R 0, 5 m A9 R [ AR (5 -4 -5) )

me”

EZ—:=‘)@""'2. (m BMERRBFEL) (5-5-2)

viI—-ude
ERANEHRALRERTREMERAN BEEERFRNEE -1, REHR
AKR M FER EHEE " m,, BE—FERRINARBZI HETEE L
RER" — W REABREEEFESHN TE-SHRBRAEZRNEE, KR
A R A B S0 0 B 2] (B ) R b e

R m, MEOHEMER . ARE=mc AREREX, TREAEMFREEH
T E RN AR TR R A E, =m (P m REER my), 7
W, AT E bR AR BERKBAE I NG R E =mn’  HLF AP E M
m SRR BRRE R A . XML Z X T RN RS, B
ELEYRFRFAMBENROFEAELET E, =m. LI REERFE 2N
B9, [YBTHEH Moe® Fomg e’ +md DR RBUTRIGHHE. MAEZEHE
AR B RE R .

CRREAR YT SR EAERE, BB ERT, TREANEHENE -1 F &
i) FiHE (mass-energy ) KRRV REAGER . ENPHB B F, REERA
LIfEsp it e Wl i s BEM SR, AWM MFTESNFRESE
ZRE,UET R ME— R R R A B EE — e BRI SRR R B A
WREE . R EE BN,

EEAAMIEEE Adler ERKBMAE R A SHEERLY " HCE[ Ad-
ler(1987) | FHEHBHT T AMBMIE MMM F R L, UE-FFLHE .“&®
LWFARTI ¥ HBFE—RERE50RRLTAIHaGAME, K82
SR R, A, VERLE FAG AL RGOER L R0E
S RHE R TR, CERY [ B A B 28 A AR AR R B X A R B
ErRAELRE 18 T 5| AAEXT I8 BT b R R R G, A — R, AR B IFBX
Ji d e e

[#EiE S5 -3]
AikiE AT EFRABELARBED R ERA X - A LGSR, L+
LREEH .



100 ®s5E MHEAMWEANFE

B A 228 FEm, 985 RER SR
7 CAARAECHRARABANLE LARRTCHAES H FHIELER

B ARz, A2 P (ot AE)RETHE—BE?

zZ 114&1’)]3’@@/&ﬁ7$—4’:3l)\m it i, F—F , wREMT®R T A F
e shEE L p=mu( L mAFE) NG FTFRELELIH, FF ., dF 0
tf=ma Te@ HERA THRELERLE, AGLERLRTUBREREE
R mE(REE), FARDGZ AL A p=mu, FZH , ARIEHFTI,
n, REEE m, =my/ /1 —u /e K, AR A Bk a9 R AR T

GO BERFE LA S RAARRT SAMEHREMS, @
BAEREE A E R B IR M

A 7‘34+Z¢ftmu;£§4ﬁ\é‘1%¥;t/¢}‘?

Z HtHRABRIKERME=mc Tim 5E —AEHAF B
HFHEE-ARORY, M E(EAHE ﬁt)ﬁﬁ?”‘ﬂﬂzﬁéﬁf‘\xﬁvdF & &0 W fn
g K REEME m, 89S, HOR, % BB 34k LAastit (1905 £) 6 R 4,
H KA 1908 £ A A @RATAHET 4 et T BARL ELH , ME, AAR
AL G0 F R A R B A 4 YaE Atk AR b AT 69 3 B T A A A B4k
By BRR AL K L om, 24 BT R ERRAL, [ AR R R
m, EFTREEBRUAC, AL m(BATEE)E I ®ET PR TRE | A
Vit m, & A A

R SR m A AT AL T AR, il o, RABFE(HR)
949 IR Mg 2

Z  Adler(1987) %K THAA m, RABEFHGRE R (FLIEZ L), HE R
H A AR (R k5 W48 5T 1k 49 WL B 2 B 69 75 4tk 6
) o

B O GASEFAHRE T AR ENAEAE D FRELRE, m, 004
ERFHANLRE?

2 HAEREEEm, R RERKEE N EFEEFE(ESHT )X‘ a7y,
wRABEMED A mZE KA HERREL, R, EXFEEE, "R
Be ke E MM R AR EADS T, BAE A m, 9 »fm%w@
B A my T R m, MM, R SRS e AL T 2R A
CEFREME TERE EDRE Ao, HEFHEGE T A m ST KREL
FRABXAE BAERMA REZHHREFTAEREZL m, =R EFIANm,,
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R AR T R XA E/C AT i da bk @ R R [#&i%ES5-3 %]
§5.6 L4t HETH

HAT— EAEHEE A EEE X, HY KGR KNI B K0 59 5] 7
AN KB, B AT SR R . B, R E R D ERIE T LORE—
BR)EENZGTHALERALR, FANESEdETH THARMES
EOMEFZ)  RaMBEAARAREEAERAER OB LR, EE TUT
M OEEHEASRTHBEZM(ERE); Q& BT TR0 &
MIshBEZ (R IEBCRF) ;&K T2 B MAHEERRE. LUR B R F 44 61,
BB (—NETFH—DFF)EHN, BEEZ RS TSR —1

FasE RS, RA MSM R IR & 2 88 1 07 AT HE P 20 IF , BT il 89 B /0N BE 1t 3 i iU
BHEaRE. B LT LUREZ DM IONITESE SR BRI d TER &Y
'WEME R AREXRARII ST

IR B EMEERAE AR H R amou (RFH8A,HICH

u) Fl MeV (JREF1R ) , 548 Rz 69 [ B B8 o il BB A A € R 2R

Lu=~1.66x10""kg, | MeV=1.6x10""J, (5-6-1)
B R AER R A
| kg AR HO B BE = 1 x (3 X108)21=19—6x1029MeV, (5-6-2)

Pu RS AR A9FEE =1.66 x 107 x 19—6x10”Mev) =931.5 MeV'l_

fH A R ATIS BT R MO A R R AR UG
m, =1.00728 u, m, =1.00867 u, m,;=2.01355u,

m +m, =2.0159 u > m,,
I TF A B At THE'B’JE‘—% B my <m, +m, R R M FREEE A 5 BT
55 R 8 d i A0 T X 6 B '!’H’Jﬁiﬁﬁﬁ?ﬁh&ii(&ﬁ’]%’a‘ﬁb,ﬁk
LSS BE = [ (m +m)) — m & =R (m +m,) — m, TR B BB
EXEI(m, +m,) —m, =0.002 389 u,{E{
MRS G RE =0.002 389 x931.5 MeV =2.225 MeV,

U FHERRERTT A 933.8 MeV B 1B A7 b R ity 8 U B T LS50 WO HEBAY 45 4L 9 931.5 MeV .



102 B5#E BHRRLNZFE

B2, —ANRFM—DhFEE N — D TR S 2025 e, HAE % T X
MES R, —MM S, BF M54 AR — R T Bt B 89 68 B PR 9 %R
% i) 45 & BE ( binding energy) . LLE, REREFRMEEE, £, KRS | MR THI#
i, NETHRNEREE E, WA EHE L AO

E, = ) Ey - E,, Jf A REASBT B (5-6-3)
5 AN MIRE A EE Am N FR A R E SR (mass defect) , B]
Am = > m, - m, (5-6-4)

Horbm Bom, D HRETFHRE ML THOBRE, RS ROEE R
ReFtE R A,

AHRNEOHAEEFRTMERET FHREATRNI R, &%,
BT EET R BXLNRECARNET A FARR(BRERT) 8
B, XA DB AN E . RKRA N T RS TR, kR
“KTRITR(TARETHALT) MESEELH (3 m -m) &, Hop
m A S BIRKRRES i AT RO R, SRR R 5 A R
TR (B P X EETFHATRENE S, I, R RN m A
FRABATAFHBERS N m, T om,) BT % F % 5 A F 0
GEABERET (m, +m, —m) s MBERHRE FEFENESE M T A
B B EBAG I ETHE A TR ERESRAR (S m - m)C
(BN (5-6-3)].

AT m R E SRR TS (FR), B R A FE B KK
m,, u, *ﬂ m,, uz;ﬂ'JEBﬁE#.’.?TE&it(S -4 _S)E‘“%ﬂ

2 2
mc m,c

mczz + >mcz+m,cz, (5—6—5)
JI-ul/e \/T— us/c* l )
54
(mlcz+mzc2)—mcz<0O (5-6-6)

=]

ARZER(CKTHRRNTR)HESHERNR ., TRBHE L.

A
O BHTBHFWEEGEEXSEEN -5, ME, =E - z Eo; o 35 8 AR b b 240 i

LR e X ASEOM A6 B IE L AT 25 (1948)38 T HLE B 1Y (1995)410 BT Ugarov(1979)
160 T2 B % FBAFIT (1992)297 T o A BN 5 2 HHO (R BRI HH) — 5L
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Zit1 Y AISTROFERLARNEGE,
B WS AR A AT S
L1 RN ENERAZASFR(EAMERERN) .

§5.7 FmaeHhxk R X

RS -1-14)RR(5-5-2)FEBHER(E P m My 2 m, My, KE
5)
(a) p=ymu, (b) E=ymc’, (5-7-1)
lpFlupiRFp M u IR/ M ERKEESH L
‘1):')/m.u:L2Euc> (5-7-2)
(s
B (5-7-1b)78
2 4
Ez S m c
v 1 -ure”’
[
mc4=E2—-L2E:uZO (5-7-3)
c
E c tope
pe e
E
; 7]
mcz mcz -
Bs5-2 FmEEsh=fA. pet Bs5-3 ARSEZRSPH
MIEBEREF =0, ZATERL i e
HK LB

BAAK(S -7 -2)#75

E'=m’c +p'c’, M(EEHE>0) E=./m’c +pct, (5-7-4)
FRBRARESNRESHXER, Und, pe FEMAKEER=fAK, MHR
(5-7-O)FAHMBZKMZER E(ES -2), BEERAOBREn BF
T, Mpe REMESEREBR, BHES -2 SHEAUEPA (B ) sind = u/c, T 6
REMTEER, MBHBEILESERE u=0,sing=0,HTp=0, E=mc’ (&
B8), = MBI — KRR, ABERMNBIESERRATFE w20, BS5-3
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REFAAR S EZMENFA A RIOEE K ) >p WRMBHE £ >E,
§5.8 ATALREATE

X F eI A M My B 2 K — L TF A A TRORE 0 T S U6 I ek %o S WL T B Y
REAND ST, G H B EAY S SEHT iy F 4 A% 50 B, ROk i 7
17 e —HE ER. M 19 TR B R ERE 0 5 8 TR A s %
W AR{S B shik . 1873 A A F IR BRI U — B Bn TR A A
THAREIRE R —Fh i ah, M L aE A e B0k . 6 B9 POKE U0 28 1 JL T 8 775 1 ik
19 tH 28 AR 0T 2 20 tH42 %), W B 58 b T su AR S PR 5 ST B 5T o A R T 1 G AR
e R B AL B R RE R R AT EROA M, BRI AN E
FHAIEE -/ X EME—4(1905) [[J—& Bl¥ L&k LT i F s 44 n 1Y
SO (SR A R DR ) O IR R o i B B B AR e A — A R B S 1 T
L A RORER A — O AEAIEER £ SRR v AR LR L =hy, M
B g B S R 1L$Ei3l'”"ﬁi”ﬁ“ﬂiﬁ\}h'é¥'2 RBE X — B AR O F k2 i A9 I
IR, — DR R v a8 éj‘ﬁﬁk ] LA 1 B K0t G 2 W B 1 I R Y e
T NI %ﬁm Bk gt i Nho,

F I BIOBE U8 I 20 156 0 45— P P AR X S A S —— 4 R Bk,
LU B, BRI A 1905 4 % P W 3H A S RO SO R R, AT A 1L E
e BE L T [ B (R MORE , 7F SESC Oy N B (R sl X LA IR 2T EAE
WA B R KRE R F A E Fiig it kiR g2 - PIEA
B B9 F 7] S 4

XIS IBIS e R A FMBEAA R IR F. A FSREAMNTEEXT
B:OXAFRELUEHEES; QX FHEIRE L (5 -4 -5) FHitie ] H'i
THFR-FEFEEMR IS E Y Mk 7 (B ) 2% & B HEH
(50 ar) o 1 S S A A W AR B T XS F R R L O T WRAR BE A A B W TE AR 1 ﬂ
A e rEE, RAUA RN H MR Mah it L # L, R FRIRE N £
IR A E LB E = ke, JEFHIBIG (RN p AT LIS B BIRERE T &
Mo R R RN SR BT A i (S -7 - 1) VEUT AT p = ymua

W R TE 1905 AE O RRARSE S 17 5 LR R 7 Rl Sl R T 51 SCHD i Il i iR g
A IR 8 71 ) RS T O BN SCRE Y R — B P A s AJJIIJ WRTL MR A 26 T R
[ 4 ) Dl 1t SRR C I A 1L Y

2 XN LAY BUEA U A T R A RN R A SR TR Gk A e R U T8
it AR B K
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HE=yme M FMSREEZL(HA R m=0,y=0) HHALLEGHHLTp =
Eu/c[R(5 -7 -2) 13T (u=c)FHEE, B p=E/c, ANTHELAEH
Y Falid p BIEX . BZ N FHGEN E M p Fu NI S

E=hy, p=E/c=hp/c, Iy BT, b IS5 v L
(5-8-1)
LT DL AR, A0 R P A R B E Y A0 RE X GE AR E e B R S0

i AE W ROE R AR Ry EAE . G2 A P Ay R SR e B
BE It FH Bl b3 20 (5 - 8 — 1) %2 L HE B AL gl B &SSP R

§5.9 B AT kAR iR 7

B SR AT G R AR SCARL R IS A AP ;"L‘-fﬁu AL ARLEIE (556 TS X
R RSN T AE— B R B R w AR/ T o HIJLAT i 7 B0 AL ™ B 9 1 91
Z RPN LB WA X R — A f?l PP PN B AN W 1 e N
——j—'ysl//l—a'/’c"u e R By B9 e 22 e
(a) ' =y(t—vx/*) ., (b) ¥ =y(x-uvt), (c) y=1//1-0"/¢

(5-9-1)
H A ER e, o T, R B Ca) L(b)ATHL y 6 B d, F iR B
()SLEVEW v FU/NF oo X UEWAT — 1511 2R A9 25 ) A8 5 5 5 4] X F {F fAT 1
PE R A SRS YT AMTES — s S R R R py ki A |ATE B 0E
I SE AR A S50 | BOAE AT 0T (S — 5 2 101 2R A s (] A 4 D50, R — o it
PEIZ 8l ) 76 AT fa7 b 220 5 0 S 5 L 3ok isF P 9% 10 20 T el 1 S ML TR E] y L fe
B RE Bt 20 xC(S -4 = 5) s b W g AUSI5R 6] MRE b R I % ST A RE

NR(5 -4 -5) WA L[5 -5-2) H
=20 (5-9-2)

J1—u'/e

R ELom F w4y 50 R TR SR BE BE OB BB R
ﬁ HF 7 & ch‘ﬁrﬁﬁlﬁ’ﬁ"x JSHEZR T AN T LA T
"k%/"‘iﬁ AR B, FRATH I UE L AR )
o I 5 o < I SRR 1 B }!'J 1094 B B9 AT — 0d ) i A7
u>(-(}'LfI1D\1 §3.3). S8 bt AGh gt %
10 ik 55 B T o 900 Ay S I, Y LA S f’Jﬁ*#“Jgfm:uﬁ BS -4 it Rk &
R REBL MBI PR b A (66 R B, M 0% s 2 B A 0 B D I
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BME—MZEHE u=c, FRR(5-9-2)RAFBRE. D ERTHFER
HEX BRAKERESPIZER T E, AR SR RO RGeS H K
B, TREMERFIL.

BTHEARTF y 250 ARARZTIRERE THELRAGH., BER
Mt RN RER, MEELEH - NS (IR, RRBEBENE
ZE(ES5-4), EEELERES p, Mp, MEMNEEE M Z=ERET, >0, 1
§3.6) ER—DRMER K=11, x, v, 2, LAt 0, BAUREREH p,op, £ K R
MBS B A AR . AR —MRME, 1, <6, WK RINAEH p BT p, K&, HE.H
HI1,>0,8 §3. 6 WEM3 -2 AIMLERER — MR K'={0, «', 5y, 21,
BN p BT p, BEC >0) 0 T pp, fEAN R A F L LRI, BT 8efy
EERRKANEG O, BREAETH,p NERTHEEEMH,p, AEXRTH
PR, p, BELp, BR. AT KRR TH B R LA SR
fzlE  EREAREE, TR HERAEREL EF - LZRE RSB H
RRF,MXREABABEZN, UERARIEEIER T RAWit FELRRESH
KERE, BR BiFHZMALARENKLEIEA T HA S LB, Xt
RER KRB/ NG, LGSR B F (R A 13 69) AR 2 =Na98iE.

EIR 2 MER,ERMER LR E R (OPERA) A AL F i F ik
s PBAN R P M T ERECE . AL T B AT AR F oo
(CERN) &St B) TR # T B P | s A2, A Bk 730 2 BAMR fEK
H & 2 55K (Gran Sasso) o M IT7EN 84 I 12 30 BE B F0 B 18] /5 & B o 5 )
RERWCEM K FHTEETAOM 60 AR M2, HEMA 2011 F9 A
22 HHCBR) REMIEERAME E5IESREMES RN, PEF LS
REFFRRT(HMERA, MAEXT) , BICE T T B RS shiE A8
WISLIEARE, AMEsi M, R E RSP 2R X —LRER
FKanihkt. AMAGE, FE(R ) ZREMGET " SERERMHELEAN 71
BV, BT BEGE RS CPS U SBMZ B AL E M (M AR)
ERAY . AT IR AR SR KRR, EEE AR RERBG B AL, 4
R, EATIE A (B OPERA) IETE#1T#E — £ 89K, LA BTG 8 BA #
MUERBIER

F5SFIA

1. KIAFRTHBH RN 3.9 10" W(RMEIHE3.9x10° THAEL),H. (a) K
PR &S B4 K AW/ R 5 (b) KPR AL 47 B R RT B/ N TR R BR T m =2 x 107 kg,
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(]

: nﬁTNTﬂEmMmm 4.2 x10° J gy dt, SR XE 25 XE B0 AR X 5 4k g8/ ik (B 45
B 37 5 fak BT O /N B B ) o
3. RIE w<<ec E‘Jﬁ'? BB B REB/NTERGE.
4. HFRAMER o RHAEN SRS TR
5. RFMETFHGERIHNI m, =1.67x10"7 kg,m, =9.1 x107" kg, REH K% o
FEHBPEER T y EERI0" S EF S5 ke BB A B 5% R T 4 5
ﬁam#@sﬁm&fﬁeﬁzm BN we << AT RAW AR -2) =1 122,
7. hE RS RO T ROME RIS Bk 2 GeV SR EIREEL B BEANE R,
8. KRB FATIIRAIER T HEZR «(FILAHFRE) : (a) BeHEH | MeV; (b) fEH K |
GeVo RF: M y>> | ATATFEK iy = ﬁTzé
Y_ ~1_L

u:(l—'y_z)m > 5
7

HebEs - RAMFE  _HEH.,
9. Wm.u. p. E,EMRKARRBSWERE ER SEKDN) BEEAENEE, RIE
(&) W= —— P e . (b) dp_ 1 du

Vot i Pl =(ue)t w’
du 1 dE
= ERNE] > d = JE (E 2 2 °
®) (E/mc')'—l E (d) pe LBy +2me”)

u
10. BWIERBESI =M (B S -2) i 0 H R sind = uw/c.
L (a)BAEFHIMHE v =8 x 10" He SREAES E Mt po (b) N EHE (5 H kit
m=0.1kg) ERES T E LA LR FROBRMEZ MY E.BPREHL=6.6x10""] -5,
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§6.1 F| 8y KA EK T W

B B S g B M AR R o A AR R 0 B R T X
X6 Bt R SOR IR MU R RIA R A BB T, R -
BO R o DI, 7 A B SRR R M B e UM b R R A
JURFA AN EER MR L2 LR & o AT IR, (TSI & R
Tﬁﬁ%ﬁm@ﬂAﬁxmﬁmWWTME Beb, F AR Sk B A AR

o BRIV R AT R E Y (L § 1.3), BT A7 LA 2 308 o 48 A3k
Xﬁﬂm%ﬁ EAESE ., BT LLBEE B B R SRR IB < K2 9F F 7. kA
A AR B e (LA SR R . TE AN § 5. 1 BTAE A A W AY S it
5 p=mu S SRS ISR B VE Y B L AU S, RE S E
2 %

p=mu/ /1 —u’ . (CEA m R R ) (6-1-1)
] £ 500 71 T A ) 4 <A 0 T 0 A SRR S e I o, 52 J ATk
ﬁ¢m%ﬁﬁﬂﬁﬂmo¢ﬁmbm%%$ﬁﬁ RITWE A% b PR p
{3 2 19 I # 5 R
VP =dmnp, (6-1-2)
Eﬁmﬂwmﬁﬁm&ﬁ%@ﬁmwﬂ;@ﬁmﬁ%w S0 8 75 A 51 A
T2 b b e R R L, B AR E S 007 5 AT e M T S S
B 4 E R BT IS , S AE WO | 9t S A T S A SO A IS A A P 5 A
. SRS AL & EHEE T T | S i S e B R AR L,
EDTEAE A2 B0 - A 15 WA R PR AR PR 5% AR R 5 BB U L OE R £,
SRIRLME , 50 LR R (T 51 U ) 00 8 B B 00 A T T LI 3 — A 3 SLA
WIEHESE P B 5] ) SR AR AR K TS L RS A A CR AR B I B
T B0 31 7 T LA LA B A4 . R BB 2, T kA2, i3l A
A SE B RE R SR Y L X R AT R GEAE R A ST G BB R BT M
i S 3R 7, b S AR TR Z RO BENE . AR ER L 00K B ECH T R 0T ik
SEHJE R0 BOA T LU I I8 B0 e SRR AX - R 1 L R R e
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b SCHSTISHER N B 5 IR AR A4 BE A HEREA R A SR, &R
Towk o %t 25 5 AR A SCAR X TR HE B8 P R ST W B9 51 0 IR 9 BT REE & PRI B A
RIMEFRR, F 1915 S 817 1A dr B9 (B T B9 R BOR SO B HEZR /Y
B ARG AL T ARSI . AT RAG R, B T i OBk SORA R 8 HE R PR Y R
Sl 77 e p WA S TR LB BUS BB BIM ST R RS R TR T SCH XY
65K BUAR A A 2R

