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HEHIDOERDRT Ry 7 ZZOWTHFT L L D, §f1E LTV 520D 872 2 Efifey e, Y
HY, ZNSOEHITAEVOBOFERERLO2ODPATEEIZ L > THBfSN TV 15
(4.4) , ORI B OFER, 26 OBAITA VOB OR/NERELD & Z AI2H
%o (ZHH OEMITERITH L T—ERZEERRRBIZH 5, ) A EMmT O FO¥m R HA)
AT D0y, DV B OB 1B A EdE L X 9, I, v CIEBT A xR
e r > G ZOBEMBREBHIL LS, X7 MveERT MLOBMOAEZ0LE T 5,
NS DOBROMNE B &2 v r v hOFEHERN THRIE Lo [17], OBy
T b bLE VIR > T2 OGN E A 9, e l2xt LT Mt@jmwﬁﬁﬁa”é :
ere; (1 —v?/c?)(v?/c?) sin 6 cos 6
A L%2(1 — v2 sin28/c?)3/2

(4.1)
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e (4)
N
{.‘-
L :=j
i" 0
i
1 1
s
21 I'\:/'I

X 4.4. 3G TIDEHLDINT R 7 A

L= T, 2B DOEMITENENOYIINLED GEALT D, 2D D/NERDIK X 7o fnf 2
FH, LWhEL72oT0n&E (L-0), vHAREL RTINS (o) ELEH, KB
(/R Z IR CTIRFFSE 2, RITEIN D724 9 0?2 B ZIIBIR I T D, 0 o 720y,
2ANOBHED O HLESHLRIELWON? 295 LT, FEREEEROBEE Y OFEIC
IHET Do

AFETW L OO BRI ZRFREIZ OV TR L K 5, — e ESE, = ElC Té
fite, B moDORL1-OEB O ([34] M) 1ZHERIII T R Th D,
B, SHEREICRO T, vy, = 1D & X ORUBEITIRE 225

x = eEy?/(2myvd).
—J7, FERFERMERERICR VT, FOWNEITSERE 72D ¢

myc? eE
x= eOE (CO h mov};c] B 1>'

Ll yBREWGAEITT, *HXT (2 X DHNEIFFEBURRIE Y, T7205, Bk
HARNATH D, TiE, ZOLAITIE, EHEOHMMIMEI B (B&) omEnsy 7
ATT &, wokwg5@OTﬁDAW%OT5@K59W°@i,&Qﬁ%ﬁﬁﬁﬂ%
PO BT, RFITHLEIZR > TL VDo D EFEETHEARTILICLIZE LTS,
i,ﬁ%iﬂ%ﬁﬁuOWT,P#ﬁéﬁ;iofﬁﬁbﬁ@téjﬁﬁ mIZLA, £
DINIF, = 0TH > T, ZOINTFRBAHEIGRICIBNTHE = 0137257200, L,
WHRIE v, = volIHERSTRIITH o TH LW (ZELTZDEEDREIRD),

FHXFRREI = 27 > MEDW T ORIV F—D )l [33]

m cosh 8 + M, cosh(df) = M;

IHWTH L, WIEEOARMEEZM,, REEEOARMEZM, & L& &, HHEE (=
iy binh OHEERIORHGEEE] DR EWGAIZIL (0 = tanh(v/c)), A4 ORHSYOEREmM -
0& WD RN Te SRIT UL B2y (RFERFEXHAEERR I B 2 42 U SRV HID),
L#L,:@%mm#yb@%%@%%@ﬁﬁiaf%méhé%@f%b,E@%@ﬂ
FRIZAE L 720,
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X 4.5. A E = mc2DEH DD DX

TA v aB A OfEERD1I O TH LR E = mc2ITRUN R+ TH D, Ok
IZBWT, 200X OERE ORI X2 WIGEFRF AR L GEE LT 52
NOBRIE DRSNS RFT SN TV D, F1OBHE IR L TEIELTRY, 2o
BUARE I ) U CIERELSER LT D (X4.5), FRRMERHEREERICBWCE, i, il
72 B8R Ev & FF o TO DB OFEB) 2 FRNIZH > TORITHIUIEZR 5T, £z, 2052

RICEBNTIEROHEELIZE TN, ZOEEBOH NPT D K 9 7oty ClES &A1
BLARTIUIR G0N E WS fEERB T o d, KiCk o THEEESMmES N & X, {7
O REOBIHTHENZ(L LT & D, JEEICBIT 5 L7 7 [Pyotr Nikolaevich Lebedev] D
FEE (BLOBIERISZ T AN S TOWDESE) (2 LT, Wolz\E ) ifilld 5 &
DA 2 Fiz, b UM 72 EZFFD, TIIF 272 (RO ) FEH D
HELEED, HEEEIC iﬁ#ébé@t%oﬁﬂ’%ﬁﬂﬁi LTV 5 DIEBIEORER
ThHhHH BHARIZZTANLNTEY, FEMEHEEERICB W THLZIT AN LT
HETIV) ThHDHOD, FTiLe bMRRIRMHE Ch 2ot (RektEx IR 2 Rk 9 57
HON) THDHONG, SIHLIEENGIESNGR0,

KA BND LD, FEREEEER O/ S—2 3 AAZBWT, ROEEEITS T
TR EOERIGEVPELD EINTWVDLIDIL, OO THRTHD -

c* c?

— \/(El + E2)2 _ (Pl + P2)2 ] (42)

HEfE-> Tllx OJeroiEE e () 2283876, E9RbHDEAI N2 ZIT,
ROBEIHLERE L THE I, BENPOOMEILE IRFESND Z LIZRDHDN? F
72, EHFLOWIHICB T DLEOBEILED L H 72 b DI D02 LX), ZTOESH
DMIBKIR L, TEB LT, Eomﬁﬁé LR DON? AEEDOAE THELT 52 o0%
F DS EOE & A RIET D 201 BB ORI R O AR (42) ZFHL, 1o
@¢u#%%ﬁ&ﬁﬁ_”ﬁﬁém%(l%)Lowfﬁﬁbféio T5HE, ETO
1O DOMAE DRI LT, ¥é¢®@“§®%ﬁ@m%ﬁé LINTED (REE
DOHVELETCONY T b [FiH] 75720121F, AOEEDL NABIEALZRITR
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4
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/\/
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AV

th

6
X 4.6. ST OMAEDOEDEE

X RLREOTIH 20 ?) L ZAT, — xRV TE, o ®E ) F
@@&%%ﬁﬁ#ét@mﬁmﬁ%é@@ﬁéﬁﬁﬁézgﬁ%D 7, To7=< B
B ThHENEL L b 5 72 DIITERSE O RO e 2R 2 B E LTl
ﬁ%ﬁwoﬁ@@@%ME!:UD*(imotwﬁwtw@@#w

AEVE F—TRABE

FISfRRE 72 BlX, B GG L 72 b &, = a— PR S hnen
fAIhids 5 &I LTV D, Wziiﬁ[%]i WhpbH h—v R ([FRFHED
FASME ] OB E LTo, FRFaxMEERRIC IS DO I EERNR) (oW TRE L,
—a— bR BW IV vy M a2 a—7 i% EDILEAREHS L FELTWD, Lo
L,E%ﬁ% FoTHLNTVNAELHIZ, BFOAV UK E—A L MIFEICHLIERK
E—A L bMOFMER UM, £RITHOFMERNTND, T72bbL, ZOE, £0
AV UIERTE—A 2 MI#uER (BLOETFOEE ) (XL TCEETHD, TLTID
—fRICZ T AN SN TWAEAICBWT, = 2— b IS BERMIEER O WS 23,
Tx A v Aa—7OHmEHERIC L CREZR T AR, bz, SCHk [33] 124
DILTWDEEAET DA OFMIE, BEEEE LTV (M47), b LENTHRE,
BT DAL FAIMANTNS LAE L BT, Fix BSat L TV ARIRITHEAR L D v A