B A A AR AE B R BT QA T SR AR, BT T B & (univer-
sality) "I Ehff SR R . AT R A& . 5108 T adve” & & w2 & 3C: 04
PRI I AR 51 0 (R PR B PR (e i S TP AR 2 e 0l ) &
P @3 G BRI Y A, AN KR B SRR 4 a0l , R AR RS (f
R A T BR 51 S A 2 Ty, LR B — B %) B o A R R
FE 33X — 2510 € H0MOR BORS 8 1Y S I8 AR IE X, B W LSRR AR WA R S 7E T
NGHFE— B RS ANEE, XBREE S RBEEE, BRI asX
7 RGP WA SR RAEBE ¢ B m, BT SR #
Yyt Ay E W BT % MR 10 f = qE AR1GF B hIE B R

a-L _1p. (6-1-3)
m nt
FHlEm — S E RN m B F — S g W
a =4 E,

'

a'Ha AN BRAEPIE T R LLAR R . FEXT 5T RHe R R e g
CRRUIAR G, BRR g5 g T R S R R TS I ke
20, BTRR 51 N E (gravitational mass) , i HE m 5 BT 5 " ™ Ut R 6 44 A9
WEEE L REETE A MIERT BB 2 O a0 B (XTI f o i AR BE AnAA ) |, B AR R
1B R & (inertial mass) ,ICFE m, [ BIN(6 -1 -3)thiy m |V, 588 bR IFig AR
MES RS FES 1 RIS A0 L A

m

a=-—-g,
ml
H g B GMEI 558, MRAERAEASEHS T EE me/m,, B0
SN R R — AR SHMAEBRS MR, ATMTEY . — D — 1 FAEH

W RAVE S~ AN R WG e i) Jy i . 51 R A 30T 4% 4 8 Cactive) #1185 4 ( pas-
sive) WLAH i S BIRAT J ol Jr R 0 51 J0 W0 Nk Do 0 A 31 0 B 09 R 5 5 IS 1 AR 28 51 Jy e
79 BT R Y 1 ) TR Do R AR RE S 1S D I SE 3 AT AS  E SCMB) TR e SRS B Ah A

0B



110 EN F‘,x:.»i el

(B R m/m, MHAEAE R S ERAEE B RS I E R G BRI LA )
IR me =m,, 38 B X — PR S 2R 8 (PR 7¥<ﬁi’r§i¥ff' §6.3),
AR ILER FE AL s B R B, LM S RmTAREH A
TEREMBS, R4, ENMR 4% 405 l)]m/fﬁu@l’ﬁx_ e
Bl TEFWEI NP, XRER TR EE(FHERERN— T o) AR
(. BRI, HETE m, = m, AUALSE —FhI5 4082 XE T8 o I8 A 8 B &0 0 SR PR R X
TEEMFNS? M- EAFEL - TELENEL. ﬂft"ﬁ'i’a’# mg =m,
SR IR A AR 2 ERX m = m BJBE N b S IR0 A AR R
B AL AR CARR IS .
me = m, BEESE SR TR0 46 7 TR0 B AR R A BR 51 S AN 32 1 AT (T 4 4
TESI NG EFHE" ZFE LD ER LT R PR R 575 28D
Bf 7S SRR A B, ST I A HE R ER . B ERTRYEE
WiEsh (FE) BN EE  YEFEFHLEA, EMEANRERERAES
—H L PEEANEACDEREERES L(HERID #TH,. X MG (F
SO BUERE L TS AR 8 5L Z AT, AT BCGAAR XTI Y F SLET s 2 OF B RY
PIECAET =S (L §2.2) . BHERFSE2MERE A, UETAMEEAMEE(RIE N
EWHFLE. 51T FEE RRIIE M ERTHIAN S TRMATE. &
MR EFEBINEMEDNEAMLRTRATERET 20 cm fR2IAAMBET 7, R
i RGN & b BT A B L B LT | fer 1 AR [ IR BE T 20 om, AR 4 B R HY Al fE
SRS GmM TR TR KL, msl HEH T AL E"HR
JrEA SR FUMLBE /R A7 9 AR B R — R AR BT W ROV . AW X B - 5]
A Z B BT 7S R JA (PRI 2 ) 5 51 3 A ] Z e B (50 40 7 00 751 % TS BR B
K5I 50 ) w2 L E i, Bl s R R T ks hm e Rm A,
BREFEX—FM, S NEENETHIARMT, ERrRBX - )Y, UE T &
AREFPERAS CRMA 24 M AN ERZTH RIEHKSCHEXTE, 1E 13
HHGEEN BN F—T 44/ CEF) A f#0 Y ELY F+#0, (A4
XL R IR R, B E R RKNX — 4518 . ) TE51 G 47 e i it ER R A AR ] i A
FRAZFN— BN 5 7R 3 4ES1 (IEAE fy) B kT R A BRI, 5 A 3 4E
T fo BARFAXM TR 4 S Fy BB, f, =010 F, =01 X j& M
F)HUEI(7£f*"<AZ¥>Z$EIXﬁ’EfP%‘Mﬁﬁ)B’]’%YR Bl UL fy JEME—FRERIN 3 4E 7,
ERIRBIX R, AR THMME 4 40 F, SR % S8 b st KT
NS RETFRAA—DNSL, BEAELESTFERA IR MR T HE
Hi. TE.BRIINIAZ RSN AEHES(E2ABHETENEH
BIFEE) o IFEEIKERMA P Bl A FLL AL e (I §3.2).
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B R — I (85 ) 2 BT 25 P B e R RO T R R (X 2 1) TR
R R T R B R S T R B RO SRR, R RS M RAR R
WA K — (B AE M A I, AL, B M EEAR RN R A
AR A G TR R A S RS, A AR BERE AR ER
W4, HeRATEH T3 HHHR TSR HRNEHER 3l TR
HEFASE AT TN SIABNERERETE 2EE .2 AHNGE
SR 1Y RO T A R BT 5 5 ELA 25 R R BT MR, BRAR B R A
ERLAM 2 oMt R (B T3 h A B MR R L BT LR & R R 8952 318
Bo BAEFFEEZ T3 AN, UFBES VHEMNEHREANBE, &
Mt K BT A m = m, (TRBR“F6 258" B4 ) M6 0 38 48 4590 1 2 th e (AT LA 338
MAECLE TKEE RO — %) 5T BRI S, B AT RS % 61 3%
o TR RME TRES I — AL Bk AT — AR L B BT F 7%, R mE 6 - 1,
R R 02 SR ST LA RS T B VR B B R, R L, Sl
%, REEANECEATT 2, TR EHFES, LHRE L, fE
L6 - 1), R, BUBAREZS, ML ML HEMHE, WERE
T B LA I 0 R 25 R 4, T D B 32 84 R0 7 L PR 10 % ) 2 L 765 A it
REH K B 7 — 0 255 5 p; Q¥ th 5 B AR FHRAE 95 % 76 p & 48 89 ) & (&
6 - 1 RIMBEMERTNWME) , FEMER2 - 1(“—H—KF—W") 7 0
HiZk L, AL, B, SRR FEE DY AT, RS ARG A9 - R AR
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T ALUE TR SCARXHE Wy B AE T X B vl {5 PR A SR B () b 4R 1

[iEiE6-1]

H &89l —A648—4FR%, —F@ , RBEFIE A4, 93)
NHARFLEWYHRE B —F @, AT wA A RERF ARA T A R
BEL R R ERHP I H L, TERERN M3 A FRARALHNY
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Z “Haslhn—Amptmi AR FTELARKR( ABRATFTRE) 2
gt iRkE L, RALTELS TiFhiRegE A,

A A8 E REBELRAELR wREEANA G T EOEER
L AR ik A TGS ARSI A,

Z 2R EBX—-ZL, LA PRARCALEH N AG AAR
A A ERE LKA R,

B ReaFHsARFTEAHG B¢, e, ENHEeyaFer
RFEAMAER OGS G, GF AT AN A EEE ELEEGH XA T 40
HHARTERAOARTFOAMNEAY I A, il UABT® R A XL
¥ 43 mn

Z BBER;THEL, EEARAHY3 N, FELE IAEF LS
SAgst it P REH AT, LT d— M4 Taub 469 F h E AL, &
AEAHHGFEEREAOAR TR LA LT W] LELMH, B H(2006) §8.6],
FA T AL — KK Rt A €A B R, [#£iE6-153]

§6.5 EHE ALY FAZ

S AEINATI GBI el % @ R, v YR e
HE p BB REBAEIA M TR
V@ =4mp (6-5-1)
ZH. XA EINBEEEASF WA FRAME B BN JE
YRS WEE, ASI AR TS il AR, 2 FE - MEE sl L5
AR ARRRORXAERX . ZEEHBELILES I, L TR -2, KKK
HEEREIBGZAFR(RE XMW - EERR) ,E-TMHAE MK
. BTABAHKE, st Agelx — TR EE AN
ZEGHEKAE =87 x WRATRE L B AW E Ky kAL (6 -5 -2)
Heph“ZESAKE"RHREKEIRE BRI, BB F T EFR.
R, B Y B 0 BE i 25 FE L T ELE B9 3 B LA R T K et X B s A
H(E X 51 7135 ) R4 5T .

HEAUBEXFE MR FANSHHR(REKE) R T R
FRFBKERE, TREFR(6 -5 -2) HKREYRAIRE AL 308 % & KAy 15k
ME AT, MHRIRAENFEY R AT, 7 E B 2%k A3 8 5 5tet 7
MEE W AR RAN B LY MEEERRY Rz s (L) SR .



§6.5 EEHTIEIZHRE 123

WA Y R A I e 3 AT R R B W HE o R (L Ak 3 07 2 R
B, SEbR b B CHIRT IS T X & PR R AN 4938 2 KA ELAE T, SR R 2 B AT
Z a5 1 Ve R, IR B 208 B A X 26 ) B AE B 1. GRS T A RE 2 i
ZX AR B T SCAR X R T e SR A T AR R i . R A TR
— YR FH R ENFE(BEE - AOMNE RN 4 gaf) s H
AT — iR AR RS AT . RN X OMEREESE REA(AME] 135 2
15 55 ) W IX S B A BT LU {RL 3 {66 P B SO R it AT IR, AR B SCME X i A B 7
Hig FAEH P E MR, BRI D ER AT — B T B AR AR B
P, NEAICA FH T MM, X — 3 REHE AT RS XN EE,

IR4E“ RoT e e L " AR (L §2. 1) By = B B B JLA il (48 B 2 oK
WA R BRI R ) HH RN A ook, PTIE SR E R MR T AR, LRk
RERBE Lo, HEHEREMZEEFHEK G FHSEFHEG-5-2)FH
RO ST

BARBNMAEEELHAGHFEH P HEERRLHPHIE— EERat
SRR, WRKBHREEMAYHE(ESRE), ERHHEFRO6-5-2)0fF
WETE, TEME R

Z P H K A =0, (6 -5-3)

[HEEREHBEKENATAEREREKENT .| LRIV EZZEHIBA
B, flan, RICHFREEXLFE—HEA (LK) ABENHER. A FEMX
5z E R (IE/E H) MR &, 8 % AT DAk IS (R R AR BDIA O bR ik iE 2
Sh— TR ——1EAL H B A BT PR . ) SCH T8 19 A S U, 7 1% 3%
O J B B ) BT o0 A A B 2 A FL s I B S B 0L . & b, 3R
ARG EENE T RBUGR RN SHNER TREL. WELWRRE,KiEH
RSN T —H & 7R, MK FRKE (B0 MM s REA, WEk
R ETRR R IT, SR X R — i 15 4B R A W R Bl 4 7 8 41 (7T 4 %)
ATFHPORMIFLERARZ —) KB EFEEEE, BHPEFEEHD
W 18« 75 43 A W 38 [m) R AS 23 59 35 Fh v FRtE o APEB AT 75 5925 Bh 22 i 1B B i AR
By 1E B B SRR PRI ok iE 1AM AR 2 L n B X R . IRATTER 560 B fE A2
B WA XFRE QB FRdE @S M, B E A (R E Mt E ;) /918 2 R
P X LS BN A3 A T B A R AR R S BB T, R T

D T A A Y A A T A8 ) B AR BB AT U S 0 K A0 O
6 FLSP 510 TF B RLR PR CREI A 7 50D 012 BT B9 ST AL 4 T AL KK 0) e R 78
BRI YA S
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W 5 L% T 0 7 WO IR 6 T 25D i P £ T 0 3% A B T £ 0
25 BRI R (6 -5 —3) K4k, 58T (Schwarzschild ) 7 % P 7 411y Fi
B BRI — A KT TR AR R TE BRBERR 1, r. 0, ¢! KR
H

i 2M DMy o s e s g
ds” = (1 —T)d (l —fr—) dr +r (d# +sin"6de) .

(6-5-4)

b M BB CEERENMELE,. EARK LN LR AEZ M (Schwarzschild

vacuum solution) , FRL FLVSFTIARAL R R {1, r. 0, o AR R AELIRHR, L E

o FL o B i e JLAT SR (7 I e 2. LT B G W BB EBR T 4 o =)

SNESBINEE G =1, FEn L KR E AL, S0P A8 7 ] b S A7 iy & i

AW RGL WAL -1-1"),
M M=0m, EXIFL N

ds* = —=de® +dr° +rz((103 +<in29dgo2) , (6 -5-5)

X AR JE PR TR AR AR & {1 Pl REL. XERARK, WA M=
O Bk & fH AR A AR, Bf 2 88 F r‘[

PRHAZ 20 o RA AN EEREYEFHXZ . BRI R &kt
(1915 £ 11 A ) E(ES— WA KA AR ES 1 B 7Y (F 15 4 8050 17 28 19 08 %5 TR
i A JE—2 'if"'/\ﬁlﬂj EE . YMAECE S LR ERE S ARG D) i &N
i 30 ) SCARE e B, oK DR TS A 9 o BN R A 7 L R Z N gR 1
RS ER X FR T‘IL’“‘%M RO sk BL PG IC3S M) . B R B R0 948 SRR
MG RAAFEAN AL THOA AT SR B OB L AR
wARE,I96F 1 A 13 H,BHNTHEALEEL LAEMET S ERERN S
WOEAE TR . BRI E R R A AR T AL, {2 e bO o R A S OH AR R
BA T A THAR BN EERNE(LE 7 M8 5

PR SHAENTENITAAEAZHRBMRZ — BHESHAKN
FRWrH rRRE SR — . WURFT SO R A R AF AL (FE L),
Bf s oci BB REERTIE AR A6 -5 -2) [ . X Py B K i B 4
B B RV AESK A FLAS S TS AS WS R i A A8 0 B A AL R AR 1 3 A O
J TR A R RN T p A E (BSOS AL X — Rk R Y
Ol IXEIRAE — DR A BB B A et A K RO/ B I — 5%

1 A vEayE Uk T7 -
2 SOE 0 A Ml RO — L e gl iaan il F AR ) i AR
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FEfl, SERCVYRAE 1A B A AR R AR TE KR U 1R IL B AL, I (2006)
P.326] , MAEFR R A MR, 16 % PR T30 ra) B 2 Bl T sk RL 7Y 1T AR AU
RLJE 205 A R S AR s TRV RS RIS B R L AR . ARE A
SRR, 3 B VEAE 3R M 89 B s i e R B B 48 B BORIE 20 K I, bR A (E
Wk Py, EF 1916 4F 5 JREERE, 6 H 19 B, 2 P8 A5 6 Mo 1 B e
Hedly 1 50 RV R G B R FE .
RHANSARF/R - KR, K757 - REAELE LM FMS,
JE KA R R K CH¥ R, 1955 ERMEFREELRNELECHERRE L EENE
il E AL E B (WS 7.2, 1),
e PR 14 30 7 PR 0 v B R R P SRR AR LA ROKE AT SO X IR B ST A R IR 2 I
M ERZEHBT 31 5 R55 , 7T JHIE LA 38 T vk 410 2 B A 4B 77 A 8 MR i
JRL AT R BA i, 4 BiNE R 55 hpBRER AT ds i
B ERERTT(ds) o, T RAFR R (ds™) I b — AN AR/ BB 2K S0 (ds) 4, BY
ds® = (ds”) y + (ds®) 4, (6-5-6)
PALERTT (ds™) o LI RERTT (ds™) o MBLR AN Z /N, LLZE F 8 10 2 BB B 33
#RAl 20, FESLAERE b 28 — T IR A AT SR A5 & R 7 R (6 -5 - 2) M
P EER AR BEETBEAFE. A UBERETHERL T (d") M
LEPER R O 0 0T B X — R AR AT IS B R R 2 UL I
SRR BT B 9 ) B S Y SRR ARAR /N TR SR (R T i R 59 IR A1), W&
1 R 357 £ 7 A2 i ok AT O U TR B T AR L BR — A (FESE R ) BER 4|
FIE IR FRE(6 =5 — 1) 45 — NI A B B RS BN E ) Rkt
a= -V, (6 -5-7)
Mk e A W5 it AMRAre T B(ALREL R RS BNFERZ
M5101) . EARGEREFRAFWSG| SIS w] LIFET AR S 0955 R E Bl 1%
TENRAIAT R 8 BE T XIS ME A M T 5T WG
WL IE A LR A IS R, BE S A5 A BN 7 25T 0 7E 55 37 IR A UL T 4T
GBIV BTN I RA TR $55 b, T SCREXE #47 #9 T 5808 H
IREF,RAGT 4TI 1 0 1 55 37 (R 3 % {40 B 52 4 AT LA 4 4R 10001 o7
W KMHRMNBE I TR0 0 24K 2 8 n) BT AL R 98 59 10, R W51 N
AR RERRZ . [ A, KERFOA DR ORISR 54 @5 ik
B FEIE 25 R AN SE £ V) & (I ANoK B H 282 3 F1 R OB 7 KR IR 09w 5% ) 18
S H T SCHIXTIE BERERS B S Al W M) 2 4598 (1L §8.4 Fn §8.5) ], &
Z R HE RS 1 NEEAR E A (W §7.3.87.5 KX §8.9) X atRRIEA T X
XS AT,
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HAVEWERHAR, REERNSERKBEMARTEY, KERALE -BEFR
ETEMEE, BT ARSI A, FEFPMERFAE" IZI R XBREN—
RMEME B LA —FHEIEE, d P EREEHNE W5 R &

a8 AL B Y i — D B2 B (star cluster) s 1 8 T4 E T BUE AL CGE RS2 BRI
RSB A RGN E R (galaxy)s KHRMENE RWMERTF
(Milky Way) , BB &FRG—TLBER. RIUER—FRATNER.

YHTELER BRI A R BB AL B R B AT — AT, s R B fE - N EK
XA ERS A X DERE (R KA MR Bk, RIEAERER LB #E R
RBREAMT T E (AME) ARMRENSHREOEA. 3 TETAE, AT
BRERIRENTAUNETEE, 8 MKEHRI—TERE, AERFEZR—
BENGRE,ERBEIE, 0] 9 45 52 R dr &, 0140 6 4 B | KRG i 0 K 08
B BRI ESREREEREAMEES . R RPREEARIREXEM
R (—PRARSHFEREELTEZILEAF Z0E) , AT R — 2 &
f 5 9 1E 5L B0 B B A0 AT AR, RA G EATAE R EMBCE EARAEMmE .

RIXFEBA—PARIBYEZ, EHE R R P KHER LN — G a2 R
REER ., FEREMFEGRELE MR LIRS,

IR F W &8 TR RO 7 B F 2 BIFEEMERER (), %
AWM EAE R RA R, BB T A S| ) SRAHE R IS AR .
58 )5 0 M VE R (A R ) AR/, RSN T 107 m MBE N A 2 F B
Bm., Rz, EE@Zﬁ%ﬂ%IfJE’JjﬁEJ"”J%?EKEjE VO b 7 B SR B RN A — |, 25 Bl R
PR BT -1 GHT X AR AIARRT IR (LS AR IE A 1) MR

U S hE S AT N0y AL /AT R VBB R AR A T A BRI

D A MR RO IR R B AR KR L A R A B A i AS TR LT L A B R Rl b Y
216 PRI HE AL P9 A AT R0 S0 0 I I E A A AT B e TR, R T - 1 BRI UK R LR AL R
( Wikipedia)
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®7-1 NHEFHEHIERIHEER

b A8 % 3R B J1#2
- & A 10" 107" m
=R 10* ®
55 71 10% 107 % m -
P 1 @

HFRAMB N HEZMUEZE, T EMRRFHEIEAILF LA B
S| J1, BBEITEIRE E RS 1045 (— A ALALAZALE ) ABFHAE 4 4L #F
dER. HEE RAFIAARKEYBFA(IETTFHEML) N EA, KBE
T A E R B, R AR T T AR, a0 R A B & B9 1E AR 1 4E X (B AR
S EEEGPUAZ N, RIEBRATEF ShF (FRTME ) HK,EE
BRE AR EE N, TR B RN /NEA . RZ, 5] 0 AR
F.URSMENR" KB EHRMEYNA W, XERFINERKYEEPRTY
FAMRARE, AATRERILLEERTINITIE,

FENULTE BB R B KA, s A IRk 350, 5l T EEHE R R ANE NN,
HRZ R UARA BB WA AR B AR ES I mEG? A, Ik
AES, Bl I REEEFERMNIER. BT HBIERMR, EH— DR, WER
B EMPZB MG ATWAEFRORER TAMER), BER hE# R mE
o W18 M BRI, LR B BT 52 8951 ) 4 5 T Y SCHE N B AR . A EIX
DAESEVRE R ERENBB S BME TEb R T HS BT 852w
To AGIAAPHTMMEESHE — B FHE, Hd T2 IKF] Sy i 6 [
F o Tz s, E AN TR R 8 R BT, B 2 (E) A R A R k3R
Jo B BRTF(UEDF)SEEE—RBOMBAENOEBRIHNERR, L
BRERE N —ERENANIA S, KB EERE T, L EEFZRH(KH
HERHY) T R T R MR, TR A, e, TR R EN
SRR TE T 51 AR LA4E R AT B ORR JRAER| h MaR R e W 4
FPERBAES, SEE R ANAER) REHE R, BRERA LR
Bl HESHTREMXNANATELE, MEA THEESZHBRAM LT . ME
CREKRTAC AT RMBAHAK, IR EHR AR -HEREFERLN
fIPLH FEETR , B 2l M A T AR E A 558, 1920 8, W EF 2 WY MR
AR % T W ( Eddington) RIB B EWRETRX B R T W EMER, I Al
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545 BT 5 AR AKES.
§7.2 8 2w A

MRES MM ME R EYEEN - ERELR FEFFANEIL,
ST AR BT AL, BB — 2B B AL B RR . AT A 2R Bk B B 0 T
i, MEEAR TS ER,FI OGNt 0E, S WS e ERER . O
i KR AL B de S5 A 18] o J2 A~ BT 2Bk 19 o