0 A a—=>7 (Bird 5/ER) TiER<, BRE—A L NeffolofifEhi+ThHZ L&
WHIF WD O THIURL, £ DA B ORI T D IOVEHO T CET AL
DB SN D Z L1270, ZOASER L A 75 TRoak 35 2 L 2V AlHE
T%é(%%%%,ﬁﬁ%ﬁﬁ@%ﬁ%ﬁ%n%ﬁﬁ:k%T*kLT<h5@D’ﬁw
o ZOBIG % (RFRERHERRIC X DR E ) FHAICFLR T 5 7-0121%, AE Y
x;@@ﬁ%—xyk@ﬁﬁ%aw,ﬁ%@ TDOI/INT A—H — %ﬂébﬁ#%éobﬂ
b, HHZREAIE, BERT— A 2 AHREIC K L TIERE TRV SR (o bk
%ﬁ@%#é:&hf%é&% %), BAOAL U HAAPLEICK L TERERGAICH,
FEEEN A U5, BHEOSARRBEIZB O TL, £ ToluE, & CTORAESR), 3XTo
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H
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1

X 4.7. FRAERHEERR I D b —~ R s

i H 5%@172@&) i\f@ﬁﬁ%ﬁ@%ﬁ*@iﬁ? AThihvs,

FEERARRIYERER IS 31T DR A B AR OBTEDOF A O 51X, £ ONENIZIBWTH—
r%:m\fu\éo z :f@F%iﬁrﬁ [ VA s M A e T u‘_ EE, HRWIx L CEH)L,
OHOOEENAZE R DT TH DN, FeRHEEERIC LU, EERNIZRIT 2 M41E
e (HLEAEHRLS LAY AERRE) 1, %%ﬂ:;ﬁl*] \ZBUT D AEE R & e 5T
TURR BN E SN TWVWAZ ETHD, AL IS TN E S TIUIARE TH U feld >,
JEES 7oA E CFEXTRRA R (IS5 T2 2 N TEHDIEA I )2

FNTET T2 <, FRERAERHEEER OEBERAIIR & L TD b —~ A2 TN JE & &
7L TCWD (B1ESR), 28700, AR TR R OEME R (Sl EAGEE))
DO E B Z TWDNHETH D,

BEZDOU\\THH—FE

ST U723ER & L CO-EERGFANTER R EDOERT — 2 2L > TEMTF LTV D,
FRATE ST B LRV, FRIELOEF T RLX—H D \WNIFIUHRES 5 B
GimEALT B0y, F1213E o< 0 E£5 2 ERIOFEDOR IS 5, e bE, WHE
BLOEERE IR L > TREM T2 2 LD TEHHh+Th b, HENDZR/LF
~f\0>u\75>7§c%6{£%®$f:ﬂ:%ﬂ% L CTHAEL 7RV,

FEERFEMEEERI IS, B el E &2 FF ORI FICBET 2RE LK > T\ b, LS, =%
IV — L EE) | LOV\"C@*HX‘TEHHE/]%J‘ZP%&i, v=c, myg=0DLE~DEHELBITIX
BEIMInW, 20X BATIZEWT, #lxiX, Y &H 5 D JEE w0 DERHARIL
EDOIDIZLTELDZ ENABERDIEA D 022 B521T, Tk DNBERHNZ TN & Ak % ik
0IRT R OBICEEHZ RO L Lizh, HDH W Em # OZP O Ef > Tmg = 02155 &
Lieh, 20L&, BEH=XAX— (ENHY), £ L TEMOE ﬁ ITEZNERXDHDIEASD
M (ZLTC, {HEFFICBT2ZNLDOHODRALO NI EZIZH DA 50 2
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LTERIE, BRI 260 B &ICET 5 MEITEER TH 5, FrED
K& LCONAIE, FFEDERE Rz X > TR B b, FrIRREE (0 =0) 2B
TIE, ZAUIHNOFFEDRL - CTT 572<, LRI PFETDHI I L2000 ET e
I LD, TNz, HFOFIEEREWIHIBEEBENTEE LR Ot 7o Exx
W=V STAERBRERTH D), —77, WEOHAITONTE, =R/LF— LEF R
TR, BELDRETDH I ENERITARETH D, HFE [26] ITBWT, m=0D&
X, HOWDL TR RONMELZELCSEDEWVIEERICLY, FiWE i ulh
IEE B2 R ORI IIMFE L2 E WO RGN TSN TV DA, ZhudE-72< Ofiy T
H5, BUT, EABRNTEm=0DKTIZH L THERHTAHAZ ENTEL LWV D DI Tl
W, BIZIE, EAMERH L7z & X, BuBEEITiEmIc M) L, IEEIIARTH Y
T 5, B2, LT & R EBRRR O WIS IMEEE DK & STk L CRERR 22 il R
ZRRL TR, ZOZ R, Bl 21T OEZECH O &, BREFNERE & U OB
5 EEAREIC LTV D, H3IL, MxtimE - bomBuc Liu, TolERE2=Z e &
WO (X a7 TH VFET 2072805, 2D X9 Fe Rk R 28I 5 2 L 23,
WD ETEYTISNTND ENIDONn? BEBICHZ D &, KRR IC BN T
TR RO TFEENEONDZ LIZRDHDTHD,

TRNAX—ZEATY, BEELZFS7-VTHZLDOTEOIWEIRITE L L TDY;
(LIUTEBEGTE T TRWZ ERHVELZON?) X, BELESZENTETHS (2
DX RRARIINI S JEZ X - L TRV, Z LT, ZORREMDNHFILEN TV LG
T DEZNIFEBRI T NE 2D Z LN TE D), TOHAITE, SHid ki g &7
HNCEGT 2139 CThHY, 297235 ¢, HREIMEEDOKINIZBW RTINS Z &IZ
2%, Fiz, HlLEEE L =X —DRFHANC B EET 21XTTHY, 257235 L,
ZNHORFAID 5 B, R ICBET 2 AE S 2 L SR WD ENFRETH D, Fi
Wz, WHPERFEIZEWTH, BEREBICS D IIEREIREEIC S AT LD HEL
DLR[EEMERH D, HDHNTL Y KRERT RN —Z ORI Y RE7E &4 FF-> T
HAHEMERH D EVD Z LI, MBS REZ LT (bR, 20 LERRET
HZEITBIEORERETIIEDE ZABITH D), ZOMINEEITLZONERIZES L
TEY, ZOEPRIZRE S, ST & X ORIIE [forceless trajectory] (ZiH
> CRI BB S, &5 WITRI 2 17FF L TV D EE [partide-retainingwall] 7> SR~ BKOY
B S, B IR BRI MR 2 FE O L E L, T DX 5 ki T OEZEmfEZ O
HOEME LIEI2IE, B2 TR 72 =L F——Eih & O 2535 2
EDAREND LIV WD, ZAUTiEEO — B AERR &0 2 BRI S T2 55T R D
N5, 7ok, ZOHEIZIE, =X —LEEEITF OEILEROALEZRHET 5072 &
W) ZEERIHICBWTEBRLERDH D, s, FE, o= ¥—LiER)EI3Y
(HOSERETIHEH LT D SN TWRWE) O ¥ —LiEfhEZFHEIZED
Ttk ENT=ZHDOENLTH 5,

FrATEXT IR &5 1T @R & RFRI
REERFAXHERERR I BV T, fiZRIC DWW T ORI 2 b 35720, b20 & &
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HEENT L BERICBITT DLW ) FERZ LD THEIZHHA LTS, LL, £
DX RFIEIYHREMNT 2 £ 272 FHoTE 5T, AWICE—REMASERICOVTD
FERHERER S 2 Z ClIEE o 72 HEHR TH 5, AN TR B — A & fif o 7= fE kT 555
AT O %, B3N (INds) b RosdEE b sk RO DT D TH - T, Fex
DIEZ EOA A= B IEECRLeEE N BB D BE & —FIRONL 272 &L )
ZLIFRI SR, T VY UERNICEBT S5 5BRRENIE T 55A, B ORI
DN TWEDIIEREE (D VER) Tho T, IITTABHE TIXZRVW, FilxiE, Hill
MIPRIZRV TS, BERL T O O B IR OFEENIZ K> TEE L2V, Ziucxkt
L C, & DTN & 73 38R 1 O R O JE 1 BRI OB | AR A7 2 ATREMED N B 5,
FERIFRIIBRAIZ WX, RERL OGBS L ONEEM O AL, #ix 2IERNCE-> T
W5 & SR OEERRE KT 5, Tz, ARG OBLEN D LD L EA
THOINPD L IR ZDHT IR IEERA~DZ D L D BT, MROMREE L Eih &+
LHEEEMER DD, T70bh, HODLHWERTHECEHNE GLétE) ORICBWTOHR
i ERRY (AN DR AN AN AN AN

2ODRLT- RFRARXPEEERR I 2 IR SUR ORL 1) OFfiZ%4E T % - kEE) & LT
it 52 &0, b9 —DOOBEDOEMTH D, EBS, R OFFHIRHEIZ DOV THFE
TAHEE TS Z, stllgst QORI F0iES) & 5 BEFEREICE Db THO Lo Hbt
TH120I2) TENENORLf-RE —FEZ, TNENEDBETIC FEEZRME5T!) RA
EOEMEL720§5 2 LI CERWV—EEOMEIZIFEE SN TNDLDOENG, ENLETT
72, BRIFIE, BHEOAROKRE S &2 ki ORI ES &L L THRFSnRITh
725720, LU, RO EEREZIE SN2 Lk, B0 1 Off
ZEZOWTHETT 5 Z LITTERY, FEGHTEEZFFOZ LN TE R, Fr o
TEHEENELD Z LD, £ LT, ERROMIRIZRGAICHBWT, RO/ 3R
23T Ch D CLHEEE ChHAMRIT P aizZ L), fIxiE, 20—/ ek (156
LOR2) 2, #2845 £ TOR], ZMMNICEW TR LNDAEIZS 5 2EM QEMOB DR
INEBEI T/ NERDIER L /N E W) 125 TEWIIESWTWL & LE 9, BECEROBLA
BHID, FxITHEZ LN IO D2EMZEDIODOFHEZH ZENTERY, I8
PO 6T, RUNOMEIZSH H2EM [[EZERIO2>O8LE) OO/ NEEED H 5% 1Y
0, ZOHEEZIEYD, HOTDOHEICK L THTR, ZETD2EMETINTHL I,
T2 LAY, AT H2EMIME—D ki L2#5 (X4.8), EZ53 5 ETOM, 250
/NEROHINT Z O L CTATIZERT 5, 37206, FH10O/NEROHINTZ O &
D OTNC HZ, F20/NEROH NI Z O LD TN MlAER T 5, 2%, 2
DO/NERITR CNDOALEIZ S DBl A4 DEATI > TROES, Z2THERED, Zhbo
2QEMEEDIOOVFHZH Z &I TE R, LM LEFY, EZERIOSRE &R, #2
BOEIENZ D LI 2o TWD2EME, HARTRAET D LI 5 E THTHHE)
SEHLEMEEIToTH LD, RETH2HEMEZEL VHEEZHNTAHAL Y (ZZTHHUY,
220/NEROHINE Z O ORI 2 ORI TIEE T %), LasL, [MEZERTOFm] 1% [E#2e%
DOIWif) LHEHeDHZ LT, HOAETHRE LT D,

F20 1k, FBIOKR - OEEHE (E2201 & BZE% BT DR T OEB O AT 5 2H
) 2l D1 ODOWHy &, F2ORI-DZE L & [AEkOEEENE 28 5 520 VmEs =/ = 9,
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X 49. 2 S>OhiADEZED 3 IRl

LorL, INHoFmbEl, HHAETRAETS (X4.9),

TEEIO3UTEMEND, W T2V RNEX HINDTEA I 0?2 FH1ORE . 2T ORI
BRI E WD DI Tidunbt vy Z &, BilziE, 220081 CHONEIZSH 5 2EFRTIH
> TEREANER 254 TE 2, WIKB ORI OIERIERE & 72 5, F2D5 .
HEE (WHEER) BLOZ X —0HpRFNZ2ENTAH LD

Vix + Vax = Vix + Vo, (4.3)
U1y + Vpy = Viy + gy, (4.4)

Viz +Vpy = v{z + véz ’ (4.5)
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2 2 2
z (vi +vf +vh) = Z (Wi +viy+v') (4.6)

i=1,2 i=1,2

TR (43~4.6) 105, 6DODRMEE (v1y, Viy, Vig Vay, Uy, Vzz) (& L THEEAD
A UITIRNZ EWIND, LIRS T, RICIZ2DDRE/RT A —F =05 bR T hid7
H7pw, RIEE)Z FhEER) & 72T (R (45) ZEVERLS) &, ol d>DORMEIC
SELUTHERIIZIDE WD Z &2 D, LIad - T, Bkt RGO Mg & B fig
Z T 2581208, MOANEZDMTON, 1DDRENT A —F—DOH)p %L (@,
B OBELANRKRENT A—F — LBl IND), DX RFEOANNEZIIERT — ¥
DORIEFEIRIERA~EEX, ZDOZ LT E VDT, RELTWDHEOEITLIMTHOIDEAEI
BHECTH D, BlAIESCER [33] ClE, —HRZ2E&ELEEMN (L0 IEEIIE ke lbe/m ?)
ZFFORI - OBELO2 OO (BEELA 0K mDLE) IVRE N, T 2ob i)
D THDEVIFERN TSI TS, ROEDRL T OBTEM O Ea DR A EFNTH
£

A ! A A A A
V1xVax + vlyVZy + V1zV2z

cosa =

\/(v’fx +v'i, +v'5) (i +v'5, +v'5,) (4.7)
ZEhEv,, = v,, = 072D X9 ICHD, WiZ, ik (4.3) oA, X 44) »
HESv;, X (45) HHEMw,, TR (46) MhEvL,EEERT (ZoLg,
ATOLEHEOB Y 3D EORBEITY'S, > 0L 109 RIHC L > THIRSD), EROLTH
BaR (47) ITRAT 2, ZORE, 2,8 L V5, D2OD/RT A —F =T 2447
RBFEHND, ZOBMRRITEMEC R DO TEEIHER, 77747 V7 NEFIHT
BERDZ L EMRT D ENTED, T2, Ry, vy, vy vy BEZ DI L &,
MO 3B, D REPGEOND, DF D, Ecos alXAWEIFHN TELT 5,
B Z1E, WO