7.2.1 EERMER L2EE2

Pz B ERT — A ARBEREKEALH, EE ELEBEA -
BENE B F IS IHE, AAIREIRERGEZME., EAMTUYRE K
WRERAERGNRE, BERE L. BEBKREEERS T, WGk EZ K,
B — DR E . B TR, A g — kR N8 — KT %
Bk B ARG DERIEE L (7 - 1) LV B &5 R T i
45 (B RN ), TRIFR 5] 71U 48 (gravitational contraction ) o Y AE 1 A2 9 B _F A 5
NFBBEFEAL NN BB AR, T R IR LB R B IR A A ARG B R
T W T RERY . BB LR SR B R BT R T R (E — R 2 P RE Y R IR A KT
SMBERY ool (DL 7 - 2) IRt P A BE BT 2 B9 TR ) 2 22 181 4, T2 BOXT 51 0 B — Fik
PUATER . AR MIREE oy (E T kI8 Z B8 K)BH f AR T 4., A
TEH RETR AT OL T 2 A AT BEHY - iy TR LR Bl &1 , & A 7 1 4148 23 6E
o ARAAE TSR A IR R (IR T PR 58 22 ) o B2 F B, IR .2 N S BE A IS O 22
WRHM A T 5177, MBER A BEK T &t A Wl 4, LLEE S| 1 35 8B /9 — &8
T A AW AR AL 9 48 A i R RO RE AL L 220 I (8] B9 248 W A, KT R L B R X
R CFR R D BRE B A ) B IR R D B I AR T e B R LA R A S B R ——
TORAM AR FZ(RF) ZAEREMBR AR FE(SABMRMAHER?) .
A% R T R B A ST PN BB B v A AR LA M B M R 9 T ) 2 R R LA B A £
G173 SR AS U 48 T2k 2 A, A B B  — R E B (star) o Bk b, BV AT
(i ) 1 A AT AL AR SR B WU LR FLHT 51 1 Y, B A0 3R T AR 2 — ke B AL A

L 2 AR R TR A 0 po= akT, i p JE Tt T 148 0200 L SR 1 B0 T8 Lk W B
B 254 0 4

2 R R T CROR YR AN ARSI R R LB (R BN N
FEMHED L
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g, KHREEEN -IMEEM T EEEXMRBERS i T K# 50
{Z‘EO
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[M7-1 SBESECERR B IEE R

HEFR(/N)

P47 -2 TWERIZPSMBEIE J1 2 25 B 5T 10 69

KRB LCERANRNEAEERTN — X B ENGE R INF? (S8 LK,
K LERMN PSR B REF B SO 24, T LA RMIEM T &7 B, 4
—38,50 {248 WSEFHARE R, RITKARL ALK, shm, ABie - 1K
ITMRAEN .0 KB (LA R FEAbE ) ZER LR SRR R 2 EH s
K, XA P LEREER— AR BRBEE - BR EERATHA,
WEILMA TIREABMREE, EEAANTAOEETHE 7 -3 HigERxR. Y
oo BR A il B N R DA SR A AL RO B L S e AT (Y PG BR B R M R 1k
B AR AT ) AU S AL 2R S| B E R T W e L R B AR 5 S n B R [
=3: 0k kﬁ"kk" U\n‘ﬁLrﬁl% E*’?I*i‘ﬁ%fﬁﬂﬁﬂa/%&%ﬂ/\!ﬂ %é@ H— A E B (red
giant) , JEHTLMIBARME, “E N IAEKEEZ, 48 a0 EEHRTR
?f’.ifETEK.fH IHEE KPR UL B R EE, AR R A c RSP A A D
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HEE, AW, KFETEKL S0 {4 52 8% M — BB 2, A KT R+ &
FEARPHEKEMGBERG G #E Bk (D7) MR R B 4k
A HER L 4 R K B B R R B KPR AT B IR R R (B HR B S H A%

B7-3 FLOIRAEREDSEE RO R ELE)D

THELLE B2 A B0 oL BR RSN, BEE .03k (SUER) By Mo R 2
ERABEDS B/ P LR EZUSRAPZRE —RAZR(KAE),
FLBRE AR — L BRSSP PRSI IEH T %
—J7 T, 0 BRI ER e T [ 7 A SR SR T, AP AR B i K B =
BAORRELRET MK - AP0k,

7.2.2 HEE

BAE B9 R R X Bk - WP L IR 2 ot — AL G 18 1R Y B A i A
HERmRE. X FREABAWEEZ (B KM, 51 A BE, FORA5]H
W 4 1 RE R L2 98 1R (R MR AE R, W IR T A REAE F5 AT s A AT B
EHEBEM AN R UATES 17 EERYIE2FRAB XN (kS
R BHSEESUIRERB G ) RREEYEE B G ENLAH
BIR(APFRZ A RER") , 1 T 2 AW A (R K) BEH, BRI N AN H
fEAI LG AT AR At RE Ak LAZE S5 ot (A BEIED) o AT, AR\ BT A fE
AR T LI WO AR ER, B TEE, P ORANIETREMLTE
HORS BEAEREE T, EMNHNTARGEBEEIEFRA BT, £
HYHEP B TR PSS RE T RIERY, M T=0 64 FHhEEHE, B F
RAETFRENFTHRE. R REE FYEE, B TR EAAHE R,

L FHEHES F 3AT/2 Hh kA RS H A TR
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R R 1, 24T A B A R B R R (B S oK Y s B, A B T A A e TR 5
FR S B F- 18 3 JE ( degenerate pressure) , B AR —FMER (“ZEE2BHFBRFR”
P RAEETHRTR) , ABHRZABER", MAEELEEEET
MARE BEEFERIMOPORNBABAGES 5 IHE, REB/DBF L
FRER S| S8 /AN, (BT 3F R LA IE 5 A7, 8 0k i 8, 18 0 3R B — K AN W 48
B a2, B8 B B B (white dwarf) , “&"RE N L RIERE /NG L,
“‘BTNHEEREERS (XA AL, EE-BEAKAZERE . HAH
HFEMEEMNEALIR TUHESLIET(FERREAEERE), RRBE S T
R4k IMES R R, B TIRARE EBHFREETHR EZREMRIAT
B RA RN -BEEE,

ALRMBWE - FABERAIRRBE, RRE(HAEMBERR A L)
REUEPERMEER, BEXILFEXK NER(Bessel) A 1834 4 Xf KR & i#
TR, RAKBHYBESRAF . REFELEAERR ENBLEEHRE - KE
LB RREINAE KRB E&M E—MRUNMYBIRE S s 3 2 2R 5 H W
Fih. MERAEXFHTHRAGBER TS5 7, MARBREMNKE K5 MY
ERGEEMEMN-TEK, - TME5RBREAFMNEE", AMXE-TEEH
e, RENERMBE TR FIENE I, ZRMAE N XFEE (RAERITH
BXERRAMERNEEH) . 28 FEE 1862 F , XER L XHRETEHE R
Sehrse (Clarke) MR A CRIEF WA RS EETHN KA XREMIEHE —1
MEMRA,EREEXMENERIEMEMEARNMEE, TR BEEMX
AR B NI, RXERA AR XRREAIREARETFE
BRI~ TNER(WELAHE BRECNOEFEROFES) , FMHEFER
REHASITEREZHNHBFESHRARIRA EMRXB B E, FXRIEXR
BEMALE—FEZER, KEEN0.85M, (M REKMEE), MAKR LBk
INRUEE ST THEME , K EER 6 x10° 5,

KEEZYEMRXFKET H (Eddington) 7 fth 1926 4 A (18 £ #
NEEM) —PFEE . e S 2 THES , KMNLRAABBLEI N, 204 F
PRLE -3 Eee AP RELGARBREGHKL, HRAENE T F A E T I
ERMEEXRBEMEEMBARW L, AARRMAKERKEEE, K0
KB BAEMEEREWA (KB LR LR INNTTBER M) B H R 5
AR FESE, BT WE BN E T 1E 2 P BN BT R 7 0 IR R R AR
M|, XM EERESSIRMANMAER, B, AEERAEZREENEK(H
WMAZRE) BB EMEEB AR A, IR E R EE RN EMR, Thags 4,
NEARBRE? (MABEHEREND) YA RXLERERINRBIR T #
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EiRZ AR FRERMR IR (RHFE),FUETHLERESEAEN
THHLE L ER PR TER, BREUME, BEOEENFEMERNE
s, TiE, 8 TH K YA LR A RCER MY E R (B35 E B ) #R
BFE - EL AN EEEAERMEERENEAXNAERERQEE.M
AEEMEMELUARRAEY", FIE, MNFEFEAEEMEREHESR T
AT RA B — S (FE REMELRRME) X —FHTGHER, 4
R, S NEMNBEMEMNYEE LAY EEBEAHERE Y FE) AR
Mo UEABE AFUESTFE EEZRN,FREENNA,

BAEMHAERBE THAEI AW NHARERBFEFENARKEYHEERE
£ (Fowler) , fli7E 1926 FR AR LT PR Y T X — W, XBMARE L 7R
TETWRME R, ATEEIFRRE HESS 7 F &6 07 M wit it &,
R B Tl S 89T B B K AR ) 38 K $ 8 HI 2 ( Chandrasekhar)
TE19 BE Y, BRER 1910 & FENEE M) — D epF = Br K IE , /DA # 3E
M SEER o R FE BT T O 3SR AR T AR A5 BT o kb 3R S RO RRIR K B o ARET
ftbC B FRYBEEE T WA H, 1930 4,10 S KRY LT #3a9 88, N
TERFEEZTEH T LEWE XS FENRE TR WHE S48
TEIFEABURER Y AE LA e ks, FIFAM B8 18 RATFTaT(E
%iEEXff?Ea%‘ﬁ%FTE‘ﬁ%lﬁﬁ@‘éﬁ’vt"f&u&!é%“Vq%ﬁ B R AN AT R AR T
BB NGRS R EEPORBRE M NT KB REE M, 8
1.41;%HT,EDRQ M <1.4M B, 5| J3 4 °] GE 9 o F 186 OF 5P 4, P03k Bl
—WHER ., BERT L 4M BT RO E AR U B EE AEAWATE, B
IV ES IER TR T 5. 2 FHAELK™Y, MK J%LT””
Ho FERANIE 1. 4M #1288 K R E LR ( Chandrasekhar limit) , X — R #9
5 BAR A 2 SR AL A A (2006) E3E 9 -3 -3,

BRIREM LIEMAMI RS R G RMRE X R (B A ATOEEE R R B R
TR BIRESIMRFERL S 7 EEMHEE., THA I?ﬂ,ra\/széwv~fé.§o i
T R BRE A MR E SR KRR, BRETEERREIEY
(RAEWEELERE), —FHERE THRERIIERNCERNIT L. 21 RE
BETM— TEMRTRRMOTIT AR, BB LS, 1935 4,165 T Hm
ZHFT BRRATFHEVSHERERRE R oM AC W TIE. & e F iy
FEFENRAET YRR ERE ERE, FBIET TWMIE. BT GH A E
HAE AN A BR R R B A B PR FLAPAE IR SR IR ik R R OUE B FEAR R R R G
A B RAAREFH I T, B 115K T%ﬁq’ a4, KA A NI A (4 o —
A7) o B AR T AR AT LRI e i B Y L T R AR
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BRI, B TS (EERE) BTN, S2EHUNREENDT —
PRSI, 26 0B AT o R B4 B G A0 0 2L LS K T L BT
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FAETE e BiF G2 RIS ShBE . B AT A SRR M R 2 LIS IS B 47 i B At
REUIE HREARBRE R HIE1E T

[i£i% 7 -2]

E20B3C2T3 MALRKRERA I AAGRAE? RLFRRTHRAA
3 M ERELE—ANATHRAARAERL, BEECHRAEKRT I LA, AT
B(AT-1)RBEETE, SELCRARFALE AFBREALEZRLAR
REBGBHNLG, KFAEERBE ab X KARERAARHRE, £GC LREZE
E(FM)gAMNETZ L g HEXLMEETLABETafb &, bbEL ab
BAMFOEK, 22RO EREZAMEEARET RBRE D EHXETRRT £
EREEATMHMGARLAA), Mbb' (A& ad)BEABFAEIERLE(RE
EEATE) BT ab BAE LA B LHRATHEANE CAme(EHg),
M ARBGRZERNFHRE, CEA LA E ik TILWE G N F 60

U BHEREML KA 1 JHF 3C273 HARTEN . Hf LA,
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AARMEEHE, 5ELORNGUMELFF, X —FFHELEH DKM

% B
BEXRTHRATACHAI ORE,F ol bb H (B M ab ) E KA S A |
%A [ 7 -2 5]
B A G
4
b a
.

B7-11 3C27T3AARBE S RA 1L XA GLHA
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§8.1 L RBAZTM

FPEHEESHREZRNSGBEAENE - ERMB(S6.5) MR- 1881,
RO FESACGEERRXE) ERIINF(ES X)) SN ST, X —%
ML TR AR LR R [ ,r, 0,01 K H

ds? = -(1 —2%4)# +(1 —2TM) RN +sin’0de’) ,
(8-1-1)
HPe M REFERXAENFEE, ERELFLALITEIL B AT X, 4 0 A E B
REREHE o — 2k,

( 2 GM GM

) PEN 7 (d6° +sin’0de’)
C r

ds? = - )(cdz) +

(8-1-1")
HEKf GCHBINER ,c A ESE#E, RE -1 -DHERR(B-1-1")EE,EFTF
BTG, WABEHTAENEGFAKX(8-1-1"),

Kt (8 -1 -1 AEHETH AR Faf[E LV, XEHFSHEORBR, 55—
i, RS BRI (d6° +sin’0de” ) B I, WAL T A BRXE FRE . BT LA
SRL P TR — T R S BT AR T .

LR m LR r RKE,d 0 dr RRE T -2M/r F(1 -2M/r) T ERAR B2 R
F 1,8 -1 - 1) laH

ds’ = —dt® +dr’ +7(d6° +sin’0de’) , (8-1-2)
XA RFEHETHERBIRR1,r,0,0l REX[BEIA(2-1-16)], 77 L&
FLPGZR T e r MR RT BRI T A, TS — R T HE T, il s A4t
BV EHE,

WO ERERTHESNRERAEENWREESHM b, EARENRE
MUTEAL T IES, WmtEOL M =0 UK R FLE, B % EE, FEm
Bt 4E M =0 AL (8 -1 - D RABRFELITH(8-1-2),

R SHATTERRLAL T, MR AR REARE, FTHNSAIEES
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PRz M =0 fkE), RIE X T REMZ/e (R §3.7 6 2) E&L ¥,
B BAXTH) (B Szt 2 (Retm) " MEHAT . MR SHFEE
— A BRA A AR R BIE AR R T — DR R L,y 2 BT R KA =
W3 +1 AT B— % EmY (K P UAESO MR LI 2 LS E, Mk
S, EME—HRE—TTERERE & =0, AR KL
ds* = —di* +dx’ +dy’ +ds°

EES 3 HRKEL I d5° =dx” +dy” +d27 AT R R 25 gfE 184 24 iR
BHZSEERR 3 B8 (F 3 47 HJLA) . N Ef7 T8 2 L= /Y
“zz (8 JLA] 7 5

U5 BB R BT 2 R B AR R e, v, 2 I3 + L 0 T O RATA E I
THAFR AR e, r, 0, SR RAER M3 +1 0" LS, REF  B(ELEA
Boe=1=%%),MHHEY, EHT—HmE&ANE—CEHA d=0LARK
(8-1-1)7%

d.ez—(l-¥) drt + 72 (d6° +sin*6de’) . (8 -1-3)
t‘tﬁ’ﬁmfﬁﬁ%’%mﬁ\ J:Em%?f‘%% A B

FT,ENE AL -2M/r) " WL fE £
BXA3HLRTHATH(BKRIEM=0)
(e BB T Bt 69 58 ST LUK 48 — 4 9 4 8 N
RBKM, R A B RBH LN ) Lt
AR ST |t -5
B A0 3 475 ], D ER M, KR K KRR R M D
BT T [ T (R AN 28 4 2 B L gy (A8 RASMIEEE (R
ERkESE, B8 — 1 Bafas [/, b A e & —4E) . N, fhEE R L a4,
KAFmOHERE, KEFERESF @Y, , ES5NERMICE S KRREE
MERZ I RN, RIEKEARE D 2 dixkmm, 5 F a5 BT 2000 k48 38—
MR 4E BT 2 ?ﬁﬂ‘fl‘rﬁﬁ%ﬁ@ﬁf& Ve S,

YER AR %, B IIT S FEE A — SRR MM A, FR B S W E (static
observer) , i F 4 RIS AIALAR r 0,0 ERRNWE(RFH  IFLLME) . filgn, 18
HEERIA L BEER S B A (2 a%) Mt THE LEEEs—-EZrE—
FP#ME—IHAME, IS -1 MHATHELAMBHEH N HREWENH
R RS S, M E o, b S EXEANWEENZ I HEN. Ra=(r,,0,
@) b=(ry,0,,0,) HEH 0, =0,.0, =@y, TINEXLD b ZEEF., Kip
S, RTEAREM, AR EEE X HEN RS M RENEK.
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AT LATERS (W B A HERIME) (B 8 -1 e b Z AR AR vy IE R H LR, B
My BIRK LR o b ZEMEH, AEKAK(2-2-3)1

a.b BEEE =1, = j NZGES (8 -1-4)
PR -1 -3ATFyWIE—TCRIEERN yEREFB =W o =HE(HM
dg=0,dp =0) ,{E1H

r

-1
d§2|y=[]—ﬁ) dr, (8 -1-5)

RARL(8-1-4)4H
a b BIERE = 1, = ”1 _zﬂ)_ A sy -1, (RIEM =0)

(8-1-6)
AW e, b MEEE KT o, b BB MR 2 (TRRELIREE)ry -7, ,FRIEM =0,
(¥ M=008F1,=r,—r,, XIERANTAFMPERKRIEL ) H T RIESLIRE
B9 1K 51, AERE RS [, FR A BIF BB B (proper distance) . [EH FE B R % F AL FR
BEEsEShMEMmEERR., WELIEN TR EEEE SR ARIE
e
Fid 1 EBREKREM A BREAEE - AW DER. O FTHRE S LHE
.0 SREMAMER R A=d4nr B r= JA/Aw , (A7 25 (6] 37X BT AN
SR ARG L r AURERE SRR 0 MR W r= JA/dn RS, — PR 7 {8
HOML AR T AL 22 B R E U VA/An RITEE BB S T
SO MBI AR R R AREE R r, -, A FEAESHRA.
5 2B, 7 50 B P B 2 RO R 43 0 A — A B

FRETIA) A AT A Ar, 8N R — K
§ R RIDRXLHELE A BHERL o S S—
EATF S FS 2 E AR e _H_
Py F g, TLET 8 =2, L AL, I Ar, 450 Z/T

RAPER T A By s fRad |, B/ N, S, ’

L% cH,SARE

At, =1 -1=At,, (8-1-7)
] B £ F 31X B Bz BT 48 17 A [& & BT (8] Ar, O
Ar, EEBWAER . EER r.0,0 THEAXLHEER EXB-1-1D)HATEX
KRB

M8-2 HEREURKNS THA
S o T 2 [8] 89 P B A R [E] [ A A )
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dszz—(l—%)dtz, (8-1-8)
r
({:'L%E&LMA %ﬂ#B /\/J}éﬁﬁ[%—iﬁﬁ?uﬁ(?’ -2 _1)]
P 3 172
ATA :J \_._.f_ ds® = (1 _ﬁ) AL,A\, (8 — —9a)
iy r,
142
ary = [ /=8 = (10 -21) A, (8 -1 -9b)
iy TB
FEEE A, = Aty Bor #r BH
173 -2
ATA=(1—2—M) (1—2&) AT, # ATy, (8 -1-10)
Ta Ty

A RWERB w, Flp, 20 E R EIIF AR, KRR, “F m R R
BREC L EREF DX N EN W R A A E S % & S R AR
B o AR ER B - — BN E. AR A FRZ N R T, AR A O AR AR B[R]
R AT

BRI R 2 B A B M A AR af, FATARAE

~

G
BEAL Lk — AR BB IR B &, BT 3 Non
AR A B R 0 A 7, TR i

BOERMBERB ML L EEMRE, BRTEA
Bf r Z45h, r BT — B IR EE T LI —EE
BB WA TR, B,y 28
AL AN S —A,C R, Kt 0 o "
REEdpR. —HEAMANGCHHFTLNY - BE8-3 MWEHHFLC LIEK
SpE-NTEAN A FE AR EF e S BEp SERRAHE D
W— . p BXE—DRARE (R RFARIRE LK. 8op e BERX, A
le,r, 0,0l IO AR e fEp SHME), FEINGC mn s -Fili, AFELLROKT
KM EHE—TCRE (r), B8 -3 /REAXE LK) ATMBIRE >0 AR
PTRERE U RE c FE—ERE L () EFEHEAY
* G AR [E], FR Ay 42 kR AT 18] ( coordinate time) . HYLIEH T, NELWE G %
PRUEEPR IR 5 — o ENSREN —TCHE CR LM ERBETE T %
B ERET ¢, XA R BRFR N B4R R (coordinate clock)

TEHE 4 N ERELFRABETEIN EAMELIR, 0,0 HEHEE

O<sf<m, 0=<¢<2w,

B (] A ¢ BV EEE B AT B R RV - oo <t <o [ FHAFRSTETKEKER

|
|
E
PR PP B B, T B R B AR W B AU i i
|
i
|
i
|
|




160 ﬁSﬁ EEREZE

A, [EhREEESHFAKIETMEA AR §7.2) BB IBE R A IRAEH
BEKIERA, | B r EEART R ANE TR, XZERAL r NEIET
DM BT -2M/r =0, FBA (8 -1 - 1)WE W RB[UOANFHHIH
(L-2M/r) "X To FRPAr (HEELL2M K TR, B r>2M, $U{H2M BN E
{4 i 58 FL 78 342 (Schwarzschild radius) ,i24E 7o, BF r=2M. 1B 7E & PR 8 £ §)
T RE B4 K re =26M/c* (B B B MT SR A 6 3) ,Hop 6 F ¢ &9 [ B 8 40 i 5U(E
HC=6.7Tx107", c=~3 x10°, KPR A E PR EEAIHEEN Mo ~2 x 10,8
GM /¢’ ~1.5 km P K BH M 52 FUPT L2 N
reo =2GM /¢’ =2 x 1.5 km =3 km,

zté{uiﬂmw%imem re=~8.8 %107 m,{FAI re=~2.4%x10"" m,

B bR r AT RIEA - EREROFE (B -1-1) RERS %B_fl
%ﬁiﬂﬁﬁﬂﬁﬁﬂ(ﬂﬁiﬁﬂﬁﬁ AR R PEAMIB) | FUAE H R T MR AN IR ( 25

S, B R > ROCRIBRER) A A B PaJuB’JfﬁXTﬁﬂEwﬂﬁéR%‘B
LjﬁEJiEEE:HI re, BUCH LR LA R/rg BRARK T 1o 100, 3X — L {H B0 & 4%
Xt PR 107, 0 HuEk 107 Rt R, X MBS RS AmE, HER
P A rg =2M BRGH IR JE M 5T B A B, i SR TG 7Y 2SR X R N B AR A A5
FACRER) UK 2R B A, BT HMAeR r RETEERE R<r<w,

R/irg o | RBAZHGIFRF A, A TEFRE, P FENFRLAER
FHEBREMEEZE/NMIZ LU R/ B/NEE, BEIRFREKAET]E R=10 km,
Bk r=2M, B H
10 km 10 km
R =i /@ “axtskm T

b1 REAZ X2 LR ) .