Vi, =01, v, =01, vy =07 v,,=07 v =0.6;

Vo =02; v, =04 vy,=04 —vy,=v;, =014

NETOHMARFR] (4.3 ~ 4.6) Ziiii=TZ ENBHITHENOHBND, THHDEIZD
WTCcosa = 0.29554, T2 ba ~ 72.8° 0G0 5, IROZ LIZIER LE 9, DM
JEABALE LTRINTND ERR LTESE, 2z = 60LIEICEWT, FNIZEB T 5 NEE
A OENCE U CRAICHENROIL, ZNL Y b/hSWHEETH DL, ZHUZZE LT D,
JRFANTHIEL TWDEFEREFITHED RO TH S | B FIc kTS, &
FRETE RN TR LRI - & OEZENE U2 & X, 90°OAEN BSOS (TYH, TA
R HE EZTRDITHZENTELHDIEAS ?), LL, BHSNDHELAH0°TH
HENHZEME, KD ) bLO1OREIE L TV W) Wi (ZD X 9 RELRORS
PIRERIIIR Y 72 </hEWV) 2 —EBRIZEEIHTZ IR/ L TTE R, 20X 51, Hil
MPRAIZB VT S, MHXERIIEREIZB N TD, REL WL T — X Zl@icTH L)k
FOFET, —ENRBEL T2 b (FBERZe 2 7 J& 72N I A ET 5),
EZERFIZ T D ERAFAZ K 0 e EBRICRRAE T D 720121, ROz i i i
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59 BEROKRL - O — T 3 L — ' — ADEAITEIT 5, BZERIZEIT DTG Off
22y COR - DEREFEIAT 2N DD, FORE, 2RO TERIRFIRIZIE, ko0
TRV —RIOBIEORFE (ZEMNIZET 285 HELA IOV COMKGE) , ki OiEE EDY
M ORRGE, EZERIZIZIT D B — APRRL o (BUELAE=R) ORGE, 584 L7 idH
DT RLF—RIF LG BIOEE OREEN & ENRTIURR S0, BE IXRHCERD
HHOI TN E HI229oD%R] (X HIZ200RHEM) N5, 1o0%, BELITEZE %
FERIT-DEA V7 OFHEIFAIARIEL TWDDN? SV %M, & 9113, HEOERE
TEZOEA M ITET 5002 LW BRI TH D, HHPEFICBNTIE, Zhbo
BERNCHRI T 2B 2T EEMTH D (271210, EBRMARH TIE, £OEZIIINERD HIHA
WZHR<RAF LTV D),

EXE, RSBV T, i S OEZGBARICEI T 5 040 ERE O T D AT
L TREBIITONTWADERIZZ ENnRy, L, ZOZ Enbix, @EAHI
TV DA EREERAER 2NN D 2 D ZHEREIC BV T hit> T\ D (FEBREZEOHPHNICE
W) LW O FEEmIEREEE H Sy (%< OEBINS A TR RN FERITFR 5 T
WHZENHBALZE LTH), EENTEL TWD DI, M FRr07AR B 285 R Ok i
AEE 2R D EBIH R ERT OFELRNE NS ZEEITTH D (ERSN TV D EFERNT
REATREMEIZDWTIE, HITRFE 2 Ik,

JR R 2R 2335 & RT= 356, SRR - ER A B\ R RR IR TR S E 2 R
BHINTWD Z EIFEDLD TR TH D, b, H2ET ohiroOER, EZEMi IO
BELA & BERICE DOREHEFRF LISD DA 9 002 7o s, BRI E 24 e
HWIERZZIT 206 ThD, LIeR->T, BURAVRERAR (RFERFRRHERER I35 1T 2 PR 2
&) Ik, wimS ot GF) MBS RTUER B0, £&2, RIED
B2 ZoFWRERDIFAEDIDIIRDEE I LWERHD LD DTEA ) —FiskdEE )
YETFETZEHLTLE-T ((Fx Dz oA TLEST-)) 5ITiE, BEEH57250 ]
ZLCYBTEONO I ERFETEEICANLILERND D, &, £ LT, TRLSNOLEIC
1%, T&EZ 97250 ] & U CHEMEMERROARDE LS ZE L5002 Frikhas L
D TR TN o7 nWE ZIZH D 0H 2 EEEIZE, iR, o3
X —LEHELBETIHOOEE LN S ERETHETHZ ENMNEL N TNDHD
Th b,

BELCE AR, EZRICBIT DRI OV G 5 Z E N EY & S HME—
DAL, BRAWEEDOS (=LY D) 1L DR OMEERTH D, TS0
A, FERERARFRIO T R IIRREED I T X 720 (RPERE A PRRR O Y ER T 13 IE
BREEIMEE DN L TR D BUR B > TWRWY) . L L, EBRAEEEH OBEIT D,
FEXTFRARATRI 25 9 2 72 DI ERGR O W2 DT A 77 b E o To < i &
Iy, JAEO X 91T, IS & oER RAL, EBOMS A S D, 42T OMHED)
FEZ SERITREM T 2, EDO X S REHOE S LRV ELOIF=FXNLF—ThD (22
L, WIZEIThDH LV DIF TR, EEFREANORADNEESHEINDS ¢
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  C ′
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  t = 0


  t = 0


  t > 0
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    v 1


  l


  v


    v 1


  l


  l


  v ≈ c


     (   x  a −   x  b ) 2 −   c 2    (   t  a −   t  b ) 2 =    (   x  a ′ −   x  b ′ ) 2 −   c 2    (   t  a ′ −   t  b ′ ) 2


    t  a ′ =   t  b ′


    t  a ≠   t  b ′


   |   x  a −   x  b | >  |   x  a ′ −   x  b ′ |


   |   x  a −   x  b |
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   S 3
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    v 23 =     v 13 −   v 12  1 −     v 13   v 12    c 2   .
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   S 1


   S 3


   S 2


   S 1


   S 3


   S 2


    𝐯 3 =    (   𝐯 1   𝐯 2 )   𝐯 1 /   v 1 2 +   𝐯 1 +  1 −   v 1 2 /   c 2  (   𝐯 2 −  (   𝐯 1   𝐯 2 )   𝐯 1 /   v 1 2 )  1 +  (   𝐯 1   𝐯 2 ) /   c 2


  +   v 1 𝐢 ,       −   v 1 𝐢 ,       +   v 2 𝐣 ,       −   v 2 𝐣  


  𝐢


  𝐣


    +   v 1 𝐢 ,         +   v 2 𝐣 ,         −   v 1 𝐢 ,         −   v 2 𝐣


    v 1


    v 2


    v 1 𝐢


    v 2 𝐣


    𝐯 3 =   v 1 𝐢 +  1 −   v 1 2 /   c 2   v 2 𝐣


    v 2 𝐣


    v 1 𝐢


    𝐯 3 ′ =   v 2 𝐣 +  1 −   v 2 2 /   c 2   v 1 𝐢


  m


  V


    V → c


  v


    v ≪   v s


    v s


    v 1 =   V − v  1 − v V /   c 2 ,           v 2 =   V + v  1 + v V /   c 2     .


      v 1 +   v 2 2 = V   1 −   v 2 /   c 2  1 −   v 2   V 2 /   c 4 < V


    𝐫 1 = 𝐫 +  1    V 2  (  1   1 −   V 2 /   c 2 − 1 )  ( 𝐫 𝐕 ) 𝐕 +   𝐕 t   1 −   V 2 /   c 2   ,


    t 1 =   t +  ( 𝐫 𝐕 ) /   c 2   1 −   V 2 /   c 2   .


    v 1 𝐢 ,         v 2 𝐣 ,         v 1 𝐢 −   v 2  1 −   v 1 2 /   c 2 𝐣


  𝐫 = x 𝐢 + y 𝐣


    𝐫 1 =   x +   v 1 t   1 −   v 1 2 /   c 2 𝐢 + y 𝐣 ,


    t 1 =   t + x   v 1 /   c 2   1 −   V 1 2 /   c 2   .


    𝐫 2 =   x +   v 1 t   1 −   v 1 2 /   c 2 𝐢 +   y  1 −   v 1 2 /   c 2 +   v 2 t + x   v 1   v 2 /   c 2   1 −   v 1 2 /   c 2  1 −   v 2 2 /   c 2 𝐣 ,


    t 2 =   t + x   v 1 /   c 2 + y   v 2  1 −   v 1 2 /   c 2 /   c 2   1 −   v 1 2 /   c 2  1 −   v 2 2 /   c 2   .


    𝐫 3


    t 3


  d   t 3 ≠ d t


  𝛼 = arctan  (     y 3  [ x  ( 1 ) , y  ( 1 ) , t ] −   y 3  [ x  ( 0 ) , y  ( 0 ) , t ]    x 3  [ x  ( 1 ) , y  ( 1 ) , t ] −   x 3  [ x  ( 0 ) , y  ( 0 ) , t ] ) − arctan  (   y  ( 1 ) − y  ( 0 )  x  ( 1 ) − x  ( 0 ) )


    x 1 =   x + V t   1 −   V 2 /   c 2 ,           t 1 =   t + V x /   c 2   1 −   V 2 /   c 2


  v = d x / d t


    v 1 = d   x 1 / d   t 1


  d   x 1


  d   t 1
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  t


  v = d x / d t
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  K ′


    V


    v 1
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    v 2


  t + x
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  S ′


    A 1 = A ′
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  S ′
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    𝐯


    𝐯


    𝐯 12
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  d   t 1 >   d   t 2 > d   t 3 > d   t 4


  d   t 1 = d   t 4


  d   r 2 −   c 2   d t 2 = i n v .


    𝐫  i j ,       𝐯  i j


  i
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  i


  j


  ∆   t  j


  𝐯


    c 2   t 2 −   r 2 = c o n s t a n t


  t =   t ′ + v   x ′ /   c 2
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  O
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  𝛿  ∫   ( 1 /    g 00 ) d l = 0


    g  𝛼 𝛽


   ∑    𝛽  i = 𝜋 + 4   arctan  (   g L  2   v 0 2 ) − 2   arctan  (   g L    v 0 2 )
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    v 0
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  𝛼
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  𝛾


    m  g =   𝛼 m  i n


    𝛾 ′ =   𝛼 2 𝛾


  𝛾
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  c = c ( 𝐫 )


  𝒈


  𝒈
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  𝛥 t ≈   l 2 /  ( 8 R c )


  l


  R


  l


  𝛥 t = l  ( 1 −  1 −   v 2 /   c 2 ) / v
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  v


  l /  ( 8 R c ) <  ( 1 −  1 −   v 2 /   c 2 ) / v
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  R


  l


  R


  l


  d u / d 𝜑


  d u / d 𝜑


  d u / d 𝜑


  m 𝒂 = 𝛾 m M 𝐫 /   r 3


   1  𝛼 =   𝛼 1 +   𝛼 2 +  1  𝛼 ,       ⇒       𝛼 1 +   𝛼 2 = 0 ,       ⇒     𝜙 = π


  | O B |
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  C
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  𝛼  exp ⁡  ( − 𝜆 r ) / r


  𝜆
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    x  i  ( t ) ≡   x  j  ( t ) ,     v  i  ( t ) ≡   v  j  ( t ) ,       a  i  ( t ) ≡   a  j  ( t )


    𝜆 ′ >   𝜆 0
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    m 0 ~   25   g
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  𝜌 ~  10 33 /  10 54 ~  10  − 21   g /  cm 3
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    M 0 ~ 25  ( 1 + 1 / 4 + 1 / 9 + ⋯ ) = 25  ∑  1 /   n 2 ~ 25   𝜋 2 / 6 < 50 .
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    R  i ′ =    i 2  ( 1 +   r 2 ) / r


    m 0  ( 1 +  1 4 + ⋯ )  ( 1 +   ∑  i   6      R ′  i 2 ) <   M 0  ( 1 + 6   r 2   ∑  i   1  i )


  ~   M 0  ( 1 + 6 ⋅ 1  0  − 5 log  ( 2 ⋅ 1  0  10 ) ) ~   M 0  ( 1 + 0 . 02 ) .
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  𝐩 = ℏ 𝐤


   10 21


   10 23


    c 2


    𝐤 1 = 𝐤 / k


  c = c (   𝐤 1 )


  𝐫


  c = c ( 𝜔 )


  − 𝐯 + 𝐯 = 0
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    t 1 = L /  ( c − v )


    t 2 =   T 2 + L /  ( c + v )
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    𝜔 0
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    I  m a x   ( 𝜔 1 )


      𝜔 1 ( t )


    I  m a x   ( 𝜔 1 ( t ) )


    I ( 𝜔 ,   t )


  L = 580   cm


    L 2 +   L 3 = 205 + 210 = 415   cm


  c
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  c  (   𝜔 2 )


  c ≠ c o n s t a n t
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  ∆ z = 8 Ω   r 2 / ( c 𝜆 )
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  T ′


  T = t / N ,     T ′ =   t ′ / N


     ( c t ) 2 =    ( v t ) 2 +    ( c t ′ ) 2 − 2  ( c t ′ )  ( v t )   cos  ( 𝜋 − 𝜃 )


  t ′


    t ′ = t  (  1 −   𝛽 2  sin 2 𝜃 − 𝛽   cos   𝜃 ) .


  𝛽 = v / c


    𝜈 ′ =   𝜈   1 −   𝛽 2  sin 2 𝜃 − 𝛽   cos   𝜃   .
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    t ′ = t    1 −   𝛽 2  sin 2 𝜃 + 𝛽   cos   𝜃  1 −   𝛽 2   .


    𝜈 ′ = 𝜈  (  1 −   𝛽 2  sin 2 𝜃 − 𝛽   cos   𝜃 ) .