§8.2 AR K Rk

Z RS T A XS IE R IR sh AL R SEBISPE R . AR AR A B R iR
[ i o 4052 1 X SE IS WAk A R RR . SR LV S E A T R A B MBS 1%, B
FY H R4S K B AR A R L8 5 A 15| S8 o8 o A B SR I B A T BE R T AR XS iR
AR RS R PRRHAR R BT A XIS ) &8 T AN AT RE 5 SR X HE B T
BE(RAMZAZREREBIE) , EN2RECEB5I NLB KEER S K #
AR WOETE RS I G i fe . 35 A S #Esh Mt 4R 5 B E &
RAE Y&, bt oG R i T8 S AR PRl OIS YR A SCHE . SR, B TR RS R B
S 36 3 R R 0 AR 1R 58 B T OB X IR SN (AR S| AL ) L T AR R I8 89 5E
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LHTSE A 20 4D 10 FR KRB LM 45 FhHREE , BRELFIEEAH. K
23 M 20 142 60 FERFFIE, BB TS AR A5 LR R UMM KB E 3, T~ X
MIIEHEBRRIEAH# AL BRI, A EXXBEMS A B0 EBER
ERKIE, XE— R SF LI, BT LLRE, ] XARXIS Rl T 24 a9 Fr
ELRKEE BABEESAEEERMFLLRAA FHIT. TEHHZ=TH
SHNFEEGBREM = ADLBMELBBIE, X T LA IS M LR KIS
F= MEMEKR, TS Will(1993) F1 Will(2005) , J5 & £ Will £ — 4 2 & 48 %t
BEFEROLEVFH—F XE, RS ZXKEN —BBEX/E IR MG
;ﬁlg'.

“HREMMI05 F A AAL 0I5 F s AR(H Lt R)GE
AXHGETHEFOLE, SAFEMRAAEIFBRFTHOHA, LB A HR
REGRAE, AL £G4 3FF KMNKLET R AHEGH = ANRA A3k
AGELRERG 449 . FHEAOLBRE, Mtbe o tBhinild
TH—NF@abhs XELHR, RO ALK UER, AL AT FEH
KGRI I FPORBBAAFET, A, Lt b9~ L2 ROHRIL
FAARTE I HE XML VXX P AR —~REPHRAAZHG
# A"

§8.3 3| AHRAF| Hek

8.3.1 3| hhERA

KACEAB WK Z (3 515) o 595018 2000, W1 B 058 e 4h 45 R Bk
Freo TR, ATEINIRHELRANE CE#E5H) F 88U .

W66, BEFMAHESNE, MITAMF L 6 LIRM o 45, B 6 L1855
Aoy Mo B&Rr<r WG, b G ERIEMEA, BTG T 15585 K4 (E
8-4), MIEEX G, M G, BARHES (HiCHE G, 71 G,) #HATH M, BELEW
THE TR Llp MpFEC AL MM, BEHSIN «, #7) B
Bl[E R A7, =7 -7, >0, W G, TEp, BZALRE G, FFEEEHN r, [ XE
HE 8 -4/ p, (EN G, AM—F)WMEABN N r,] FEAEREACH

® 308 Ashtekar E 4, F 4 5 100 Years OF Relativity : Space-time Structrue ; Einstein And Beyond, B
Biwas Hopr Press t %k th AR (2005) ( Hip 8 8 &F & Will 19 30 &% , 8 % Was Einstein Right? Testing Relativ-
ity At The Centenary™.
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MOERERE T, . —EBEE AT F,G, BRAL ¢ G, G,
GIRAAES G, M1 G, AREHARN 7, R A
RIZHCH 0 18 Ary, =75 —7,, W G, 2N RTEAM
FI#HET Ar, XBEEIE G, HET Ar,, MR
Ar, = A7, BB A9 R E BT A7 R, & 0
ARG, FEBEU LTS EHEHRAE —
bR BRI REXMH I BREE, BR
X “EWHE" AL RAER, BN RERRYE,
- XB(ELEERBEEL)DAHE 7 7
MY B8 -4 BA3 NHEHS
K G &tbr oo HEH HELT Mp AR ATHRES,

-1
ds* |, = —(1~%)dtz+(l—ﬁl—) 4 +
! r

1 rl

r?(d02+sin20d(p2):—(l—ﬂ)dtzo (8-3-1)

T

Mop, BT E| pl s i

pi Ul
ary= [T = [ i -Pane oM (s-3-2)
P h Ty T

EEF‘ A['|El], —llo %'fuﬂﬂ,X# Gz %ﬂz;ﬁ‘
Ar, = |1 —2r—MAL2, (8-3-3)

Ar, 1 -2M/r At
Ar, A1 -2M/r,AL,°
FHEIER] At /A =1, B8 -4 M THRE(BMIERMAL)y Fiv oo

EEF' Al’zztz, ~bho M

(8 -3-4)

dsz|y=—(1—¥)dﬁ+(1—¥)—drzo (8-3-5)
y B HHEIRIE d 1 =0, BFIL b IR 55
2My !
dz:(I—T) dro (8-3-6)
X N p, Ty KFGE p, A
wmn= (-2 (8-3-7)

i, X FHAL vy B
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bt = f (1 _%) dr, (8-3-8)

ML E RIS ¢ — 1) =1, — 4y, BT o) — ¢, =ty — 4, BEBD A, /AL, =1, fRAK
(8-3-4)®FE
Ar,  [T—2M/,
Ar, A1 -2M/r,
Bl A7, > A7, JTLALE G, IARWE G, M5 EIE , BLR UL . 51 0 Y i B R &b A
i, AT G MG, HEFESUE , & B IETEEEA(r,0,0) M (r,,0,¢) E,
AT LA P Z B A AR X 3 o (RN s 8h 7 ) , B D15 13 7o 488 380 1z 2
MR T 3, B AR5 e 8 REL (SE SCEK B FR Z 0 51 7135 H Y B 18]
TEBA) . FAWIA R 35 L 78 B 25 XF W80 45 7 3 B, 35 55 26 A 30 B X
B XA B AS Bt A ERRRSL, AR (8 -3 -9) EiE KBk,
HTXHK(B-3-NF-TEEM BKELIRA M, RAR LR T b 2R
RAARHENHERFHAORUENE, F-RARFEEZEERFESR
( National Bureau of Standards) B iZE{ TEER B i £ M 61 /RE A (Boul-
der, Colorado) ,#3K S 400 TR (~=1645.9 m) ;B - R RFEHEE B FTHEHK
JB V4 K & (Royal Greenwich Observatory) , /3K 80 3t R ( ~24.4 m), HTH
WHETEREZE Ah~1621.5 m, BFEHLETES. 6 us, THEHREKRBIMENIT
B, '
AEFTERAETE , 565K (8 -3 - 9) (FEJLAAI ) AR 37 ) B B B 82 4 il

HBOEAT S MR A B3]
Ar, 1 -2GM/c*r, (8-3 -9’
A7, A1 =26M/cr, " =397

Hoep G Al e 73 ARSI HE B E 6 75 E Fr 8 A7 il 8 E OF EXNEERW
FRX) . ATRIZA R, N M ARRBIREE,, M, S5REKRLEBFH S0
HEER., <

>l (or,<r), (8-3-9)

e, =GM/c'r,, e,=GM/c'r,, (8 -3-10)
M= (8 -3 -9") B A
At /A7, = /(1 -26)/(1=28,) =(1-26,)"(1-2¢,) "
(8—3—11)

HEBEMBE TR 26, <<1, 26, << 1, B4 0K & B
At /Ar, =1 - ) (l+g,)=1+g,-¢, (8-3-12)
H(8-3-10) X1
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£, 78 =, 2 T2 "20
C [ r,r, [ Ty

GM( 1) %’l‘fz GCM Ah

r, n|

BREFHFAEE S ERAHE M/, ERMBEAE I INEE ¢, Wi

82—8l=——2gAho (8-3-13)
c

FRN(8-3-12) 1N

Ar, =(1 +1—2gAh)AT2 ,
c

ATI—A'rQ:ngAh-ATZO (8 -3-14)
c

ISR E AT, — AT, B Ar, BOREKTNIE HL e A, BR
A7, =1 4F =365 K =365 x (24 x3 600 s) =3. 15 x10" pus,

FHH g=98m/s", Ah=r, —r, =162.5 m DL c=3x10° m/s, £ A
H(8-3-14){E15

1
(3 x10° m/s)’
PR (PP EEIE A EE 5. 56 pns) REFHEFFMEMIEEL, RMER LT
AR (8-3-14)%kAKX(8-3-9) HEFRANEHEHHRESR
S (H 6.0 AEE) . BEMIKE B, HBUK LA AN ZRHEMH (o b
t8)  R(B-3-14)REMAE? EREEEHN . HEHREFTHRN, RINEAEE
B8 -2(7 §8.6) REENAE,

Ar, - AT, = x9.8 m/s’ x1621.5 mx (3.15 x 10" ps) =5.56 us,

[Eix:8-1]
A3 4 GNBABIERT KGR TA AR AT R LA AT
Hp—RAerara s R E TG BRI 7, EEA[ ALK (4-3-16) ]

T-TO=2‘—2[2gh-(2Rm+u2)]To, (8-3-15)

AP RPDIANRBEFEFZROHARE v 2 EM(FREL C)H A ik
BEhAXITHAE g RBEAI Mk FE, LXBROATESHFHEE (LT
W THE), LS THERIN NGOG H R (T Lot o, KA 2gh FF
ER), T EatdRatal ;s LA, P 4.3.4 KA B K i R o ke
it4E, %E,E‘E?«?T{E&%?’L%ﬂ‘ﬂf]%é‘)i“}"ﬁﬁﬁi)‘%,iﬁfﬂ—%#ﬁfm
#ME
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WA AGERAWEAN T TG, X(4-3-1DHRNRKRELEAELAB
2 70 BUAX, ¢
ds’ = - (1 —g)dlz + (l —grﬂ) _'drz +r (dg° +sin’gde’) , @
(8-3-16)
EPMEHEHE, EXERTNAMMLEH AR TREAL, ZXAAERE
45 H) X

ds® = _(1 —ZGZM)czdf +(1 —@) PR +sin’0de?)
cr cr

(8 -3-16")
EPCHRc RN ANEEPATARARGL 24 T oo E, FBEHI H

eyl , AT RXELI NS O(r):

-8

D(r)= - , (8-3-17)

2

L+ ?chdr + (1 +—‘f’) dr + 17 (d6° +sin’0de’)
c c

ds* = -

(8-3-18)
At m T RiE L C(4AFo=0mLEAI-21), BFib EHr=
R,dr=0, 0=m/2, d0=0 & dp =0dt, % X (8 -3 - 18) i F C, & 654 — 1. 5&

2

. 2¢ , S, 20y 5,
dsl = - l+—:°)c2dz‘+R'dqo‘=—(]+ 2°)c‘dz‘+
C [
o a 20, u, ,
ROZdr= - [1+25° - 2) : (8-3-19)
C C
AP
®,=D(R) = — GM/R (8 -3 -20)

RAFELHFN AR ,u, =ROZ C, 4 (MUK OH)HRiE R, TRARGEK
B 6] A

_ '2 2¢ 2 12
dry = |- “’:(n—ﬂ"—ﬁ) di, (8-3-21)

o 2 2
C c

N ¢

W HTIERY 2R A bR i I (DML =0 DA B M B A 7% 7 5 B0 MLIGE B .y = B4 S0 46 1o
JUAy iR IR I
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X(4-3-5)C4Em uy/’ <<, A AMRABKBERHEFE R (HEETLERDFEL
5 ) F o $4E)

M=6x10", R=6.4x10°, 6=6.7x10"", ¢=3x10" (8-3-22)
BB 3] B D, iR

1Pl 6m (6. 7x10'“)><(6x10"‘)

- 10—]0
¢ SERO(3x10°)2 x (6.4 x10°%) ’
(8 -3 -23)
2¢, uf) . 12
bx=— - 5, M a <<, AFH AKX EEZ (L+x) " =1 +22 TH
4 [
K (8 -3 -21)#1AH
¢ 2
drox(l+—20—u—°2)dt,o (8 -3 -24)
c 2¢

BEXEC &(LE4-2)2BBRIETEE T,

7o = f(l +%—%)dz = (1 +%_2‘%)qu (8-3-25)
AR AELETHE-CEAOEEE), E5C &ARERRE D C, &£ &l
LB ABH =R (R, m CE(RM)AFE LT BT L L&, AR A
P=P(R+h);QCy ERABLEAHEEEG4, %2 dp=0dt, Kk %y, =
RO, CHAFELEREG AT , LK EFE u=(R+h)dep/dt, B, X(8-3-
18)F F C & 41— LB 4o

, 2
ds, = —(1 +;2¢>)czdt2 +(R+h)dep’ =
c

2 2.2 2,02 ?
1 +—‘f)c-dr +uldit = ( 2P _u )czdﬁ, (8 -3 -26)
C C

C

A @ Fou 3K (8-3-25)69 &, fo u, 84F C KR CATRTIE 7.

2
1+22-l%]t0 (8 -3 -27)
¢ 2¢7) 1
K(8-3-27)5X(8-3-25)4 2 &
®-D, u -
T—To=( — - ]t, (8-3-28)
.

2c°
AXP#)g & -@, THX(8-3-17)&AKX(8-3-20)K4%:

CM_  ( GM\ _ GMh _ GMh
R+h ( R)_R(R+h)~R2
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fhAE T SCARRE AR B A 1911 R E R F PRI RIER, — VIR LU
NARI SR PRE I, M BRI R 4 BT HE. RINIALEERRIELTHRZE
I BT AR IS F 2| AR S OEFH AR E ST X —
EARABRZPCGEMBER XANXTZARZSI ), @A %/ 8. 4. | i
B AR A R IR A A, AT AR TS gt

8.5.4 ik [O)iR AY A I8 FE 4 [ 91 ]

Uh—HHRERE, AR LR ZET LIRS A —FETIA
R, XA AR ETLL L EAMNRBAR BAMEE P HEE5FF
$505| AR (AR TRGHXFFEMN A7 Liastiedh bRk =
) BHFERAELRE, | VB0 AEAERPEEAEABRE(RL
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§6.3), it A8 [ Will(1993), Will (2001) ], 4 R EEP( & & #f32 ¥ & R
YR MAHERRSA THEH, T EEP M RARF TR LH, FA
AL CBHREAMREH LI, FHI A TAREENZ®E B HIKESR
e — BB FAGEEM), ETUABERMAGXZHEAMNER 24
FRAEERGOEH (R ELL A ERFD)TRAEA N, TRAANMBRETE
244 #5417 ( post — Newtonian approximation) #9483k (R L4 M 3| H R L HEL T
L ABST A — A LAL) B E R AT EEHRRELH T RS ERAER
ABFKECMNF EHRUAILHRBIER, EMERIATALAK, ERRWYEL
B F TRRBHME, AR BT — , hdy, 57 Xasdit,y =124
WA i,y =0;8F -2 B,y BRATATAT AR o, AHXEHN
1 +w
Y orw®
P A EHEARLTERRAGTATEZIAARE, RETEMNA LR
Feg yh, KMAPEHLMN —AETLBHKZEZMNETLH y, TIEY,
2 A A A AT AT P IR TN K
B=~2(1 +y)M/I, (8 -5-15)
EFMAl s LE5X(8-5-8)MA, s/ LAk, y=1, L X =3
X(8-5-8),

1919 F 69 B AL TAEEMNEF yHOE MR ARAEE, HT AR
ALRZMEHE, INANTRALBARLNELES S HANMN, LA F0
3 [ Shapiro et al. (2004) ] & # A i& # 7 & R4 y =0. 999 83 +0. 000 45 47 4
RECHEEL5%x107%,

ALE(BBETRR)BHERLLER A —F RO F AHK, R R TFIE

BRI BIRELE &L 5, ARYE ] LA ® (“— BRI 6", K ey fH L1k
imiﬁg@[ XK@B-1-3) ], kFazaFRtRE%7Z BRERLK
egatiE, BEMMEE B TREFTHES —FTE(REHL) KEAHHFER
BAAEWR (B8 -9), Mday stk RFGES ket At sk A4 3] A
wOAAER L) RAFe e Bl (A) &K — 25,5

AER A

(8 -5 -14)

ro "
s Ik

M8-9 FTamAMeEELg
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Ar=(At), +8¢t, d3¢>0, dt << (At) - (8-5-16)
KA AR A BB E LA S AR FE A E R, MR
KFafir 2 (X)) ER—F AL M A RMAERF e, L E & XK,
TR A
ot =2(1 +y)Min(4r,r,/b*), (8-5-17)
P, Bb(<<ry,r)dB8-9 T, RKB<<(AL), 122 & 2t b R H
R HEE TR B AR FAAN T AR 6 AL A H 0 0 Bt
AARK &9 HF 7 (Ar) 4 TR A &,

ERF T 1964 54 ARER (S LAaxT) LB BT Lk et Rl 4 o8 H
AR SR A ARE S, B RS E R R IT 6 y EAREF A A T LAtk
HELETEES, Flie, 1979 FHAH LS KEE A ( Viking lander) 217
MM R CA (KR @ EEab ], dr b K13y =1.000 £0. 002, B H £ 2
x107  BERAX(8-5-14)ETieHh —id L o RHLE ol >500, T ik F 5 %

R EHEEAGH T RFZF AN, A L2003 54 BARK Legacst /B
TREH, FRRBENARERBAREFLF M FLENEAABNERL, 2R
Stk IR A W) 69 4518 Y A AR AR A2 b K Ao K AR AL K SR B ) A 49 45 B 4
AR EAMHEAGSEBRS, FEL AR ABOHAESLGEBKAL I
B LR A A E SR LB, SR N E A (gravita-
tional Doppler shift) , HF CANEZHBETRER(8-5-17)F & b m&K L5,
WAL R E R S L Ak AR A (v )y B K

: -4(1+y)Mdb (8 -5 -18)

A LXK TABL R ERAB RAL vy, 5R-FatE 2k, X # R F 5
HBEMNE Yy FTETEFARZ A ETL , 2L TIEEANG TR A8 L
ERE, 2002 5K 465 KR £ F 69 F & B K A5 (Cassini spacecraft) & T £ &
ARAZOHEEZERTALRE —BE FERNTHABRA TR, TRE
2002 %6 A6 BET A7 BT, LFH6 A21 BRAKHK, Aafisk . Kaf
FTHRECAA—FALZL(WEAES A ERMAR), REZBEFL AN L
% [ Bertotti et al. (2003) ], £ B i #%

y=1+(2.1x2.3) x107%,
A2x1I0 T B A mET S ldad i, X (B-5S-14)T ik - @i
5B TFRZE ol >40 000,
JXAT AN FRAEFHOREFGETHEA, §9k,ﬁ-,§_;§'—;ra]"ﬁ
KA hERECESF AAECXEAEFMAKTHAT LE BadE (X
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A FTHAT #ohid) B ERRLATFABEARAMZIOREELOFE
TRKEE LAEFRR, FEERTR. (RZ,H 23 NERLELE"FTHE
L) R MRt AR R EH KX ITRE SO ETRRERE, R
Ml SHERGHNM—FRATELEEZRAMBE. #lie, BH 69 KB X
FH GAIA A 3 @EMES PRAK L Liasthe—R, F LA LKLY
HWEARS - ANTBR(BAFERLEBREIO ), IAPIHATFOFHBF 3T
2013 45 47, (GAIA & Global Astrometric Interferometer For Astrophysics
S R ARRIRMNETHMNL,)

§8.6 AAxTibfe GPS( AR EALZ4%) T &5 A

MAEEFEZAMOCEPBEOTHAS:.O aA&:Q HEHS;Q 21
T, TEHRRFES®., RXHEMCEREEBEPEN LA CBREAZH %
B R KA, — P e Re I U, TS AR Tl ARE 1R A
FIEESE K CARIE KA AR Z i 1 LR AT gk, AM, SYHEEMHE
o AR A I EE R F B R A E PN AUFEREFTTR,
TR, BRE RN NEY IS R 2 RIFEFF L) P
SEEE-ARESEITRAUKBEABELZLEXEK. BENE A5
H# RS S BAHREF N IZ W 5 T 20 AR B 7 8, XL B SCR T SUM 3T I8 7
GPS AT BRI LA i i RHLE R TFIRE O T EM FIE L, IR AR
AJF CPS, E 2 Global Positioning System B48 5 , iX 4 N K E U F G L £ K
DEEMAL. XL EREFE THE 2R %G 5 H 9 ok H A9 FE % 300 2
TR 20 R T 1994 FEBMH — DL SMMELRR G K AW
B, H R R R — T MER E . BRI BN ERERA (W
FHH ) Z 5, GPS B AR JE AT BER AT AL B il - (D Bl Rz A
UNFE TR RO | BR U VR B AR A GRS B Q) 1 PR A 0 R EEAT
LUE A RS T RO AR BT E A PRI Q) AL AR AL A, 10T
SR DR ER VSRR BRAMX B PRNESE., BZ,CPSE—12
BRYECHRE S RROEC R, RO CE KRR EF e & D8], m
BZEHEAGI AN D EES., REEWAE— &M RV £ 2 % ik
% h B OB E T AR L AR I | FE DL R 2 Y [ B AT e B 22

FEB A A EMBRTREUNSMAR . FAVLSIDERMEE.E
RETROBLE AN T REREN MRS AESHMERHESE SRS
Frfho Wi 19 FMER, X— RGN ol 3EEf B 1E KA ZRARB
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K IMKBKMBRELEELZTEBINA, LT BENERFBEGE NS
2 R EENI ) EEERPUSHR P EE CEREEMNMEM. LI TR
SR G 7E 2020 FFIE NSRBI EE T,

T EA{ZLL GPS A BI#HTNE,

R — AR50, GPS 145 %5 [A] iX #% (space segment) (% il i & ( control seg-
ment) F ] P 1% 4 (user segment) = PDES .