  𝜃


  𝜃 = 𝜋 / 2


    𝜈 ′ =   𝜈  (  1 −   𝛽 1 2  sin 2   𝜃 1 −   𝛽 1 cos     𝜃 1 )   1 −   𝛽 2 2  sin 2   𝜃 2 −   𝛽 2   cos     𝜃 2 .


  v


  v


    v
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    v  s = 𝜆 𝜈
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   (   S 1 +   S 2 ) / t = c +   v  r > c
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    𝜔 1


    𝜔 1


    c


  v / c


  𝒈


  𝒈


  𝜏


    𝜀  𝛼 𝛽  ( 𝜔 )


  𝐕 = ∆ 𝐑 / ∆ t
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  c  ( 𝜔 ) − v
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    c  [ 𝜔 ( v ) ]


  𝜔 =   𝜔 0 ( 1 − v / c )


  c


  c


    n c + n c  1 +   n c ∙ n c    c 2 =     c  n +   c  n  1 +  (   c  n ) ∙  (   c  n ) /   c 2 =   2 n c  1 +   n 2 < c .
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  t + d t


    t 1


    t 1


    t 1


    𝐫 = 0
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  𝐯 = 𝐟 ( t ,   𝐫 )


    𝐟 ( t ,   𝐫 )


  𝐯 = 𝐟 ( t ,   𝐫 )


  m 𝐚 = 𝐅 ( t ,   𝐫 ,   𝐯 )


  𝐅


  𝐅  ( t ,   𝐫 ,   𝐯 ) =   𝐅 1  ( t ,   𝐫 ,   𝐯 ,   … )


  𝐅 = c o n s t ,         𝐅 = 𝐅  ( t ) ,         𝐅 = 𝐅  ( 𝐫 ) ,


  𝐅 = 𝐅  ( t ,   𝐫 ,   𝐯 ) ,         𝐅 = 𝐅 (   d 3 𝐫 / d   t 3 )


  𝐅 = 𝐅  ( t ,   𝐫 ,     𝐫 . ,   … ,   d 3 𝐫 / d   t 3 , … )


    𝐅  ( t ,   𝐫 ,     𝐫 .   )


    𝐅  ( t ,   𝐫 ,     𝐫 . ,     𝐫 ¨ )


  𝐅 = m 𝐚


    𝐅 0


  𝐅


  𝐅 =  1 −   v 2 /   c 2  [   𝐅 0 − 𝐯  ( v  F 0 ) /   c 2 ]


  𝐫


  + e


  − e


  F =   e 2 /   r 2


    𝐯 ′


    F ′ = G   e 2 /   r 2 ,       こ こ で ， G =  1 −   v  ′ 2 /   c 2   .


  G


    r


  𝐯 ′ ′


    v  𝜑 = Ω 𝜌


  E = m  Ω 2   𝜌 2 / 2


      m 0


  E =   ∑  i    m   ( i )   c 2   𝛾   ( i ) ,       𝐏 =   ∑  i    m   ( i )   𝐯   ( i )   𝛾   ( i ) ,       こ こ で ，   𝛾   ( i ) =  1   1 −   v  i 2 /   c 2


  𝐏 = m ( d 𝐫 / d 𝜏 )


  d 𝐫


  d 𝜏


  d S


  c


  c  ( 𝜔 )


    x ′ = x − v t ,             y ′ = y / Q  ( v ) ,             z ′ = z / Q  ( v ) ,             t ′ = t − x v /   c 2 ;


  Q =  1   1 −   v 2 /   c 2   .


  Q =  1   1 −   v 2 /   c 2   .


  x ′ = 𝜂  ( v ) Q  ( v )  ( x − v t ) ,           y ′ = 𝜂  ( v ) y ,           z ′ = 𝜂  ( v ) z ,


  t ′ = 𝜂  ( v ) Q  ( v )  ( t − x v /   c 2 ) .


  t ′ = 𝜂  ( v ) Q  ( v )  ( t − x v /   c 2 ) .


  𝜂  ( v )


  𝜂  ( v )   𝜂  ( − v ) = 1


  𝜂  ( v ) = 𝜂  ( − v ) = 1


  L  ( v )


  t  ( v )


  𝜂  ( v ) =    c + v  c − v


  𝜂  ( v ) Q  ( v ) =  1  1 − v / c   .
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    𝐯  o b s = 0


  𝐯


    𝐯  o b s = 𝐯


  − 𝐯


    H ⊥


  rot   𝐇 =   4 𝜋  c 𝐣 +  1  c   𝜕 𝐃  𝜕 t   ,


  rot   𝐄 = −  1  c   𝜕 𝐁  𝜕 t   ,


  div   𝐃 = 4 𝜋 𝜌 ,


  div   𝐁 = 0 .


  𝐄 ,   𝐃 ,   𝐁 ,   𝐇 ,   𝐣


  𝜌


  𝐃 = 𝜀 𝐄 ,


  𝐁 = 𝜇 𝐇 ,


  𝐣 = 𝜆 𝐄


  𝜀 ,   𝜇 ,   𝜆


    c


  𝜌 ,   𝜖 ,   𝜇


  𝐯 = c    [ 𝐄 × 𝐇 ]    H 2


  E / H


  𝐑 =    ∑  E 𝐫   ∑  E


  E =   m   v 2 2


  E = m   c 2  (  1   1 −   v 2 /   c 2 − 1 )


  E =   m   c 2   1 −   v 2 /   c 2


  E = m   c 2


    E = m   c 2


    𝐯  i


    v 1


  V


  V


   1  1 − V /   v 1


  V


    v 1


  V →   v 1


    m ⊥


    m  | |


  v ≠ 0


    v = 0


    H 2


    H 2


  →   H 1 +   H 3 .


  2 ∙  10  − 6


   10  − 3


    e 1


    e 2


  L


    L


  𝐯


  𝐯


  𝐋


    e 1


    F  𝜏 =     e 1   e 2  ( 1 −   v 2 /   c 2 )  (   v 2 /   c 2 )  sin  𝜃   cos  𝜃    L 2    ( 1 −   v 2  si  n 2 𝜃 /   c 2 )  3 / 2 ≠ 0 .


  L


  L → 0


  v


  v → c


    E  x = E


  e


      m 0


    v  y =   v 0


  x = e E   y 2 /  ( 2   m 0   v 0 2 ) .


  x =     m 0   c 2  e E  ( cosh  [   e E y    m 0   v 0 c ] − 1 ) .


  y


  y


    F  y = 0


    F  y ′ = 0


    v  y =   v 0


  m   cosh  𝜃 +   M 2  cosh  ( d 𝜃 ) =   M 1


    M 1


    M 2


  𝜃 = tanh  ( v / c )


    m → 0


    E = m   c 2


  v


    E = m   c 2


  m =       (   E 1 +   E 2 ) 2    c 4 −      (   𝐏 1 +   𝐏 2 ) 2    c 2   .


  v = c


    m 0 = 0


  𝜔


    m 0 ≠ 0


    m 0 = 0


  𝜔 = 0


    m = 0


    m = 0


  𝛼


  𝛽


  𝛾


  𝛿


    v  1 x +   v  2 x =   v  1 x ′ +   v  2 x ′   ,


    v  1 y +   v  2 y =   v  1 y ′ +   v  2 y ′   ,


    v  1 z +   v  2 z =   v  1 z ′ +   v  2 z ′   ,


    ∑  i = 1 , 2   (   v  i x 2 +   v  i y 2 +   v  i z 2 ) =   ∑  i = 1 , 2   (     v ′  i x 2 +     v ′  i y 2 +     v ′  i z 2 ) .


    v  1 x ′ ,


    v  1 y ′ ,


    v  1 z ′ ,


    v  2 x ′ ,


    v  2 y ′ ,


    v  2 z ′


  e / m


  𝛼


  cos  𝛼 =     v  1 x ′   v  2 x ′ +   v  1 y ′   v  2 y ′ +   v  1 z ′   v  2 z ′    (     v ′  1 x 2 +     v ′  1 y 2 +     v ′  1 z 2 )  (     v ′  2 x 2 +     v ′  2 y 2 +     v ′  2 z 2 )   .