SlER AR ETETHN 24 PAEDEAR, ENSHE6 MHE m b
LIERIEE SR AR (DEEE £ =20 x10° m, LB AL 12 h)  [F5 1
HENLTEFRE—SaETSHEEZLINTE,

BEHREN THE, B AEEE. S ARSI MERIFER, W
S BTILABE S DR M AR BB AR A FEEY, EENBEELETEN
HEM S R EREXA MBS EEET - LETE LR
HEMELSEATLE,

P REHE CPS WML (ML), XA 4 A FHX AR MR
B WBRAXMFIFXE HILA3T CPS EE MW £ MM E IR,

LAF 0 AR 318 M UE AR GPS M T EJR T,

BIDEEAMEAHTEBIK(EHES)  KEESZRMERG HH MY
M, EHFXADFI NGRS CENZBEESI RO ST, RIS FEH,
SEPTREIRER AR R e, x Ly, s BB FEROTR M T R B2 K

ds* = - cfde® +dx” +dy’ +d:°, (8-6-1)
B A F R B 3oet 4 8 E XA F iz R Wit —n R EH

0=ds’ = —¢'d’ +da” +dy° +d2°,

M5
/da’ +dy” +d2°
; dtJ e

VERATE L, x,y, 2] RPRYMARIE AT T o,

WHLE R P ER - ZIFE e R 4 DT EMES B 8 - 10(a) f(b) 4

Bl RARRN RS B AT S B, R 8 ~10(b)F.q Ml p,(i=1,2,3,4) 05403

W FHEMEESES, ENTRRELIR IR 2.y, F ¢ ,x,,y, 2, B

g=(t,x,y,z), p =0t,x,y,,2), i=1.2,34,

BRI LT 4 A #2 FR 1R8I 3R 77 42 ( propagation delay equation) 1 ;
clt=1)=S(x=2)" +(y-y) +(z-2)°. i=1,234, (8 -6-2)
TR RESF S G LR R TR G 5.,z S0,

F P WOIL Y B A AR AL X 28 B R (2,2, .y, 2 ) BERT A B3 4 N it
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M TR

(a) % [u]fH (b) 845514
Fe-10 MrFEEa4 1D ENEERS

4 AR HE e,y (PRSI B 2 AR ), BATHT 56 B B RLRE D7
i1 15 E RB AFBREHE 2 (8 -6 -2) , I FiLfi GPS AYJLACTLHE . SR1M,
X CPS fpl & SR AR vy LV 2 B Jn (8] RIUERASTiF A 5 0 D B e B SR i i 1
I B A B L AE B R A 2 [ g A R 38 RN T <2 B B 0, 40 SR T g A
iE (GPS R 44 A9 22 ul ik B K 1L km ORI R R 22 09 B S RDBHE GPS
R EREILH L. CPS BRI FERI AP . R 0T,
W1 FEXERF NI TRYN
HEk b Ay e a] LA E R lF,'i F [} 18] ( International Atomic Time) ¥R ME. T i
i E Tl A R R LR RRt A mEeh . HIAT FHCom &, D8
KA u, =3.84 x 10" m/s 1:‘&1‘.'3'} Wz gl i B A SR UL Bl M BR B % T s g,
{E B 2 il E AW B i WA vy, =465 m/s (T 1 #E LR IE B E N
e k). & H:E SCHA T8 1 sl B2 1 &y M AT TR s L 1
oyt RE B EG L. BESR LR E B b A [a] AR o, gE R 3T D2 %IPJH-
T 1E l@»L‘i‘l'ﬂﬁﬁt-‘F’k"TlHiIhk”‘ B . REMHM TR RLEHBE
R BEREEP AL KR EA M ELX(ES-11). LY, F L,JL J<
BAHSAFAEf (% i) .2 Ar=t, -¢, , LL A7, A7, Fl AT KRR =4
B 7 32X 4 of¢ [a] B T 22 18] 2 Dy tul#i {7 WFTa], D] o SCAE AF e @Y 3h B 1% 2 iT
MW (4-2-1)]
Ar, =y, At, Ar, =y, At, Ar_ = AL, (8-6-3)
e
yo=[1=-(uy/e)?] "2, y,=l1-(u,/c)’] " (8 -6-4)
R (uy/e)t <<d (uy, /e)* <<, B A] 4 40— 1 X 5 7
(1 —2) " =1+x/2 (8-6-5)
fil 1 A



184 ¥8E SLEBRZE

wos b FES goie

At =41 Ar=t,-1,
Aty J
z,
B8 -1 fhlfh FEEMTEAHRERE

yp =1+ (uﬂ/t‘)z/Z, vy =1+ (u,_#/c)z/Z,

AN T

(8 -6 -3) &
Aty v

Aty - A7y ¥y —}’;,,Ni[(ul,/c)2 —(u.‘__/c)g_'/Z | (u,“_)2 (u,,l_)z]

Ar, Yy I+ (u,/c) /2 "2l e e )1
1 7/3.84x10"* 465 \*7 1 L o o
i LA A ) = (164 %107 —0.024 x107°) =0.81 x 107",
2[( 3x10*) (3x10“” 5 (164 x10°7) =0.81 x
R E

Ar, =1 K =24x3600s=8.64x10" s, (8-6-6)
Ju
Aty ~A7, =(0.81 x10 ") x8.64 x10" ps=Tus, (8-6-7)
AR BT EREA, LR R I8 E RS b4 X B8 T
A2 JTXAEXTIERS] ST HIE R A
RRAET™ IR, 510 B b o B8 . TR ER () T e %5, BT Z IR 51 7 1k
AR E RS HORE M A . Tl A8 -3 -9 ) M AR ECE .
/“;}
cM M
s E CER-’
Hrp 6 oM a3 3R G 0 ek B R, AR DR S0 BEE R UK
18 5 T 5 M RO PR R BD MR . (8 -3 -9 ) 18

AT, Tj 2e,

(8-6-8)

ey =7
cry

— [ — - ]_2 1s2 1_2 --l/lx
A’Th; ’\[] _28;’ ( 8[‘) ( 8_,7_)

(I—SH)(I-F&‘_%)EI+gi’y—g“7 (8—6—9)
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[Hbs =SRR8 -6 -5) REMAR( -x) =1 -x/2,] FR
AT, — AT, GM; 1 1 GM rq — R
— =t e e, | =T 5 (8-6-10
AT, “x "0 (R rﬂ) ¢ Rrg ( )
FIFR M EREE A (s S B EE R LA H P R EE)
M=5977 x10%, G=6.67x10"", ¢ =3 x10°, (8-6-11)

K%
-1 24
CM _ (6.67 x10°7) x (5. 977 x107) _y 43 10-" (4% m).,
¢ (3 x10%)?
(8-6-12)
XEH
R=#5k2%42 =6.4 x10° m, h=TEEE =20 x10° m,
ro=THSH.0ME =R+kh=26.4x10°m,
AL (8-6-10)78
_ 6
Elﬁ*’—'=(4.43><10'3m)>< 620“0 o ——=5.2x10"",
At (6.4 x10° m) x (26.4 x 10° m)
(8 -6 -13)

BB AT, =1 K =8.64 x 10" ps, {15
Ar, A7, =(5.2%x107"") x (8.64 x10" ps) ~45ps, (8 -6 -14)
XEERA B TRAERRMGI ISP . BEE 5 DEME RERE 4Sus, Al
ZF BV SR AR AR X 0 R T3 B b T T B S K8 T s, BT LAAR e 8 B U
RUEWMLBEHSENERP(45 -T) us =38ps, FEBLE c =3 x10° m/s,
AHEARTE X 38us FEAI T BIEEHIRERN
8/=(3x10°m/s) x (38 x10°s) =11.4 km,

BREGLBME CPS AP EEM MM EES Kb F 12 SR ELHER, BLHX
P12 SETHIRZE () EAAB 1. 4km! 2445 GPS E AL WIAFE Al ik 10 m, X 45
K14 km FHR ESEEEZ? HiK,GPS NER AL XX FiR 22 5B ENH .

LLEEAT GPS i MR EB MM IS I, 53 AN FR A B CAEXTIE48 IE (B
DR SCABXTHSIE IE RN 2) o 3800 2 MR IR & ER S| 18, AR I S B i &
5| AR, (BRHIRT| S TEAR 55 , B 45 B B SE AR B LA TN O 1
BT RLAE RUA M B 25 o B 3 B B IR R SRR 1€ iR, X 2D E W
FOETT LIRS, RN SR AT LA« Ay A2 3 7 sk Rz T B R AR BRI B AR 1B B B AL
N (38 ws/K) 7 FIEIAIETLET H— D AT SCHERT I8 £ BE (A HB 3R (50 (9 25 Bl 48 oo
&) BITER TG IR HE S — DR R T — B IR AE A (8 -6 -46) (AT 1
SSASORT B A Ak T T B AR | AR e — SR R TR % Y[R
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(%% 8 -2]
Aitik & ARsT L GPS F oo B A P Mt AT EARANFE TR, 4
#| 3% iE o T AR ST 80 A A HE B M,
WM LN T T B TEMA L L BHEAME .
_(1 _%ﬁjdf + 1-—3&)_ di* + 7 (d@° +sin*ade’ ),
r

T

ds® =

(8 -6-15)
HP M REAWEFTF, st EX B 5359,

(1) BABBETREFTALFR, ARKRAAGLFZAA RN L6 L4
RE B, r, 0, 0, TRHNEHELEBHLIFERIL T, 0, ¢o

(2) B TFAOH(EHS), AR ENME LR BRCEA G,
A FBEHEAN ACPS EXRAHAEATET AL RAEELIT®R,

(3) BRI AHIETEZ MG HaTRLR R EDFEBLE G &
Hin ik R LMAE . RFELFRANERIBE, EXG TR L4HFEIT, 0, ¢
P NS R o I

(4) LXRLRBEAANMMELFOREN, ARTEEHF, THXK
FREGREEHNALX (AT CHI AF E,c HEFE L)

, 26M ) 26My SRRUVEED
ds‘:—(l— 2[‘)(cdz)~+(l— G,i”) dr” +7(d@” +sin"fde™) -
cr cr
(8 -6 -15")
BT RN 2E A4 r,
CM\*
;:(1+ )r (8-6-16)
2¢r

MEA(8-6-15)EAMAITEEA|L r, 0, o P8I TH X

2

| _6M
ds* = - 1+i;§ (ca)2+(l+§%%)(¢ﬁ+r%w2+r29¥9d¢”o
265
(8-6-17)
GRFRI AENELE, ATXE LS AR O(r) .
@(r)z-% (8-6-18)

U
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2
1+(1§2

ds* = -

(cdt) (1 _ZEJ (dr* +7d#® + 7" sin Odqo )o
1 -—

2

(8-6-19)

X(8-6-18) M2 A% ID(r) 15 r AL, BN IP(R) I XKTFEFH
[D(r)l, B FHHATo[ LXK (8-3-23)]

1O(R) | _ M (67x10”)x(6xm )

~7x107" <<,

PR (3x10%)7 x (6.4 x10%)
(8 -6 -20)
T A A R E R
(1 —x) "=1 +x (8 -6 -21)
47
1+£2 1+¢72 2
el TIPSR 4
1_2 2¢ 2¢ ¢ 1_2 c ¢
26 2¢°
VA B

@\° @2 @y’ 2
-2 =[[1-= =[] -] =] -2
( 202) [( 2c2) ] ( cz) : ¢’
FRX(8-6-19)i 751k A
2 el 2 bl 2 el 2
ds® = -(1 +§)(cdz)~ +(1 ——‘f)(drz +77d6° + 7 sin’0de’) .
C

(8 -6-22)
EXRLREERALLIHERZNL, r, 0, ol HiEMAZK X, KEHHLTHE L
%5 BN AR A

r=R=%#, 0=0,=%%. ¢=0,,
#H dr=0,do=0 M de=0( &4 Bk O s MM B AE), X (8-6-22)
T AR 69 R H 09 4E — TR A

dszz—[l+2¢(R)](d) [ 24)(R)]R sin’ @, de’ =
- [l +2¢C(2R) _(1 2¢C(R))(Rs(mgt)d‘p) ](cdi)zo
(8-6-23)
A &ERQn%E@, (8-6-24)

d?
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B dp/di ZiEAMMKAHAUBAZHGARE LI RRECHRRE, f
X (8-6-24)RAK(8-6-23)4F

20(R) @’ 29(R) a—z](ch)zx
2 CZ

d52:—[1+ 3 3
C c C

FREAEREE—CERGE A A
[—ds® 2&(R) ael‘“dzx[uep(le)_

dr = / 2 = 1+*2——1
N ¢ c c

-z
(8 -6 -25)
(AP E—FAHX(3-2-2) , KRS HBARAE (1 +2) =1 +2/2,] ik L&
BT AR R R d i T & L H ok BT AT a9 B A B I8) 2 LAY, X AR Y B FR R T et ]
( Inmternational Atomic Time) , ™ X (8 -6 —25) & 8 & -F & b & 1 4F ¢4 4 45 8 9]
di RFTHEA R dr, TRAAFEE | RAS B A4 E, BE GPS A £
MAANTEAZT KM FE A 698t 2] 55 K2 A Arat i) 1, A3 5 B BF &t 19 &
ALS RAIEGHALRARAP TR ES, ATHEAX—PM, AL ERHK
— R AT ARSI AHNIEL, AR TAREL r, 0 7RE®m
o RAHESE g, ZLH
g=¢p-N1, (NAXKAHALE) (8~-6-26)
FRAERA(R-6-22) #4424 AL, r, 0, 5l PR THX.

(R B (e N

¢ c

(15)0 r*sin’ gdgd?

2 s a1 g 2
(,_p)(dr“ +7°dO° +risin"fdg” ) =~
c

2 2 a
_[1 L 22 (Qrs‘"g) ](cd[) +2 ?)Qr- sin’0dgdi
C
2 - bl e 2 a 3 bl
+(1 —#f)(dr-”vdewf sin"0dg°) . (8 -6-27)
C
& Y= - (Qrsind)’, (8 -6 -28)

]

ds® = ( )(cd,) +2( ?)Q rsin9d@di +
C

2) 2 3 2 ) 2
[ ﬁ_j)(dr~+r-do~+r2 sin’0d3*) . (8 -6-29)
C

ERXRBEALLAFRI, r, 0, gl MEAEX, L P ¥ HKA(8-6-
28) A L, @yt X AF
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| =—+%(Qrsin9)zo (8 -6 -30)

B EHIRH A, %Lé?dﬁfﬂ tbi‘él

AR ERAKRK—FEFZERRKMB
i&*—#éﬁdn&aas-lzg m,ﬂrjrrﬁzé‘a ¥ e
W, ke R AERE N X(8-6-30)8
r=R AFH, M OEEFEELREFH, K
U, RRE M, R ARG AT T X
Ay, A, BRETFBRAOBE, 0, =72
(AAFEBE)R 6, =n2( LB 8 -12),
Wor, >ryo A l=rsinf, M1, >1,, mA(8-6 B8 -12 ket Z MK
~30) 81wl RFHEAZ A, K45 B AR

¥l =p+v, ;EEP#ET, E—(m)o

Wor,>rgfel, >l Thep, <py, v, >v,, 8 u, v iH K, AR, u, v
R A E KA AT (B CPS T2 £k ATUGAA ¥, =¥, , A @
TGIAA Y (EFae V)AF R, ARARX—F KT RAL RN L oAt
7R RE L — AN #7 6 B E) A AR 1

(l+?)i, EPF:(1+§I;'—) 12{1-}?)1 (8 -6-31)

(AR TLHTFE, L HABEXE L) §T ¥, 244, EX X FZsTe i

R — /9 Sk 0 46 55 (2 0% Mo b2 B 5L — 1 Lo G B R B KM A AL,
A (8-6-31)7%

d22:(1 —'1:(’) dﬁ:(l 2%y W)dz ~(1 —2112,0)df, (8-6-32)

C C [

2 211/}) 2 _1-[/ a9 B}
K(8-6-20)%H % = _(1 +—‘P)( (1 - )(u ~-[1+° WJ—(’)]c-dr,

c ¢ c
TALREBEAAKRKEKN(8-6-20)T A&, r, 0, ¢l ZeJRM ALK
N 2(¥ -, ) 2 L a
ds® = —[l + 7( 5 -)](c(ll)' +2(l —2—?)!2 rsin @dgdl +

I

e

2 s 2 s s . 5
(1—g)(dr'+r'd0‘+r'sin'0dq§')_ (8 -6 -33)

C
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BAEEBLAST@DB 5694, CEF LRI, r, 0, Fle9LIRASHHL r,
6, g=%H (AEMME A mZ), & dr=0,de=0, dg=0,4X (8 -6 -33)
AT HEREeE—TRF
— 5 _ 172 _
dr = 5 =[1+M] dzx[1+lp“ qf“]dzzdzo

2
C c

c

(8 -6-34)
(KHREABELEGFERIE VY, =W,,) LXHLA,EF®EHESE]L r,
6, ¢t Aoy 2treta dt FTFRABARE dr,m dr LR AR E 44, TRHL
Loy EATR A L 6 F R K EF & bk AT 69 s R B RAR A B, Lak P AR
L4 GPSEHE, #t—%, 4 T K E4E— DM (H 5 R T Z4P) 69 4 4785 4 (GPS
HiE)d BB AR dr 89X 2, TUAAHAX(8-6-31)FX(8-6-32)4
FRBEALENL r, 0, ol BOEREX(8-6-22)F A hElt, r, 0, ¢l 84
T A X

ﬂ 2{d -, . 2 2 2 2 3
ds™ = _[1 +¥](cd1)' +(l - (zp)(dr“ +rdg +r sin‘0d<p2)o
c c
(8 -6 -35)
AN QT
. 2 - 2 2 442 2 .2 2 s
d4s = ~[(l +_( 1‘1’0)) —(l _2_?)dr +r dg +rjsm 0de (edi)?,
¢ 4 (edt)”
(8 -6 -36)
A uz/ir'+r'd0'+r~ sm'quo'. (8-6-37)

dt
W ow AL, 1, 0, ol B LAFERE EHEHKX(8-6-20) 124
_@) dr’ +7°de” +r* sin*0de’ _ u_2

;g(s-é-asmiﬁm;ﬁ;kzﬁz—(l _ -
(cdt) ¢

c

FAX(8-6-36)H MK A

, 2(d -V, 2
ds® = —[1+¥—u—2](cdt)z, (8 -6 -38)
c c
B
[~ ds® 2(9 - v, 2.1 -v, 2
dr = | ?S =[|+ ( 2 )_u_"] de= l+¢1 O—u_vdf’o
N ¢ ¢ ¢ 2¢”
(8 -6-39)

7T B A
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dt=(1+¢_2wo_u_-z) d'rz(l_(p—;po*’u_szTo (8 -6-39")
c 2c ¢ 2¢

T AAE—4F6g GPS BT ia ¢ HE AR red s X R, AT LEA, A KK
DEHHREEAMACH —BR O TEZE2HE r, Rk F u, EMAFH,HK

EXEp BB

2
Ldt=Ldu—[¥-;‘7’;)Ldflo (8 -6 -40)
A AlEde, ATLEdeI, (AL)%E—(L;WO—L%)ATE,
» (3 C [
(8-6-41)
®AH
At =Ar, + (AL, (8 -6-42)

EE2ZFHH GCPSHIEAZMAFR S TAARNI Ar, kAR A LXH D
$THER(AL) yo METARAHRIG H HIELRFAZ(8 -6 -2) P4 ¢ Ao 1, #f
Rlt,r, 0, ol 389 &AF0 (GPS B ) , Bt , AL 24 ik A 8 18] Ar, &, &
S k(A1) VAFEE) GPS BHiEl At, KJE K 155, 155 5 &4 K E 869 GPS &
Zl o, AR DBE ARG ERMEAT, 0, ¢ FNE,ARA P EES B KM E
R FR(8-6-2) MmFal g et L4, r, 0, ¢, A2 28X 12469 B
69, X248 0 LA POKAT AT 69 GPS B Al , B 5 B BRAR K —

RAERXN(8-6-41)0(A1) BHRFEH e HAMEER(HE | Fo 2) f— %}
o, X (8-6-18)4%

— =3 — (8 -6 -43)

EH Y, THKFE LS A LEXT, BX(8-6-28)RX(8-6-18)#

Yo _wlo @l (ORsing)T - GM 1 (OR)'_ GM Ly
¢ ¢ ¢ 2 ¢ R, 26 ¢ R, 27
(8-6-44)

AV R, RAEEZ u, AHEFOFALELGH LML AOREE, JuX
(8-6-43) X (8-6-44)XAKX(8-6-41)7F

_[ M1 1 wy — Ul L
(ALM—[CZ( )+ ¥ ]Arlo (8 -6 -45)
Ak Ar, REFEAELIFEE At A2 F OB AR, Al LZ B4 E PR

AR AT, 5 Ar, AT £ A10 M FW, AR (8 -6-45) X THKE #

ry R,




HY

192 ge8E RLME

2 2

GM( 1 Ly uy —uy

= - ~6-46

(AL) o [Cz( R*)+ R ]An, (8 )

Te

IXEDFHEFTHAE—~ XA E TR EAORE2 F |, 2 EHAFK
BF—F AR X, AR NAAELEFTAHHRLGR LR,
W LR R—AHEG S R, BASO, KA MR A HA
FRLRE(HHEAHAS m/s mEHAR)  RN—AARAFEATH, L RK
M AAY 5 R fT? £4E FHIKZAHKK, ARFER, <R, ,5X(8-6-
46) 8 u, KA u, HER, LEKAH R, , B AR A GPS # B AIKA,
(A FE, BEER Y, FHMERIEG u P RALEALER P, AL E(—
SAZNGFH[RAR(B-6-44) ] AR EL, FTERBELFE( ¥,). &
TAR Y, mAHBEZEM AELATEE, FEAHEERKHE THKE
AT ARt A, EX AR TFREEL(R, >R, ) Mtk THMA, A ERB
F g —H,

PR STIRAE B ik 1k 8 - 1 WL w9 Pl A . £ B B £A47 4 B f 3k B KR
BRILEGHATRERK GH LR IR S, ATRAKX(8-3-14) i H & q
A7 e, THIKAH BAFRAEEREL XNB -3 -14)FRpHEM E,
VA, Foou, AR AFHAGERSE BR(8-6-46)mipF FAEF X (8-
3-14) 8% ERR A
LL?—!LZ