  Z


    v  1 z =   v  2 z = 0


    v  1 x ′


    v  1 y ′


    v  1 z ′


      v ′  2 z 2


      v ′  2 z 2 > 0


    v  2 x ′


    v  2 y ′


    v  1 x ,   v  1 y ,   v  2 x ,   v  2 y


   cos ⁡  𝛼


    v  1 x = 0 . 1 ;           v  1 y = 0 . 1 ;          v  2 x = 0 . 7 ;          v  2 y = 0 . 7 ;          v  1 x ′ = 0.6;


    v  2 x ′ = 0 . 2 ;          v  1 y ′ = 0 . 4 ;          v  2 y ′ = 0 . 4 ;        −   v  2 z ′ =   v  1 z ′ =  0 . 14


   cos ⁡  𝛼 = 0 . 29554


  𝛼 ≈ 72 . 8 °


  z ≥ 60


    d 𝐏  d t = 𝐅       ⇒       𝐯 d 𝐏 = 𝐅 d 𝐫 .


  U = −   ∫    r 0  r  𝐅 d 𝐫 .


  𝐏 = m 𝐯 ,


  𝐏 = m 𝐯 /  1 −   v 2 /   c 2


  d E = 𝐯 d 𝐏 − 𝐅 d 𝐫


  U + m   v 2 / 2 = c o n s t a n t


  U + m   c 2 /  1 −   v 2 /   c 2 = c o n s t a n t


    𝐅 12 = −   𝐅 21


  d   𝐏 1 / d t =   𝐅 12


  d   𝐏 2 / d t =   𝐅 21


    d  (   𝐏 1 +   𝐏 2 )  d t = 0       ⇒         𝐏 1 +   𝐏 2 = c o n s t .


    𝐅 12 ≠ −   𝐅 21


  𝜋 / 2


    l 1 =   l 2 ≡ l


    F 1 =   F 2 ≡ F


  v


    M  s u m = F l   v 2 /   c 2 ≠ 0


    d 𝐏  d t = e 𝐄 +   e  c  [ 𝐯 × 𝐁 ]


  ∆ t >  10  − 20   sec


    N  0 °  10 ° /   N  10 °  20 °


  𝐯 = 0


  A =  ∫  𝐅 d 𝐫


  A =  ∫  Fv d t


  v


  e / m


  𝐯


  m


  A ,   B ,   C


  B


  A C


  R = | O B |


  A ,   B ,   C


  A


  C


  0 . 9 c


  B


  B


  0 . 9 c + 0 .   9 c = 1 . 8 c


  A C


    d   E  k i n  d t = e Ev


  d E = 𝐯 d 𝐩


  v = c


  E = c p


    Δ E = Δ m   c 2


  M


  B


  B


  B


   10  − 5   cm


    v  s o u n d ≪ c


  B


  O


  B


  B


  d E = 𝐯 d 𝐏


  𝛥 E = c 𝛥 P


  P = m v


  v = c = c o n s t a n t


  𝛥 P = c 𝛥 m


  𝛥 E =   c 2 𝛥 m


  𝛿   x  i


  v / c


  v / c


  𝐄


   [ 𝐄 × 𝐁 ]


  v / c


  T →   T 0 / 𝛾


  T → 𝛾   T 0


  c = c o n s t a n t


  c ± v


  c = 𝜆


  ∆


  w =   v + u  1 + K u v


  u


  v


    K  − 1 / 2


    K  − 1 / 2


  f  (   v  C B ,   v  B A   ) →   v  C A


    v  A C


  −   v  C A =   v  A C = f  (   v  A B ,   v  B C   ) = f  ( −   v  B A ,   − v  C B   )


  f  ( − y ,   − x   ) = − f  ( x ,   y )


  f


    v  A C


    v  A B


    v  B C


  B


  D


  B


    v  D C


    v  C A


    v  D A


  h


  h ′


  w = f  ( v ,   u ) ,           s 1 = f  ( v ,   s ) ,           s 2 = f  ( v ,   − s )


  h


   h ′  ( s ) = 1


  u = 0


   h ′ = 1


    T 1  ( u ) =   T 2  ( u )


  f


    t 1  ( v ,   u ) −   t 2  ( v ,   u )


    T 1  ( u ) −   T 2  ( u ) =   T 1 ′  (   u ′ ) −   T 2 ′  (   u ′ )              


  （ 4 . 3 ）


    t 1  ( 0 ,   u ) −   t 2  ( 0 ,   u ) =   t 1  ( 0 ,   u ′ ) −   t 2  ( 0 ,   u ′ )


  v


    g ( v )  2 v =    (  [ f  ( − v ,   u ) − f  ( v ,   u ) ] /  ( 2 v ) ) + 1   [ f  ( v ,   u ) − v ]  [ f  ( − v ,   u ) + v ]


  k =    lim  v → 0 ⁡    g  ( v )  2 v =      1 −   𝜕 f  ( v ,   u )  𝜕 v |  v = 0    u 2   .


  h ′


  K


     | v | >    ( − K )  − 1 / 2


   | u | >    ( − K )  − 1 / 2


   | v | +  | u | ⇉ −  | w |


  K


  c =   K  − 1 / 2


  I )       v  i < c


  II )     c


  III )       V  j > c


      v  i +     v  k ⇉ v < c ,           v  i + c ⇉ c ,           V  j + c ⇉ c ,         v    i +   V  j ⇉ V > c


  c


  2 c + 2 c ⇉   4 c 5


  （   c 2 +   c 2 ⇉   4 c 5


  V = 𝜆 𝜈


  c


  B


    v  C B


    v  B A


  K


  B


    v  C A


    v  C A


  K


  A


    v  C A


  A


  A


  A


    y 1 ,     z 1


  x → − x ,   v → − v


  y ↔ z


    𝜀


    𝜀


  c = c  ( 𝜔 )


    v  g =  ( d 𝜔 / d k ) = c    𝜔 2 −   𝜇 2   c 2 / 𝜔


  𝜇


  𝜔


  𝜔


  𝜔


  𝜈


  c  ( 𝜔 )


  d   s 2 =   c 2 d   t 2 −    ( d 𝐫 ) 2


  d   s 2 = d   s  ′ 2


  𝛥 s = 0


  c = c o n s t a nt


  n


  n


    c  n d   t  n − d   x  n − d   y  n − d   z  n


  t =   t ′


    c  ′ 2 =   c 2 −   v 2


    v ′ = v  1 −   v 2 /   c 2


  𝐜  (   𝜔  i ,   𝐥  i )


    a  (   𝐥 2 ,   𝜔 2 ,   𝐯 2 )  a  (   𝐥 1 ,   𝜔 1 ,   𝐯 1 ) = a  (   𝐥 12 ,   𝜔 12 ,   𝐯 12 )


  c  ( 𝜔 )


  c  ( 𝜔 )


    𝜔  k


  c  (   𝜔  k )


  c  ( 𝜔 )


  c  (   𝜔 ′ )


  𝜔 ′


    𝜔  i


  c  (   𝜔  i )


  𝜔 ′


  d   s  ′ 2


    d   s 2 =   c 2 d   t 2 − d   x 2 − d   y 2 − d   z 2


  c


  c  (   𝜔 ′ )


  d   s 2 = d   s  ′ 2


  d   𝐫 ′ = 0


  d   t ′ = d t    c    ( 𝜔 ) 2 −   V 2  c    (   𝜔 ′ ) 2   .