20
Ebr o, pRREARES R CHER[ LXEAFE - AERKAKX(8-3 -
14)eh BB ], ADRERFAHAEE ORK M ELGEE, B uw=Dsing,
u B GER AT HE L, FTROGZTRIHX(B-6-4T)ELFE R (4
W -ul) AR AR b, F A, KR 64 b KA B M K b B L, 4 e Fo Ar
(Ar, & —H) I HRAR, B —AKAIAL . F AL aKEE, F3
EREMTHE,F—F I THRAEAARRKELEGEAL M ASASTHAGY
G FRH[ LN (8-6-46)BM—F |, MASEER R ER, RAH B4
BrAAS AR, 2 A& E AR ST u 05 H R XAk M Bk K 12 AT w29t
FAr, -Ar, eF BT E T LB E R ENS AL FE,AH

GM[ (1/r)) = (1/r,) 1 =GM(ry =r,) /1,1y~ GMAh/r: = gAh,
MK(8-6-47T)F A (8-3-14) 4% . X(8-3-14)1mKiEA,
[#%iE8 -2 5]

|
At —Arzz[c—’f’(i——) ¥

[4 U Ty

]Arz, (8 —6 —47)
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(£ 8 -3]

®iE 8 -2 BAMIET S ALHER  EFERELR, MALLXAREAR
— B A—FRBEA (P AHAARENELBEL , AATERTEFA
BEMA ), XA BA—~AF M, CPS R a9 L ok R B IR F
R(8-6-2), XMBFRYTRA LA LR cHBH", ¥ THENZXAARMA,
FLE, ABHEX(8-6-2)ZWAMMBABET FALALRAX(8-6-1),
FIEEXER KA R c A7 A, REMNRZ GPS HROAMMT B
HA[H 4 X(8-6-22)] , REREML 20/ =1 8+ 2 F HLA(8 -6 -
1), m— 2R3 FAEARREAI AR R, L RELE T ns/ (B FRE
38 ps/ R4 RS R, XA KREHK A WL GPS A X LR B2 6 — A2
M, EHEAMNELE B 6. FAastit £ GPS 49 5 A &9 — % L #k F [ #] 40 Ashby
(2002,2003) ], —F @H B X (8 -6 -22) 89 2d/c" A[ KX (8 -6 -35)#
(D -W)/ RIAF R H A RA ;B —F @, EBHEERFAL(8-6-2)
BRI RRTHERE SR, B AR E c =299 792 458 m/s X F 4k
BB, "HRERT(FHE)RR"HRAZRLMT L HARABE (HAE
E)Z— FlLAAETRATAGRRZELA ARG Z T LAt ®, REMT e
HEMARZFARNE, BEARMEGER T T EREM, AR ERFSAE, X
FEE RSB REAFTREN TR —ANX(8-6-22)M T oE A hak 3t
(cdi)® TG A A - (1 +20/6°), 20/ HRBADF 1, 1254 4 £ 5%
REBETUAREREFHINAHRA LT L REE X7 ERERLE T
ZMABEZR Ee? T RMAREA ALK PERILE  REAREE, TH
BB —FHTHRBEFR, AL EH RAXLI 225,

MENMME R LT(8-6-35)kA, AALGPS BRGMHAERN, X
HHATHEMBREHERZFZ(8-6-2), KMNMATFTHATLEBRBE(r&)#
HBOHEFA(LERERP EATRELS) , L #HREHL dh=0, dp =0, X
(8-6-35)RA TZ&NME—TLEMF

., 2(p -w,) 2@
L2

ds® = . ](cdt)2+(l—c—2)dr2° (8 —6-48)

BAFEREMGELE T ds® =0, %

(cdt)2=(1 _27?)[1 ﬁ‘i;ﬁﬁ]"dr:z( 245)[1 AP -w)

< c
@ -V 20 -V,
chz(]_gé)(l_ o)drz(l_ o)dr:(l+£20)dr+20Mﬂ

2 2 2 o
c C c c c r

]d#,




}

194 BRE LERARZT

H

BEXBEBE-10(b)sk FHREAp ERGE g5, dp =(1, r)A
g=(t, )T LT raR s FT.LREZ P r(ARTRRS T EFALHK
) A%

. o 2GM dr v, 26M
C(L_li)zj”(l"'_zo)dr +_J’r’_ 2 —’;=(1+_0)(r—r,.)+ 2 ]nLo

2
¢ c r ¢ T;

(8 -6-49)
EXPHrRAPHATREAFLEAOLE RATRIGERGE 24£F
BAEFFARGR r=R=6.4x10"m, %4 ik
GM/c* =4.43x107°m A r(ZE2EE%4F) =26.4%x10°m,
T 4o

X.(8 -6—49)tmﬁ;rﬁszﬁM1anz X (4.43x10 > m) x ( —1.4)
¢ T,

~ 1.2 cm, (8 -6-50)
A&, X (8-6-28)A T Layik-F&F
¥, _@(R) (OR)’_ 6M 1w

2 ) Y

c c 2¢” ¢ R 27

_4.43x10'3_L 465
6.4 x 10° 2(3x108

) ~ -7x10°"°, (8-6-51)

#
X(8-6-49)EDE—RA =(r-r,) +(r—r‘)‘I’0/czx
r=r, 4 (=2x10")( =7x107")y =r—r, +1.4x10 " m=r-r,+1.4 cm,
(8-6-52)
TAKX(8-6-49) A
c(t=t)=r-r;+l.dem-1.2cm=r-r,+0.2 cm, (8-6-53)
A4 CPS MEU RS H A AR TE IO m £4,1420.2 cm 45 T B %, FT VL
WA
c(t-t)=r-r,, (8 -6-54)
RERBBLRFAEB-6-2)ATEOLTFHRENLER, ERGOLFHR
BEREAIL L AL HEMER, AL HHLR 52 (8-6-2)4 GPS #
ERMNEARLMA LG, FHiEEKAN A GLEMA L, B KATE B 65 LK WA
A(EVRBIAEGT)ECHEHRAR L, [i£1E8 -3 %]
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§8.7 ¥ EBNTHRKIE

8.7.1 HEIMAFIFM

§8. 1 RYFd EFEREAFERERTHERLE LR rg=2M, BT E
PR TR AL AR r FEETLER R<r<w, HEZHALUATHE, ZE KNI
R T HRAERANERERNY (FRANT7.2.1) . —BERFBIRE TR
RAEEKEACII NN ERTERISS MNIRMKERRNEIFTENRE
ERR(Z R 2M,)  HERSRRREENT r NEE & r“BEEEINE
T XM R A ESLTT

ds® = —(l—z—M)
;

W E T r=r, =2M KA, T (1 -2M/r) " RIER K (HEBBBRZLL 0 R4
BISED)  FEEATE r=2M R LR EEL, ANFXES TR, FRER
FEERTCTE r =2M AL AE BT 1 (singularity) o #E—2F Ui, FEEHE AW HIFE, - 7]
U BEZ/NE LN HE B RERT EHHRNY r =08 2M/r HE X, A1
YWr=0 BLERAKTHA -1 HFA, WELRAKITE =0 L BFEESFHE,
FREEAZSMEREAA  PRAEFRINTREED EHFEXRAa1E, T EH L F kK
WHENEYDEELRERFIE ATENM. EXRABHNRBXHA AT
R EBARRE:r=0 LW HFHEMBETEEAT RN GHE XA = RE -
BFEREABTERR BEMAZ AWESE ST ERFME RZ,
Sr=2M AW EFMEHNRE LIFTE" - KR TRBE r=2M LW EHEERER R
r=2MiGEFEBE T RILEBIR R, 1, 0, ol WERGE (B BEAESNT).
SRR REFE — A E AT E RO LR, UL 2 GERKIR B B, B A AR
FRix, yI L HARRELTE EBREERI, ol MAREA x=y=0#F
TEMR AR R R PR BN BN R 8 o HRE Lo 725 il 0 55 68 F A An R A
JHEE S AR . A — A 5 i 3 B 8 7C R AR — 138 24 A0 A A 4 R E
A, BIIN,2 LERRE T B M LR R RIER

ds* =da® +dy’ (8-7-2)
BERI SR N IEH , MRIRE A, B HREFE UL 2 =273, WK T LR R
fa, vyl By R B AN

-
40 +(1 —ZTM) dr* + 77 (& +sin’0de®) (8 -7-1)

ds® = (3x") *dx” + dy’ o
XML« =0 b HFAEATE! XERIBLHTE, B2 ERIx, yi—
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[x, yl BRBEIRR N IT(8 -7 -2)  BLEETH R T 1

EMLTTAFEFT WG, WA R EREAEEESIRTE? XARE—AA
LATET S A B R R — R BRI AT TR, AR AR UEE:
FRRAD —LRRRAHR) ERERLGARATRISENRNLIT
REXFRREF(AFR), IMHEER—ERLIFT . el LS E i
U, FLEZBE R AR R HBR 0 A e ER B AL dR AT o BT Z B A B SR FL A 4R 7T
TE r=2M A A 1 R AR AT I, B B A E B T LU A AR B BR . SRR
(Lemaitre ) J& [77 52 £ 3% — /1> BA 4 3t 56 L% — TAE BN, fl B9 SCEE kR 7E 1933
Fo HE,ZTHWT DU SR —RBXEFHRCELRLALTHE A —FEX,
Hebr=2M ABaTR BAOUFHREERIRX-A MAXFEFE B -
MER r-M BRI R, BT WA X — A8 H 2 1958 F A4 3F = H 18
(Finkelstein) E# &K o 1960 4 , 52 & H 8 /R (Kruskal) B T — DN E i 89 45
O T BRI r =2M b A9AT | T B S FU P48 00 FE X N BT AR AR B B R ik
RN RARE SCFE — M HE 3 2 B RO BT 25 o, AT SE B 77 52 B PO B 25 B B KR L 1%
L N N

8.7.2 EMMRLIRR

BRRLILICE 4 HN, BESHEFFHOERR R HRMER 2 4, R Hk%
B8 -7 - 1) HET 2 BT R 2 g4k 5T, FFiCHE d5°, B

d§z:—(l—¥{)dtz+(l—¥) dr, (8 -7-3)
B FACRE R, 0] XA AR 5 B T BB T R A
—w <i1<w, 2M<r<ow, (8-7-4)

WA ERAET 2 BRRHLIRR ¢, r] BABERIR - =20 89 S8 1 R 7E 247
B (HAEST) . ER(8 -7 -3) B K

d§2:(1—¥)[-d52+(1—¥)_2dr2], (8-7-5)
TRAEESRNE AR B3 r R [iCHE r. () 1{F18
dr*:(l—gJ_]dr, (8-7-6)

MMEL (8 -7 -5)HEH
d§3:(1—¥)(—dzz+dr*2)o (8~7-17)

Q% -5 Szekeres LJL-T BRI R B T 3% — & bf
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(8 -7 -6) B AR r. (r) A HAN T

r,(r):r+2MLn(ﬁ—l)c (8-7-8)
A TERMT — KA — N2 ERRAER e, 1 BRI RL, 5,
Hmr A aetR, X8 -T-TMEBE2HLRULKITETLIFAR L,

r ot RFR(FICE - BEMLTHBEEEERER —PLIRRHAREIAX) .,
B (8 -7 -8)FX(8 -7 -4)A M, r, MREBEE

- ® <f<w, =—o0 <r, <o, (8-7-9)
AT E U A ETALTR v F1w:
v=t+r,, u=st-r,, (8 -7 -10a)
HiiE8H
t=(v+u)/2, r,=(v-u)’2, (8 -7 - 10b)
il
- dt +dr, = - dodu, (8 -7-11)
T (8 -7 -T) M A
48 = - (1—¥)dvduo (8 -7 -12)

EENX - TERBFARE . WA ER T — 7 KL T MR, L 2 4
RITTHMMAIR R (v, u) AH], KE— BTN
ds* =g dv* + g, dv du+ g, dudv+ g, du’, (8-7-13)
HP BN ER ¢,..8.,8, 0 g BT LR AR v, v B R¥, KRIT LR F
BRER(XEBEELTEXHH, EAT RN —EREKRL) :
(1) xtFrtE, Bl g, =g, AR (8 -7 - 13) A[ & {4 K =5
ds* =g, dv’* +2 g, dv du + g, du’, (8-7-14)

(2) mr3dite, BAs i 4 D REHERAT 77 %

]zdﬁm=#m%§«

ﬁﬁﬁ%%ﬁﬂﬁz

8o !
. FX. FHRXITLR—FEFHE, U g L 175

HCFHLICAERALH ¢ =0, ML EERLH T,
MAERB|(8 -7 -12) , EXLIERK(8 -7 - 14) 4, KR TR
0 - (1 =2M/r) /2 i 2My 2
a7
| = (1 -2M/r)/2 0 4 r
TEr=2M 4L R% R IT(8 -7 - 12) T r=2M IR T H, B Eak 5 52
T1o AR -7-10a)FIX(8 -7 -9) w51 v, u WEEBLER




198 Ee®E HRANRZT

- ® <p, u<®, (8 -7-15)
BATRESCH LR VU,
V=o', U= - e ™, (B HBEER) (8-7-16)
m v U g BETE B
O<V<ow |, - o <U<0, (8 -7-17)
m A dv du=,B_2eﬁ(""")dVdU, (8-7-18)

W (8 -7 - 12) FEH R W FREA A

ds’ = - (1 —Z—M)B'ze"‘"""dv dU = _(r—ZM
r

r

),B*Ze*ﬁ'-dv du,

(8-7-19)
He® - FHARE-7-10b), EXWRPATIAETHT (r-2M)/r fE 1=
M B AE AR E . BRTEN LR S RREHEX AT, BT
AER(8-7-8)%N

e <o e - apiin 52 |
RAF(8 -7 -19)fE18
&= - (r—r2M)ﬁ-z -zsr(rf";M)wdv dU, (8-7-21)
REEREFRBEN
B=1/4M, (8-7-22)
R(8 -7 -21)@HLN
(8 -7 -23)

EXME2 R R TEHILIRR(V, VHREX, B TRFHATE =
MEREHENET r-2M EHHE, EXE - =2M A RAEF ABFF, A
BLor=2M G- B9 5 BB AT LUGE G AR AR A B T BR o PR BEAE AT LABR RE TG BE b ik SR
P ITTE r=2M BF R RLEHHME., Ad, EXE =0 IREFR
BY, B3R GTERMA, HRIEE — RSN EEE r =0 B, /R I15 B AT 25 dff 3
KETERACKED RIIEER r=0 RTGEHEBRMEST S,

HHR(8 -7 -23) RATHELIRRLV, Ul KREA, UK FH r KR HE
BIERARMMEFELIR V, UKERE (V, U)o B V=e""U= - e R
(8 =7 -10b) 3N(8 -7 -8) FHERGREL r(V, U)W T RERERX:
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. ,
L qfew = - ¥ 8 -7 -24
(w e U, ( )

B — /N RATHINER r=2M &M T — R P b, B
e, rl =it rot o, ul —={V, Ul
B 7E B 41 4 B(E I T A SR A - = 20 L TE AR BRI Z AT . SR, BE
Rr=2M 2B FRBREIT(8-T-23)&F A, MEALERT V, UBEEL
HO<Vcow. - o <U<0,MEAUELEELEHRZE V0 U=0 HIXH
HEHFr=0RET&,r HBRIMAEEIIEZS r>0 B9RGEH,FFLLV F U6
WREEHFEELEH, ENAERLARIE >0 W REFRRHE H(8-7
-24)ATH r >0 M T
VU <1,

B BRATE E R NH R T ARARATE r =2M, fERER, = R EL T E
NIBWEREFE KRB SEBE (A V>0, U<OZHE VU<]), X—THELE
P IRBHRTF 1960 558 AT, Ja AFRZ o 52 FU PR £ o i 52 & B R /R 3E 44 ( Kruskal
extension) , BARFAT-HHW K 2 4L AL C, B Riq fal i % b5 P 4E
W13 4 gy e B T RHRL T

2 32.11‘ L . 2 2 w2 2
ds* = ————e W dVdU +r (df +sin"6de™ ) ., (8 -7-25)

r

8.7.3 mEBHMREKENR

HETFINeMBEE . LT Ak R EHREA (8 -7 -25) X LR M
(48 dVdU) R F e sl. JHF U OB 4R T, X
T=(Vv+U)72, X=(V-U)/2, (8-7-26)
(8 -7 -25) B Ay

. 32M°

ds e W( — dT" +dX*) + 7 (df" +sin’0de’) . (8 -7 -27)

B F LR T, X AR B (T, X), B (8 -7 -24)FIR (8 -7 -
26) iR E (T, X)BBREER .
(ﬁ—l)eﬁ:f—fo (8-7-28)
HV.UELP 2T, XHRAGEEIAZ >0 09RH . mx (8 -7-28)%
Bl r=0 R F 75 X =1, JFRL T, X IR(ETEE 22 FRB4H .
T -X'<l, (8 -7-29)
r=0 RAMEBLAEMENAAAS. AJEE - BEHEr=024 B8 -13
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(a) BIPARZER 43 1, B LA 52 & B Bl /K GE 40 28 2 58 AL AU B = B9 | K 4R ( maximal
extension) , 8 - 13(a) I AR TERE WETS, B 4% 5 R Xk £k
fofmt s AR A (A AT EREPIHE—S) .

FATA X —f K& FH ML T JLAITIS

wy //// :

ANK =0
\Cb‘ ":;% ﬁﬂ
B \\‘_35‘ ﬁi‘\ G [g?ﬁ;ﬂ
A A X o 7 X
p ﬁ§ “
y=U=0 w < N
— — & ) o~ -
N N, =0 4 AN
/% N // % ¢
2 72
(a) AF AEPATE IR & 0988 (b) SHESH +45°REL | r=
FHK,BAEBE, W AHBRIK. N # IM, 1= x oo, LIt B T £ BT
N, REREMER, BrREXNERSHE Bk b or =W H
FrAES (RR TR ) .

B8 -13 L ianf s B9 I IR R I K EEHR

. @8 -13RMARAL 2 HEal T E . HHER(B-7-25)] jzit(s-7-27)j
AT B/ 2 ARN THRES - 13 AEXIME NN SFE -T2 dExkm, H¥
FHEZAN rf. LR, RERSE(REREBERAERINESER h—
N2 HRRE) XMV B4 R RANR SR KEHREHE TE., HENEES
MR RS S AR —D (A ZE D )ﬂﬁﬁi’ﬁﬂﬂé@;ﬁﬁ%ﬁﬂiﬁ\mrﬁ]%ﬁ
L ICIHE B p Fop s ENFIERE - I EARE MEBSSERE—T
A FHERE .

2. WLET-XmHayg k= (8-7-28)ka] H i

r=E o X -T =% o L& (LL45° R NEERm) WL,

3. ZIEEI 8 - 13 FAEHE K AME—FEm ALK (“Em "R 0 ¢
IBARFER ORANET-XEW), EEINEABELNLIT " =0, % (8 -7 -
2 T EHAE—c 18

0= - dT* +dX* =( = dT +dX) ( dT +dX),
A - d7T+dX =05 dT +dX =0, A FEHRM T HEKLRE ML (HILHER
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M H LR )

(a)T=X+a; (b)T=-X+a, (« HIRGEHK) (8-7-30)
WL ELULT, X, 0, ol HEBERKE ZEPS , BEELMMLER £45°FE
KO RE 8 -13(a) ] XWHSFHITIRREBARTE,

4. MOEHR =0 WFEARELANMEREIFE SN £45° KR HL, IE
8-13(a)My N, MIN,, HX(8-7-28)"H N, FI N, &R# r HE R r =2M,

5. MBI N, MN, KNG ABEE-N2 4k M N, FIN, ERE -3
HETE(FR 3 4EBEHTED) , MEMN AR M EB X EHRWERARNEPE L 4
NMERNEZBFRE(BEFEN4AX)  EE S -13 PRIKICEARBR, A'K
MWRX,EMMTEESE FXRE:

AK: X>0R X >T, (BV>0,U<0),BX(8-7-28)HH
r>2M;

BR. T>0 R X <T, (AMV>0,U>0),88%(8-7-28)HH
r<2M;

AX: X<0ERRX>T, (BV<0,U>0),BR(8-7-28)HKE
r>2M;

WR: T<0 kX <T, (BMV<0,U<0), BHRX(8-7-28)H K
r<2M,

ARK rHEBER2M <r<o FRIEVIFRIL, r, 0, ol BILIRE, B2 7%
HRRERMOE AR (RBER"), KM =X B, W, A'SEMN A X R MIEH
B4 .

6. AR , BR(8-7T-10b) Rz V=e"", U= - e “*"1§

t=(v+u)/2=2MIn[V/( -U)]) =2MIn[V/1U1], (8-7-31)
XHAE V= UL, W[ VIUI] =0, BiIRX(8 -7 -31)AH XM LH =0, Kk
BN(N, R V>0RERD) B8y o, BEEERE-13(a) M AKSIT, XI &
HE—ZRcHPHE - FIREAWEL(EMu) . uBREV> IUIRH
In[V/IUL] >0, (8 -7 -31)A[H t >0, & u LMk MBEES N, WX
U FEMME  EBT + o0 JFUN REH =+, FBETHMN, &L
Hi=-o GE8-13(b)fim, XMHHLIR EEN FIN, FERAEN(R
B XWMERPLEALKIG(B-T-D)E r=2M LRI FHER, (N N,
EATE FAARR L, 7, 0, of IR, 16 EENLS,)

© Bl A R =450 Sl JE 8 X, HoA FUR IS K IR T w0 B
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7. AT EIGRRR e, r, 0, ol HE GBLINT B — RFLIRLEHR
fe,r, 0, o e, r., 6, ¢f >iv, u, 8, o} iV, U, 8, ¢l
BETRAENX(8-7-25) KB EE r=2M LRAREF, TEN A RE KRG
BAREHEESNNMRE A, B, W, A/IRKHK3I LR N, N,), FIEHEEB
FHatr V, USRS, LUV, ULESLHZEHREAEE L, MR ER A X5
=K, AR RFE AT PR ¢, r) BT E X597 (8 -7 -23)
FERLEE L HCHISENEE Y, UNERRE (V, U), KBRRERXAIR
(8-7-24), BRAREHRZMER(8 -7 -23) 3k, K (8 -7 -24) gk o] AEZ it
rEEMERAEX R, BRER  EHEM -RHAAETIENL, FEH AKX

hAAR V, U845, r, X R

V:e;T", U:—e':_‘*;', (8 -7 -32)
AERGIRA YV, UKBLUTRREE LHM XA ¢ 255
B X Ve, Uzew
WX Vo —e i, U=z e, (8 -7 -32")
A'R Ve e, U=e,
Hepr, B r KT E X

r,=r+2Mln 2LM—|‘_\ (8 -7 -33)

AT -T-25)HTB, W, A/RHMFER(8-7-32") (8-7-33)%5E
AL, P REBIE T, ERM AN -7 - 1) K r WEREGEX B, W XA
O<r<2M 3t A'RAg2M <r<o (A AK), MAXPFRERT, X 5, r £ FR
I (GERA BAE ST, A iy sh F1 ch 4 5L R IE5Z AR 3%) -

T = /ZLM—I eﬁsh(ﬁ) ,
AKX (8 -7 -34)
L X ioh(
X_\/Z—_l e Ch(4M) ,
r - L
T= 1_2M e ch(m) s
B X (8 -7 -35)
XY= /1- _r e.:’w Sh( ‘t_) s
N 2M am
r i L
T=- 1—2Me ch(Z—) ,
W X ‘ (8 -7 ~36)
| r r t
X /\/1 —2M esh(m)
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AKX (8-7-37)

Eid2 HREILIC(8 -7 - 1)FE 4 D2 KRS AR ¢ Tk B A
fE B IRy ¢ —E RS A AR, IR R (X8 -4) , EB XMW EV\]E’J
B A AR AR r WA ¢, S E VI RAF LR B XMW KHFFEFIMNZ K,
XM FHE LG R F LR RERA S BRI S ARSI

.....................

[k 8-4]

RS -13AM2ENTE NEAFARAG r=FH# gL L dE
(X TH"ZBOLELB AL 45 MAKX"HBEAE), TA S XML FHH R,
rAFEKREPANRBERE LR E M AR RA ¢, R R M8 A AT BT 8] 4R B
K BREPr=HH MHELLETHE KL LTREHERE, L, BE
FTU=FHHENZENELE TATUAEEANEGEFE, T A5
BAELEEMELTHRRERANA , @ELFrAHrMEZ LB A 16932
KD (HATER) A -r RELEA 1 F R BH, BAmE B EKATIL
PR A A ATRT ], (E e W K R ag A7 r T AR ARE 1) ,) - F TR
BAREXAEE .

ds® = —(1 —g)d (1 —@) drt + 12 (d6* +sin’pde’) |

EXAEr=0Fr=2M & FF,r BRMECEHRALEAT P HEHL—.
D2M<r<o (AF A'R);QD0<r<2M(BA W ER), st@ A1 -2M/r>0, %
B de WA A Rm A AR E BTl ZEE LD r 2T LA, FO
AL -2M/r<O, dbibd’ $9AKAER AT G RED R, PTVAt 2218 R4 r 2
B AR, TR, 2AF A r EAARSEFNBREERN AE LR 6“2
F— A AR, r AT AR, AR AR A B R, - ABFE AR A T
EAr, EHEWMMEANETELRZ BEFMWERERAABEINTR,
ML TR Z L, FTEATEFXEF, L P LREALEH,

B RAEXANEOBAWERAZHARMNEYT , XAALEABALKLEHYE
AR -r N r B E(EMEEOMESALERS), GbHEBH -4 R
EHTLEAHEH R LEME - REABEAET,

Z RmihER MG RERY, TEORA—NEF, L2 HE AL L
WAL, xl e RAK A
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ds* = — ¢ 'de? +dx*, (£>0),
P ABM A ARP AT LA, AL ARSH 1, W REGERER,
1‘2{4\&75%3?%%?&0 K, ~AHEHAAFTH T=", X=x#kTRELLX

ds’ = — dT* +dX°,
N RILPTE AL ER 2 ERNRKEAL, BREZHSH!
B ARz, EHRELXFHEHRSR?
2 R RZERAEGETIATHEAAGHSBOAHE . "STHEN
ELRERRI X LI R, x| EAETAMAEXHEL O &
éﬁ%%!c’azitaé(@wkdt R EHEAN);Q FEHFTRIA(HH 4 dids’
éﬁfﬁ)o” EhE R HBE AR ER, R AEE ARG RE KR A ) &4
BAAHZELXLR)  AHE—ZAZHSH;RAA, RAELE-DEKFER A
fa FOORAK S AT E A4 AT AT - LEHS,
B XERREYEREANEAXNREH AT GEHELD? A4 RFH
RXEBHZT ERAELAFTEABRWRLREAHESRXN?
Z HAKXREEIUATE LT Z LR, ALAAX w3 Z R L 4cE T
Lo FEL, BAMRBAWR,NE LA ARG E R KL, ATl ZHF A LA
_é_ﬂ'no &L AU E U R K B A 83 69 8 5 JUAT 4o 47 [ Killing
;ggiz_, AR ZBH, B MW (2006) LA §8. 1], dh A R Ak mik, vl b & LA
EBRAWERMNHAZHSE, (%1% 8 -4 ]

8.7.4 RE.BRMMAR

A7 e T — F B TR R SR R RIA L. AT AR LR sk R P B
FHIT(8-7-1) HEEFEREE =0/ =
2M 4b7 A, BT r BB (8 7 B 2LA 7 A T |
. D2M <r <o ;D0 <r <2M (43 S FR I K !
OXMOK) ., YrtivF£ A" £ % o LB IR |
IM<r<o XHLO<r<2M( 248 =2M 1% i
2)7ERETE M, B R 3R |

|

Me
=S,

o 12 B — A TR o T RO B2 T X R
BEARELH., fBFSEER r=2M | |
FE—kBREEES LAE (LE ° M ’
8 - 14)  EDK KA MW dE Tagy  E8-14 FARRELRAN
RO (FIHnk T M DK 8 # QK 3 £ & 7% ERATINZE
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AZAEr=0), CAEFT r=2M XKEAKT U THE?" B AMEAFEEE
= OEEEHBR B LR RAMNTMEBRT r=2M ME%HZE, KREEELIR
Btk BENZET,r=2M BalfER N EH S, NOXEFT r=2M X 5K
AR A LRARER-ET, AR, BRIFE—T RS RAN EEL" . &
B, DI E — AR G =2M AR R R P AL — K RE
R, R, X EE 8 - 13(a)py x45° R HEL N, I N, (L ER®
WIHE), BHTHRMENHAEAERS-13F R +45°BHEL , MARTE—SH
RAGCE" ($8 r AW/ BY 5 8 R Sk 285 B 2 il 2k A T R A b o
BN HABRX, RZ,BX{E—4& K HA 4516k KB EE e 2t B L & A7)
BEZEM N, A AR, EfTHLARBEREH#HFT N, TN BEMAFHELHD
“HRET A KPHEME(GERAF) — B E A B X LKA AT G [E
FAR(HEEEHATS) . BHHA B X HEIRE(black hole) ,F N L H (hori-
zon) W, E@EE|E 8 - 13 P43 R FE—BKME, 7T 70BN ZE A 4 48t 55 KB, i
MAMEANI SR, B—HE, ARKBAX<ORX >T RIEEBH r>2M K
SEESARERS —REMMER . ESREBAXAUKUT A K BRIX
FLHN, BRMA. B AT AXZEIREFMERBEER: A A B REE—%K
BTBRZE M RERAREH A AR RZIFR AXPTEX L GHEE AR AXKK
HEAEAXBER FEH . WEKH T<0 R X <T° KIE.EWH r<2M, WK
S5AFAYRBEE —RZE" XK K HEI DN, SN HEHZA
HE AR B, W X AR — 48 7] 5k Sk Y ZS BT B S Sk itk £k AR SR B N, BN
FEA AT AKX BER B XML, [ AR W XFK A BE (white hole)

U ERESHTNASTHITERTHAMNRKREN. BRAX—EHaG TR
wW.AR AR UEFN 2R FEHE FHEARE, KM EE(ELE)HES
— AN, M BMETEIE A B B I S TR A By T BRSO B R R
— 5 (B A, B X LK EE AR A — 305 ) EIR A B L1 §8.9,

§8.8 MAEXRTH

IEHN §6.5 Brz, S FL P 2 i LA RE 98 1R B k5K 48 510 %3 2% B S 30 J7 B Y 36 —
MG , R B O A TS5 0 s PP T ) A O B 3ot ARt —— A BEBE R BR X Ry, )
RESH . Am EAELHEAZKEALTHY, EMERA-FUEHE Z.
L&A EALH B R IEF S B B AN AL T RS Z d B 48 A AN ER 1)

T B AE LV A (] B 2 B L B R b B O B R 3 52 (event horizon)
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it 2 JL AT BT PR sh FL TG LA 4R (8 —7 — 1) HRIg7 4 S A i s T 7 42 1 3%
AR, B b L B % . BB 1923 4 {8 5076 K ( Birkhofl) o % i (B) BB 44 i
THENEE, B IER T T R

BRI (1923) 305 % W0 75 12 HORR XS FRMR AL 75

FRAR I — R HE B8 A T o B 0 M I 160 B R A 1 R
h(CATHBE)  AE TR A DA R AR, B AT (5 F)
B3 8 . 06 98 75 2 0 25 B 0 R 28 B T 40 77 e SR T P EL A5 (8 —7 — 1) Hk
S0k A AL TR AL O TR FERR A TR KB T (L §8.9)

SR I 3k %6 B 50 70 % 5 0 0 B8 5 O 05 M [ 48048 5B 5 (Petrov) F 1963 4
BoEHR ) BB TE . TR M RA N

BERMAEERTE 115 B B I A BR X FR R 0 o 5B T PTLL 7T o

REARIETHEOFAERMT —# EXNERERR, XBEFR
(8 =7 =37) T WIVEIE 2 HY%3E , RO o FL O 0 R AL 36 9 255 B BE AT o S A 0 65
b7 BT LA A S R R B0 SR AR R L B TE o 18 I U #04 SE T K R E 3
AP TR A A TR BB e A B AR R B TR R A (L%
) R4 JLAT {44 B R B B4R G T I

§8.9 lE M5 gL G ER

WN/NET 7.2 2 B g, OB RO PRE B A0 SR R B 7 T AL P oE A i R B8
HEARENHERESF T2 MRARARERETE, REFK 4, &4
AR PR . ARIEA T REFE (W L), Z R BT T B A9 K = 3R PR o
FLPSEETC, I AT A 8 - 15 R . BEIR R S K 8 - 13 BYAE R ER 4 &
], BB 52 &R o Ul ey B2 M 7 (& DA 911 07 A A 3R LS A ) 3R, B LA BR oF B ¢
GBS RARAARK W, 08 F A'K,HERK B UK A XA —ER %
BB T A EE T X . IR A A 08 B an ey UE s, R AL A gk TR A A
RO ARBEAWIE HERMEBWIRE AE A r=0, HHBEHE . B ERE
fE — s BT 5 LR AR AU T izom O HE 2 3 (LURIER o 44 ) IO 5 T B g
/N T 45°(THE A 8 - 13 FIE 8 - 15 b £ 45 P ERMR R M AE K
). BERAESLARA e, rf REERAE r>2M (0 <r <2M) AR 28 X4, [ i A
BERIERMAPAE AL ARAN LR, B EARRA L TR h R
H—# WEREEHERFT LRI, MR —E T L LR E
ALRVBR AP AR o A RE @ ALK 8 — 16, B TR RLTG AR ¢ 7E r =2M IR H T L (1
FEIZAL " TR K™ LR B SO) e P SE PR B B AR B A B (433 3R r > 2M Fn
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0<r<2M)ABE—RMER. BMAED(r>2M) F 51 MR 48 2 £ &
AGEAEFRF r=2M LISH X FRIRER BB 1= o RFE T KE " (HEZEFZE
B4 5 2 7 1 B B Ak bR A (] o [R)  BTEE B A AT (A) T A 2EUME) . BB 8 - 13(b) AT A
HEERES r=2M X E(RE8-I15 B p) W T t=c (BREEREARETE
p SMERR r EERE, AL ARRAF ARG E A E Ar HiEAF
A (XM =3M, B BIR AT #4982 %1077 s),

T

# ————

i ———

S ==

oL e
—
e
0 2M r

E8-15 M &R L bR 1E Bl 8 16 JH s FLTE e b5 Tl IR 1B 42 B 81 Y
EHAAE. EREASHAEAT 4. RRERRHER (=0 Bl A HE
B, B (AEHERS) RS r=2M KR Bk nt LR LAS A K
AR . SehRbf BT RIGF AL KIE” .

1 B2 S0 A AR B i AR R R R TE SO o5 — AR R . MESRTIA, 3A
TABNEET BRI FR v, r, 0, o ,ERARRETOHFH/R RICRERER 25 &
KRIEHAM LG = HREMSE A XM BX(MELTELRELNIEESE 4 4
XFa)—1). HBR. EREHRA, BRZER r=2M BH&HEME. ZEN . 0.
@ 5 % FLT R R R A KR AR [E) , T

v=L4r, (8-9-1)
FRTERBIBIH 4L T
d§2:~(1—¥)dtz+(l—¥J—dr3 (8 -9-2)
TEREZTHREKS

di* = —(I—Zﬂ)duwzdudr._ (8 -9 -3)
r
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FRMLE TR g, = - (1 -2M/r) g, =1,g, =076 r=2M CEXARE T A
RHAFHA g = -1#0, FJ?LLlr=2M7f-’ﬁFE’Sf"5 EEE - o <v<oXfHTF
0<V<oo A %o, rl REILARHAEMEE 8 - 13K A, BX, EHE T XWAD
KB N BiRa i,

HTETHEE R R, HAVE B o 2= B 18 25 KR 2 B B 0k g — 1> 2R 1
M bR F B O AR Ie] o R I A B oS B AE AR B AT RLAR R AR R] (B R SR —
R E 8 - 15 H5E8 - 16 Bt2F T, BRI ER1E 2548 09 BRIR AT R 4
HIRAB K — SR R A B A R AP E P RE R E B R. B
EXEHETAMETHR, RIMNEAGUENEZERBE NN SERETEATFN.
i 4 S A o B R R (PR O A AT A B R AR U ZE SR AN ) o
N SERAB A EANShE B a2, JE50(8 -9 -3) ATt iE— Tk,
FIFI 2SSt d8° =0 15

o:dv[ _(1 —grﬂ)dv+2dr].

EEMWARE TR FTR I E 2L L)
(1) dv=0; (8-9-4)
(2) -(1 —ZTM)dv+2dr=00 (8-9-5)
(8 -9 -4) IR MAETI AL v = (LIS r [\I) , X EE N
HHERFE LA {o, ri AEE RN B P E—HKEER, XF L AL, BEE
AR FEIHE E A, BT BT — R TR, 4

t=v-r, (8-9-6)
BAREL, rl, BRIT(8 -9 -3)1 |¢, rl ZHE AR
st = (1—%)dz +—”—4dzdr+(1+2TM)dr20 (8-9-7)
RF AL, 2B LU 47
-

EREX TR ddr B9 2 RCBH R, EP AR
(l)ﬂ=— 1 (8-9-8)

di r+2M
) = e

ORI PIRR R JE- 2R TR 8 ~ 17 th, 35— KOG R AR R AL - 45° Y

(8-9-9)
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B, RERNEEHRIMRE, L E
BRAEMARAER TN EF KK
B (TEr=2M &, %4 di/dr=o ) T
BHMBSEAEXZRRELPL LRI
H(ER d/dr HIEAER) —"BHKW
AHIERE (AT K (KIESE) ;=
g B 2R A7 (R 0 r {ELED B £ B B K T U
AINCEEFRIE LB RESMAR) . X—EF
Fe ik T R R RO E B R L r=2M Z#H
FOERF LA (r <2M) BIE A5G T #A
BESF AL AR T B KR AR (r > 2M) L EATHY
rfERBEAKBDET(HATA), B
X P2 Ot 2 mT 7 18 b ) R S D

r=2M ()

B8 - 17 2 4 R AT 2 /Y 75 iR
EHLEL, f| RER

HE, B ATXE T IE A IE B A T 5 2R KR B (T D i A i R 0 AR O HE
VA o B b AT A 57 A B AT 2E B R E ARG T — B AR TR W,
HEEE AR S BE 8 - 17 UL CHli X FRpbie 4 15 3 fEnd B (B 8 - 18) 1§
#h E g B R At 5 (B B AR ) B R o RIS A O B R 8 B K

BN ERET 2 LT . T TR LT
BESE(REQEABREY ). '’
ENI=RGE IR CE/N ok g R S S
B TR 7 SR 56 5 A MU TR AR R
R AT SR S, KA TE RIS E
AW A M T, LRSI A RE
FHT S, BURMEDARFRT S
B9 EEMK RS (RIE - #k
AEN2M B RIEE B ER) R UE
LR MHBZHEE R E K. R, 4R Ak
RHE—E, ZE-PEBEAR (Y M
Bt 57 2 5 005 B9 T 5 AR 22 Al 3 R
FRORERE) , " — R ERTHMR", B

B =0

KR O T — B R T B8 -18 f{HiPgEA TR B L
W B EET ER EMAK BEN i RAEER],. BRKEEOARE
T RGEEGMER L, BAERF Eg HERFARLREEATR.
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B SR T AR REE R B EAGERIER 2M) . LAE B R B
o BOIE B E TS IR B 1050 WL BRI B LR A RE A B
T M, 7 5 22 40 2 R PR A8 0 UL (3038 T D (IR AR R4
LRI £ 71 1 A 05 0 ) o B 8 — 18 R BRI K R R BT K o
BSh T B A AE AO B, T IRR 1 R R LA (B
P i — B i 6096 TR BE ) 35 0L DS SRR LT 2 B IR R 7 5
SO A S . R TIADIRED 8 — 18 FTAVIRIR AL, i T LR LS A0S
TR BRI R, ERR LR EE (HERRE L ATHEIT),
SRR AE (T SR I 0 % ) WO IR 3 BT 6 00t (SR S 2 A )
FMRZAFENN) . 2 BERRERERE(BATRE L), FHHEE L
TR I BRI ER R . KPR BRI B0 5 UL, T
5238 RN 0 W0 BT L IE 47 4L 31 4 SRR, ISR A1 B R BT
G2 B R , 10507 B (LG —— 2 PR A T3 — /D, FOH 12 LR
INEES T M FEAURAE" A — K/ £ (R BAE BB — AR R A
“URGEIL" HOFRIE) o BOH TGt T 131 ) 55 o A B B0 (AT OB 18 T
BB WEOH) BRLFAT/AT 831 931N BEE(E S -4). FE
0 A5 BB P50 5 F 310 %5 R LB B A B B 10 8 — 4 0 7 5 2
W5 B BT LA A T B LR 0 O 52 2 o 31 1 O TR R B
B LA Bk £ 03] 1 BB T T 8 — 18 e — A B (MR R RO 5 ) 3¢
S A P X R 31 A $1E 2 61 A — A B
18 HR 5 GPS 18 240,

HAR:ES - 17 RS - 18 WS AR FHEERE DT BRE T c 157
MBTENFET " 0% %, A AFRERAEFERET 87 &5
§6.2 WX — FIALE B HUT T AITE R 2R SRR ME

RATEEANT 8.3.2 &M B S TEH S5 NLB AR (S -3 -
33)1:

A Ar [To2MAT
Alen:«jT-zﬂfurl>l Cor<roe (8-9-10)
YA BRIAX TS EENBSELENBET (MBS -1), TR (8 -3 -
B)WRELERr, o, MERXRTEEMEZ R ARER K TELRAAERE r =
2M, AR THERIXT S 2 BIH . BESR s FLVE SR 78 4 R4 T 2 s R PR RS, B
NEBAR(8 -9 - 10) X T RFERSL , XA IR IZ 5 8 ¥R r, HE KT 2M 5t
AL ARZEEAE YR RMRE (RAREELE)]. AT E X34 % i
(BIFFLAR ,I01E 2) .
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A=A A o

T 1o (8-9-11)
WRBWE R E LR r, FIEAE 2 R TEN R LR r, B EE B/

2(r,), AR (8 -9 -10)F W z2(r,) BE WKL [dz(r,)/dr, <O],

B lim=(ry) =0 o UEER: DR B0 AL R R FIE L , AR AR ; @ %8 T

FRAELM AR A BT . [ESREE N CIRAE SR B E A5
OEIRAZ) ,FHAR(8 -9 -10) LERATHESC|MBNRE ] Hit, RRLR
AT EELTRABENIER, Fry2E RN SOLRATHRR Lo, 4
BREEMELRAK? XMRETHEHIHR. OMRARENALTUR L, B
Bt % B9 81 1) 6 F- i 57 2008 KGR 4E A R 0 R T b, R B OR T R A B
W WM TABT F; QO - REWEN L 60— M ERE, M TRA"AR
R—AHERE, "ABELRK"HWERERABRGRE L,

z



459 % du{RRI R LA

FEE R AR R E R KR Y B 22 B 1R (Sagen) ££ 1985 4 H LAY 2 2 /N ik
() (Contact) FHE T — Nl RIAFERERRKITHEEFE, MEMHS
(R SRR BIRAT , I ARAT M E B PR A R E MM B T ¥ B s it %
K FE B (Thorne) , Tt ¥ B 1B/ UL 7 # K 51 1 38 19 & 20 /R AT 8B 0 A HE 8 4K o
R B RFERBE , B BRBRRARTILE LS ERRAEERIRS 8RR
(wormhole) , WHREFERBIFMAEMRHERE X RFAMMEE, X—HRM
REZ AN BB AR PRARTT A9 SRR 8, T EL 2 B0 R IR AT LA B Ak S R AL
#% o B [A] B 8% SRR B (8] B E , A 2 A RE K7/ 9 0 B, U 8 A 28 AT LR A e 1]
PLARSEBLE B ad Z AR B AR AT, B S B MIRERIE " AR, Bt B R
BRE—RINMEREE, WY 700 = MR B HE{E 3 e R 125 68
friE. BE 1988 F , REA X —REIENRE E/RB 2R B, BoAT XA
XFIBH — DTSR . A A1 RR AR R LR, 9 B e i A B dHE .