  t x


  x =   x ′ cosh  𝜓 + c  (   𝜔 ′ )   t ′ sinh  𝜓 ,


  c  ( 𝜔 ) t =   x ′ sinh  𝜓 + c  (   𝜔 ′ )   t ′ cosh  𝜓


  tanh  𝜓 =  ( V / c  ( 𝜔 ) )


    V


  x =     x ′ +   c  (   𝜔 ′ )  c  ( 𝜔 ) V   t ′   1 −   V 2 / c    ( 𝜔 ) 2 ,             t =     c  (   𝜔 ′ )  c  ( 𝜔 )   t ′ +   V  c    ( 𝜔 ) 2   x ′   1 −   V 2 / c    ( 𝜔 ) 2   .


  d x


  d t


  d 𝐫 / d t


    v  x =     c  ( 𝜔 )  c  (   𝜔 ′ )   v  x ′ + V  1 +     v  x ′ V  c  ( 𝜔 ) c  (   𝜔 ′ ) ,             v  y =     v  y ′  1 −     V 2  c    (   𝜔 ′ ) 2  1 +     v  x ′ V  c  ( 𝜔 ) c  (   𝜔 ′ ) ,             v  z =     v  z ′  1 −     V 2  c    (   𝜔 ′ ) 2  1 +     v  x ′ V  c  ( 𝜔 ) c  (   𝜔 ′ )   .


  x


  v =     c  ( 𝜔 )  c  (   𝜔 ′ )   v ′ + V  1 +     v ′ V  c  ( 𝜔 ) c  (   𝜔 ′ )   .


    V  m a x = c  ( 𝜔 )


  𝜔


  B


  B


  C


  C


  t ′


  x ′


    v 23 =     v 13 −   c  ( 𝜔 )  c  (   𝜔 ′ )   v 12  1 −     v 13   v 12  c  ( 𝜔 ) c  (   𝜔 ′ )   .


   tan ⁡  𝜃 =     v ′  1 −   V 2 / c    ( 𝜔 ) 2 sin    𝜃 ′    c  (   𝜔 ′ )  c  ( 𝜔 ) V +   v ′ cos     𝜃 ′


    v ′ = c  (   𝜔 ′ )


    k  i =  (   𝜔  c , 𝐤 )


    k 0 0 =     k 0 −   V  c  ( 𝜔 )   k 1   1 −   V 2 / c    ( 𝜔 ) 2   ,             k 0 0 =   𝜔  c  ( 𝜔 )   ,


    k 0 =     𝜔 ′  c  (   𝜔 ′ )   ,           k 1 =     𝜔 ′ cos  𝛼  c  (   𝜔 ′ )   .


    𝜔 ′ = 𝜔   c  (   𝜔 ′ )  c  ( 𝜔 )    1 −   V 2 / c    ( 𝜔 ) 2  1 −   V  c  ( 𝜔 ) cos  𝛼


  𝜔 ≠ 0


    𝜔 ′


    P  x =     P  x ′ +   V   𝜖 ′  c  ( 𝜔 ) c  (   𝜔 ′ )   1 −   V 2 / c    ( 𝜔 ) 2   ,           𝜖 =     𝜖 ′   c  ( 𝜔 )  c  (   𝜔 ′ ) + V   P  x ′   1 −   V 2 / c    ( 𝜔 ) 2   .


  c → c  ( 𝜔 )


   |   E → | ≫    ℏ c  ( 𝜔 )     ( c  ( 𝜔 ) Δ t ) 2


  Δ P Δ t ~ ℏ / c  ( 𝜔 ) ,           Δ x ~ ℏ / m c  ( 𝜔 )


  𝜔


  B =  1  1 −   d   ln  c  ( 𝜔 )  d   ln  𝜔


    N  kl


    N  kl =   8   𝜋 3 c    ( 𝜔 ) 2  ℏ   𝜔 3   I  kl B


  d   w  kl  a b = d   w  kl  i n d = d   w  kl  s p B


  B


  c → c  (   𝜔  k )


    D  x x =   2 𝜋 i    𝜔  k c    (   𝜔  k ) 2   exp  ( − i   𝜔  k  | 𝜏 | )   .


  c  ( 𝜔 )


  D  (   k 2 )


  𝜔


  c → c  ( 𝜔 )


  c  ( 𝜔 )


    𝜔 0 = 2   m  e   c 2 / ℏ


    m  e


  c  ( 𝜔 ) =     c 0   𝜀 ,            𝜀 = n − i 𝜒 ,


    n 2 −   𝜒 2 = 1 + 4 𝜋   N     f  e 2 /   m  e     (   𝜔 0 2 −   𝜔 2 ) 2 + 4   𝜔 2   𝛾 2  (   𝜔 0 2 −   𝜔 2 ) ,


  n 𝜒 = 4 𝜋   N     f  e 2 /   m  e     (   𝜔 0 2 −   𝜔 2 ) 2 + 4   𝜔 2   𝛾 2 𝜔 𝛾 .


    c 0


  𝛾


  N f


  𝛾


  𝛾 =     e 2   𝜔 2  3   m  e   c 3   .


  𝜔 ≪   𝜔 0 / 137


  𝜆 ≫ 3 . 7 × 1  0  − 11 cm ≫     R 0


    R 0 =   e 2 /  (   m  e   c 2 )


  N f


  l ~ 𝜆


  𝐇


  C


  2   R 0


  2   R 0


    R  l


    R  l = 𝜆 / I


  I


  I


    2 I   e 2 /  ( 2   R 0 ) = ℏ 𝜔


    R  l =   2 𝜋 c   e 2  ℏ   𝜔 2   R 0 ,           N f =   ℏ   𝜔 2  8 𝜋 c   e 2   R 0   .


    c  ( 𝜔 )    c 0 = 1 −   ℏ   c 0   𝜔 2  4   e 2    (   𝜔 0 2 −   𝜔 2 )     (   𝜔 0 2 −   𝜔 2 ) 2 + 4   𝜔 2   𝛾 2   .


    c 0 = c  ( 0 )


   ( 𝛥 c /   c 0 ) ~ − 0 . 5 × 1  0  − 6


  𝜔 ~ 1  0 18    sec  − 1


   ( 𝛥 c /   c 0 ) ~ − 1 . 4 × 1  0  − 5


   ( 𝛥 c /   c 0 ) ~ − 10 × 1  0  − 10


  𝜔 ~   𝜔 0 / 137


   ( 𝛥 c /   c 0 ) ~ − 3 . 6 × 1  0  − 7


    c 2   k 2 =   𝜔 2 𝜀


    U  g =  ( d 𝜔 / d k )


    U  g   d  ( 𝜔  𝜀 )  d 𝜔 =   c 0   .


  𝜔 ~   𝜔 0 / 137


    c 0


  2 × 1  0  − 7


  𝜔


  c  ( 𝜔 )


  𝜔


  𝜔


  𝜔


  𝜔


    𝜔 1


    𝜔 2


    𝜔 2


  c  ( 𝜔 )


    𝜔  i


  c  ( 𝜔 )


  c  ( 𝜔 )


  𝜔


    𝜔  i


  c  (   𝜔  i )


  c  ( 𝜔 )


  c  ( 𝜔 )


  𝜈


  c  ( 𝜔 )


  c  ( 𝜔 )


  c  ( 𝜔 )


  c  ( 𝜔 )


  c  ( 𝜔 )


  c  ( 𝜔 )


    g  i k


  𝜆 𝜈 = c = c o n s t a n t


  c


  v / c


  n


  V