§9.1 # AN H

J7 AR IR 2% TR T i 2 (8], 1A BE B & B S B R —F T
R, &&FWAE . A7 8 W07 P A BB 2 6 BN Ty g e R

Bl1 FRSERXTFREE WSS A A A B

HAVE C FME# S IR FRIE 2 AR A 25 1) JU{aT i 58 T 7 25

) 2 ) !
ds‘:—(l—TM)dL’+ 1—%) dr2+r2(d62+sin29d<pz), R<r<w
r

(9-1-1)
R, KPP MHRSFHNEEENFRENERZ, EARSHILANES RE L,
Mt BN BEIS . EHNL T UERN
ds’ = — e de? + [l —gﬂfﬁ] _]drz +r(d6 +sin29d<p2). 0<r<R,
(9-1-2)
Hopm(r) M A RE r BB, 2 50% 2
m(R) =M, P =1 ~2M/R, (9-1-3)



§9.1 & A H 213

FRBIERAIRIT IS EEEREAIESE. WEMUE, n(H)RERFEN

r(SRYME—FLERAWER(AERE . NEMS HEEE) . B m(r) M

AMNERREBR(MO<r<sRYBENL BRE, REERINMIFEE -
m(r)y=M, &'7=1-2M/r, FR<r<o, (9-1-4)

L
PP
/

\

P

B9-1 RIREFREE ~

M= (9-1-2)HAERERATFEEAIINEZ CEEL, NP d° WERER
G, B AR A AR AR HE R () B 2m(r) <r, B dr RKCHIE,H
m r ARFEE B TR,

R §8. 1, AN FAFERIALIRR 1,r,0,0! XIEE NI ZEMH3 +1 42
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R —¥HME TN DA A iEsid B, KPE () A @, E (D) Wi T &
BREEM EER M N ELKNEARAO M RS BEZHEBCHEFEXFNN,
FHEREAROM CHAEEFRAOBCERRO N, 3B (c) () RATH
W A E R,

B(c):NEB&TmE E—7H(5F2) mA E—"0 NGH)

i

AEFEARRR) —RO M) —RSMNmET) —(5%%)—mF
(FKIZ) o

B (d) : NB T E—— (5 4%) —mA EL—F 0 NG#E) —R
A—iA A M(H) — RS (fR) — RO N(F#) — R —R O M(F
) WA T ) —H8 (5 58) 8T (KE) o

B(d)LFRAEE()OBEM EFMTAEASIRHEA =2, Mkt

@ X BAW B KRk Y 1 1



§9.3 (9 4l & 227

@ | @ : N

(a) ()

(©) (d) (e)
9-20 EREFR-—WETHS FHAREEZES

R (o) , BT RIEE () BB E X —REM =, RER, % =
OAR O M th 5 o B R 0 B B ) T = 2 T LU M R A T
BT 10 5 SR TR ) R AR 2 R WD F AR 7E B IR B B R 02 B
B Al RO - 18 MBIE AR ER A BREH . KAERH A
SR 2 H B 25 T R AT B . U RGN AE B [ BLE , WTEE RARAL
ATV IR RS TR N AR EUR T — M R g &
AR LR S HEEN N AR TYEEN AL ER, SERYMERR, BT
WX R R MBS . BRI RER TR S
FATREEE R (IR o, G RRE T & MR HEE T (A AR . LU
9 — 18, FIRRIE S UL P (a) FOFE (b) ] % 2 GO ME 45 2 489 , 0 S At 5
T BB (GRAEE R H) BRI E NS £,

9.3.3 YIEBFRIFATENIFE?
ERB BHBREFHTMRAEFERBHRN, 5 — Y BER(ES
HYERUHRYEL BHEHSEARAREEN, *BETESHPAKMELES S

HHEKE A BEAESRE(NTI2 2 ANTAESHKEFEIEEDT 5
MEFERRHTRE) . B, REAME MEMETHEBCARAO N H#FEAR
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A AROMEBREFS“BRER"WBECHB, B B8 KR, W0k EH#
1] i 1 nag, B AR AR KR B BN (BB A RMEE. e
AT AR A KA Y T A RY, © 150 28 B R 87BN 8E;
BHFRESHKERES S RAMRTERENES! KINTALER:"H
EIKIE TR — B BOK B A LAS 77 SR T, B E B X — (6] R, AR BT 38 D i i R
HAREBERETII A AAIRAEEBRASES, MX—HitZES A ERY .

HERB GEER R BT B LA, B AR 1992 F 375 K& B iF i i
FRETTHEE:

Bt Fr 4R 37 55 %8 ( chronology protection conjecture) #JFREE AN R iFH &%
BT E (B MASH BT EPLES) o

REERGBRBREBESTREMNM, A2, ENEE [ Thormne(1994) ]
B EFs 2 km TAAE AhBOLERNLET “hhmF
RERMAREFI 222 H &N ELTRKR,




B A RO SERARIA R

Al AR K K 4R

A.1.1 BEXBNINSHBEAM

HTEEFRYBEAS, LMY EESHFUNE, FMENE REA 15
BN BRAXNES KBS, XA ROEM S, FAE—Ram
BB R AN BN L m g B I T K B A0 BEAS B 100, FIR
) 2 9 [ — i BB B BN [, 25 1A em 2y 25 I 7 O B05E A9 K BE L, B R
10 000, —ARHLIE, L A foF B st A, RFM BN, o, RFEWBE 8%, N

A=a1;1|0
20 a, REFBAL A, ) A FIBRIE, XK
A=a.2,:12,
%
@A =ad,, (A-1)
FRMARE N
a, Az
=L o (A_l,)
(12 AI

WMP a, <o, BRBLHAM A, LA, K(EERR) ., T, HAR AN E— B,
KB AT ABHUN N AB R

YEMERYBERALFNER, EREETEMEENETA— I HE
ROEMECRT ARNERET. (BFOCLE, BEREF TR ERY
Zim,) B EMERN SRR A ER RN EERIER (numerical - value
equation) , 3 H 4 — F R R A — B LM X BB 8. BIaThEgAR

w=f1 (A-2)

g w, f B L ETERAE R TN B om Sk 8 (3 0 B 0 L FEE B B AS 8K

MBI LR w, f R AFEE R S RAUBSYEEER S N ERRY
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B Ry (quantity equation) , T HERMAX 3 MEME R, N T HAEX &
WU RR A RHERMBNER, AN TaHUR DEFHAREIER, TL
%R w=f N RAERX RN
W =FL, (A-2")
B4R AR B 43 T R] — R AS HOR R) , J ik [R) — 4 388 AL 7 o9 M i % Xl AT RE
T AR BT . B0, R BB AL e N B dyn 10 20 F0 BE 59 /9 B2 {2
AR (A -D)RMBEWAE, LA Sy B S, 3R N Bodyn ARG E—TF7 F
(BAE) BN, aT
1 N=10° dyn, (XEDMHMER)
HEA(A-1)7
Syv dyn _s
7o 131_ =107°,
Bp
fu =107 0
FEAR (A -2) 5 f R LN AL B8 a5, Br LR B BB b 3R A
w=fyl,
L =107f, A LB
w=10"f L,
RV, ALY dyn Bom AT ) R EEEEY IR, W12 E 8
BEIRXRRENE W
w=107f1, (A-3)
ARE—EAEELREMNEET WRERALAE, BHAEHEE, B—
MERE N HERARZ I IMUAETA— M mE 7O, ZEEREX% S
AR — AR T A BB A L R B A, U BT A 2 X AR S A BB AR ST
BN RBEARAXREEN ELENEGEAREEEEE -1 B0M("—HB
) NERERERAXN AR REMERLUICE, AERERE
R, MR AR, —MREARBEUTHNERRN:
(1) B LN B A IS s B E& A WAL, XA R A
B X mgERREA,
2) FPEEAEMEMUBEHE, N LMUBSH B,
SFUHBANEHEARMEAE TR EZRE - MEMN - BRUAEFEEAY
ML ERE-MERASEARBERAEXRNDEARE, ERZREOHREE

O EFXEHR LTI T % W06 R F A LR R A O 4038 TR EMY b T R g



AL AR 231

PR EERFIRFHOLORE L= ERETEAMNIHBMN. Fl, BHirg
Gl 69 N2 16 K B R B AR (B A B 18 %E m kg 1 s HEABAL,
HHESHREFEN S S AN, AR AR SEAR(KERME) XA
EREX:

v=k—, (A-4)

FENFEHLPEFHHAERN, X< B o (8] 5053 B BUE 7 82 47 A9 1% 50
ERORLSL , AR B e B X R B R ERAR. fEE XM k=1 &5

U:T. (A—S)

X — 46 RE L KRR A L RE TR B 0 [ PR B S ) B R — DS E s B Y R
SAER AT EHNETE—ER, XTI AR s 1 m 8600 B2
MBS, RAERAE SR EE, B v AR EET /o ATRA
(A-S)WHHAETHEMRN, ATEHX MRS ERN -FMEE, AN %
E— R EATE L s NAET I m, 231 s F1 m 2 8807 I & iR 5055 30 i B
EREE, BEEN =1 RI=1,RAKX(A-5)F v=1,BAXNESMEE
ERBA(A-S)EXMEFESN, TR BREMNEFRACTHAVRES s £
I miX R — M,

EHFZHEAT , FERASEARHN AP ES Ry — LR HE, i, K
SHRASEH I EBHE—YEMBRARER Kb JREARMB 2R L&,
KBTI SEl A B SEAEMKAMNE B RN, BEAJ . BHXANEE
REAXFHEERY =1 RMEFERANTHBA,

FHL L2 S5 i 860 60 $0 (5 5 % 9t SR AT RO R S, BB (A - 5) 42
LA R PR B A B (m/s) i XA, HIERE XA RHEMEX, & XL+
W R & A PR E AR, R & BB LI AT E,

MRAFEYEMBEAIERANILN BN AV E LT RETE, M ENEE
EEXFWRYEAAEFEEREE MU ALRMG, FlTE CCSHH ., KE.
RETEEREEAR, ISR EME B4 e R

f=ma
ME(ERLENH CCS HlRpumEXR) , TRAASI hERE

f= g‘i

FHRAM ¢ IAREREEREMREHZRNE,
ARV RN B A0S LT EE R p S, E
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AR (FARIBYEA RO ERER) AEFFHENEFR, F0
HIIE B =100 m =10 000 cm
MOEEEAIBENER, EXY 100 m 1 10 000 cm X P BEH%. RITAEE
B/
138 K #F =100 = 10 000,

B 100 Xie il ARZEF 10000, MHEKER &, EHARE — 1% (100
5% 10 000) ¥ %%,

EE-FRAREMIGTIEDEARNEFEREIABTEINERX, XRER
TRERZ LT FEAEE TN B[N (1959) | W T ZEW T LK. ZH
IWHEMEMRFEEIARERIWEAMARENEL, fln, BFE3I T
AHEE. A aAXFT O~ LA S AR FOAS A~ i, X 2K
Ak TR L FAA—E AT A OHME."EHNN, BRERNENFW,
MENEXNRIAAAEZNERBZEAEAHE L, I, BHEX 3 x4=12
FEHIARIMAG FRANIXEINIGETIZMERNENX g=1x1 5
‘B xBTPHESEAAER? ZAXARRH 2B RAREAR %
MBESTE SHE-—MEXEXHN B R A ZEENEXAURE
YREEMNBENREZEETENL, EEMKREXRFEIILEX . HECS
EXHTTEL. B FZEXLAHAXRAEL FTHEMITK, KEABUN A
(BABKXARR), RBIAIE LM ARNOE RO UEARMEEREIRANE
BW MAVUSEERAITH2ERR, FHNDHREXFERDY. XER
REW R EABE, @ MEMNEEHEMT TENR  UHEMENPERER
WA EHMBENER, @ FHBEMHE LAHEHHEN, SR, EW LA
H,—BEREXMNIBHANT TEX BB EEERNEL,

A.1.2 EHNHNEH

HEF P, T RAMERL, KR REE.

B ORMERR4AT AR 2K BRINNOE LK

Z ERAEN R, SR SRR KA, TS (5
A SR S B B RS T B B
B R th 2 0 BRI T A T TR O R A 3 R A B A

B, A0 A5 i A AR 15 R [, 5 o 7 A 28 3
BT XM TR 17

Z  AREBKE T BT ABRE BT AR F AT

B e i
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Z BAEHMEREUT AR RRN . OEFREGMAR; Q%
S B E LR hARIE . B0 J 2 B 60 B Br B £l A0 CCS Hl 2
B, AR TEMUKE B E L EA R, WERA R E R AHE XK
AR, (B 8698 67 M P& UAR.

B ORAAAT., FKREFED BN 0 RRA 5 3R 4 R A DIERA
6] , AT 5 1 B g AN ] o

Z BN R RO H RGN E R ARG HREMAE. kT
HE R A B MM AN ERARFRNEANMXTHENERNN, R
E PR AL 8 S AR IR L Sl M et |E) T ARAR E—h¥BRALER
o 88437 6l BT 75 R ) B 49 7k 7] 2R R

dim A4 = L*M*T", (A-6)

HAERREFHR LM M TARKACERKE R MR & 493 17 865 e E (E

BED) A w7 FROAE A TEE PR B BT AR R RN R, dim A FROBE A 7

(=] B 5 (o2 i BT 72 1R B9 B 40 (dimension) . BRNIER M A TR ER VBN A —

MB(HNETERRE), FHEX(A-60 )W LMAMTHERI=IERABHER,
BRI NE R

dim A = (dim L)* (dim M)* (dim T)", (A-6")

B RETUHS 7 BRARITHR AKX ENHBRAMHE,

Z Ry, MEX—mBERER BEEZNELEHNE RN R AME
METHEFHAMVEESBMMR LT LENRBMXR(RAXR)  BAR
WEHNdn ) RBAEH . FHEENEN dn C ERER (K , RBEKFZLER
R R R, MEARESAFEN,R—FHardRx 8RR, #w,
WA B BRI 56— R LUK B BB e 8] E AR 58 TR DL L ) Aned A
NEFE NFHEES —KBUHFMHERARK dn L din M. din THFP
I S A H PR RNAR dim Lodin Fdin THFRETX, 5K
L, EREAR—FMATR T, RS W 86 B RE AR (48 35| L HIARTR) |,
Rl —FHBEAENBARE AT, B & R BIH ) 8 (7 ) 5 5 Al A7 1 R
AR AR A B IEANBR B 2 25 R TR B B0 B SO

B EdRmREHaRL?

Z  FEMCERE LA LA MRS IR X T E R E R e
BRAEEEFERNENL, XTENSTNERENA, KITEAER L%,
TEHRGEMANEFHRETAMNER .

(1) FXFZHIANKRMOBLFARG R,

REX R, MREEHHA ISR, RESHARRARE LA A R



234 sk A 2. BERMWAREHR

SHMTEARNE, M0 XA 7EA B TRELAER IR EHEIR,
(2) B R BT S (U0 sin lg ne, ) THEB—ERELEHNH,
HAh AN A2 2( AR ) R BRSPS ALAIZ —.

A2 JUAT 4 4

A.2.1  JL{a] 4

JUAIHIHE c=G =1, HF ¢ BAEEILAH B E(EZ) L#E RS
BIE, B | R AL HI LR AL, AR, 6 = 1 REFILEHILL(FK
MFHEDSIAERRISIIERMEN, —ERMEELE. JLEAHE L&
KA BARBNEMA AT ZRAE—CEREE, TREBEFERRAARNGE L,

B—FMEERANILARE ZNEAE BEE 5| A% ERetE, A B
EEEU(ES)NEIEN, I NERBUCRINFERN) I HE & A BAL, 6 E
As AL, HULEASREHMER (M AR HE) BN,

%‘ﬁl%?ﬁ%%ﬂﬂ%ﬂﬂ T — P EAE XRAN c=g=1 RARE KX

ERRAMRAE A EEER, XX AN EANRE K A FEY
F] b‘: FOAFIB“4BRL” B8 1 s, 3 x10° m 14 x 10”° kg X =R M A%
(EE&EDW%E),EH
1 s=3x10°m=4x10" kg, (A-7)
MWTIE Fr A B = 2K 87 () 40 P}ﬁtlﬁﬁiu) B s(8 s W47 TIK
F) kB (FaninE AR E s ),

RE - RFRHEE, JLﬁiﬁf*ﬁfJ%L?Bfﬁﬁ%ﬂ%ﬁlﬂﬁ%ﬂﬁifi%ﬂ T%Uﬁ%

BlZEMAXESR, TEARASE “MEEL O NILAHE =ZAEARL,

WHiE] 7 KB L AR M( S EPRERSIAER)  BEABAME T, =1 s.L, =3 x

mme-4MWWUEmE% Yo @ BN 89 E LR 5 [E BR8] 4
Fl, BEMEMNES— —HEEDPELMER, BE -MHEEETILEErHYS
=] B 8 7 g5 2 R e B (i 4

AL YRR A Bl Ty =1 s, Ly, =3 x10° m, M, =4 x 10% kg {78
Mo JLARRHI TR c=g=1 WLHR FABM T, L, #1 M, RH—4F LT
B, HTHEE N T SEREMHRE—B, SRW T, =1s, EF L, A
M, T 1 T R AR
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SeoRAC BEG LTI BT Ly o BIBREE X 5 IS WA R -
dim L = (dim T) (dim V), (A-8)
Ho dim L X34 B O B BR800 3 5 JLAeT 88 (o7 o) 20137 B9 B, BE R 35 LA

Ly A0 Lyy 4 514k 36 1 BE Y [ IR 28 (30 R0 JLART 28 (32 41 28 37, J0)

dim L=1L,/L, (A-9)
FEFI(A-8),%%
Ly =L./(dim L) =L, (dim T) "' (dim V) ', (A-10)
i}
gmrem le gy e s 1y,
T, s ¥y 3x10°m/s ¢y

Fob ey =3 x 10° 1R 3% A B 457 1 B () 6 B PR 18 AN B, R (A - 1D fRARL
(A-10)15H
JUfT B € BB Ly =y Ly = (3 x10°) x| m=3x10" m,
(A-12)

TSR A LT 81 My o B S = ma B f = gmomy/r AR R B9 Bt 4
XA
dim M = (dim T) (dim V)" (dim G) ', (A-13)
B dim M=M, /M, 15
My =M /(dim M) =M, (dim T) "' (dim V) *(dim G), (A -14)
HAH dim 6 ARZ AT

Gy

dim G:—":g—“:*4] N
. gy 6.67 x10
GJL

¥ EX (A -1 RARK(A -14)fE15
JUART 28 {37 1 Jo 5k B {57
c ey o (3x10%)7
e 6Tx107" Y T 667 107!

A.2.2 LT RGH AR EREMH A

A A5 B T LA A o T A SR TR AL B AR BN R BE &
W SR e o BRI R o )Pk 49 50 4 AT LA SE X — 12 550 At R LA
BRI DL R FSR AR 3 A LT SRS ) 5 [ B B Rt R E R s L X

(A-15)

x1 kg=4x10" kg, (A-16)
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B Rk B B A AR R
YA"H:IS, iﬁzlm, Mmzlkg, (A -17a)
T,=1s, Ly=3x10"m=cym, M, =4x10"kg, (A-17b)
(ERHENEBEERFH ey =3 x10° ZLLEPRANH B M EEFBHE) . T
HRA=ZTPFHE—FRIEIHANERTE [ -7 RZAHE. A#K
(2006) B A,
Bl EHBEETHR(BE—R)NILMBLEHFHER R ¢ =y(-wm),KH
ES] N R i I A v
B OISR, BFEIETHRLLERATE R 8675/ 807 1 18 /9
B, BIAN, ¢, 13 B LT B 0 ) B M B (B 4B R, FREMAR ¢ =y (L
-vx) Al LA R 88 1 5 A%,

gy =y(ty —vg 2 ), (A-18)
FEERR(A-1T) ,H ) /gy =3g/3, =1/cy, H

X =X/ Cry s (A-19)

HH
v /vy =V /Vy =1ms ' /(3x10° ms™') =1/¢c, (A -20)

Xig
vy =vg/ Cy . (A-21)

B LA
vy Xy =V B/ Clgo (A-22)

B, Ty =ls=Ty XAty =ty Kty =tly, 5H(A-22) —FAR (A
—18) 1B 1l =y (ty —vy xg/ch) , EHEFIREREREER(B—R) WERFA
Br R .

L’:y(t—vx/cz)o [fREE]
B2 BA2HRHRETHOLMAEGHERN &' = -d’ +d , REER
BRI R
iAW
dst, = —dily +di (A-23)
B 1y =1y By =y o [F(A - 19) )78
dziL = dtlz_4 ; dacv}L = dxfd/cfﬂ 3 (A -24)

R (2-1-1D) M ds® 5 do” AR, LB RA (A -24) XFH ds =
dsiy /e, SR (A -24) —FARAR (A -23)18 dsiy /ey = —dily +day /el , BHTF



F A8 15 5 £X 28 T 44 [ Br A A i X

ds’ = - c°dr’ +d.r:,j [fBREE]
G113 THE 2RI Thy L B A G TE A A
, 2My 20,
ds? = -(1 —T)dr +(1 _T') drt,
RHEEPREN A
® ELAHRER
ds?, = —(1—2?“)dfn+(l—2f/l“) dr, . (A -25)
IL L

;&@%%% Mﬂ_/rﬂ_ H A'I|-;")Irl.‘ é\l‘ﬂ o EE:EQ(A - 19)9&] " =r,'.|/‘-'|q |
M, /My =M,/M, =dim M = (dim T) (dim V)*(dim G) "' =G,,/c),,

(A -26)
[HPBE=LRERX(A-13) BEEHABK(A-20) RH(A-15).] #&
M, =(G, /e )My (A-27)
EXEry =ry /ey Eatail
M, (Gy/cg)Myz GyM,
A e w8 _"E N (A-28)
Ty T/ Cm Cwm'm
EE T AR 07 R 2 A9 , (8 15 50 BL 78 2k ST i 4] B 8 Ao il 2 o4

26 . My
dsz:_(1—~(_f'")(_,-(m-+(1-@1] ar, (%)

cr cr



£1=E
B3 KR T K Z Ry 0.5, K'RAM T K REGHERA 0.8,
Ms u o=¢/5,u, =u", =0,
F6 (a) MEWH%E w = (1 —n)r; K XAEFIL w, = ll —nzvo
- nv
(b) ¥4 HIN% 0, = o5 A XHHIE u, =—c.

B M ’ A
- B M
B2 ds® = —di? +dp’ +p de” +d2, z Z
F3IE b
W1 D=(r, -7)/2,

3 9% 2
B2 LM S AL MR R e E % S R S 5] 2 A
TRk,

BLS SHREARR Il T - X=x, Y=y, Z=z.
F4E

Wl 1=1.67x10"7s, 7, =10"s, 7,=1.34x10"s,

W2 7.5x107°s

B3 65 .

B4 (b)YHS3s, Z&p3s, NE3.5s,

MsS (a)A#d4sBHSs;()ARARBHIEI s,
Mi6 (a)Ss; (D)APhAER BHE -20s ,

M7 e BR(AELEHBAITENEMHER) .
W8 5/34371%,

B0 ()2 x10 " s; (b)1=2.5m: ()= [L=t
3 l | +u

M1l (a)4 ps; (b)2.5 s,

g2 ()= [P (b)u=0.6c8tT-=2; (e)u=0.8cH T =3,
T I —u T T
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13 At=8x10""s,
B4 2.5x10°s7',
15 (a)v=0.6c; (b)9x10°m ,

5%
B (a)3.7x10" kg; (b)6.8x 1077,

B2 (a)4.7x10 " kg; (b)4.7x107",

B4 u=43c/2,

BS BEY¥®EEE=1.5x107°], £ F%ak=82x10""],

B6 u=2.4m/s,

BET BBt E=4.7x107"J); $hitp=1.5x10"" kg - m/s; 3% 0 =0.95¢,
B8 (a)u=0.858;(b)u=0.999 999 87,

1l (a)E=53x10""J, p=1.8x10"kg-m/s; (b)1.7x10" 4,
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