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100m % 20 # THEET 2EMOEXAM R
AR RO R AR B
S TE—LY YT LB SRR & TR R LR & BER) &L

1. LI

HIAT 223 D Lt [ 3 7R DR 2 Rl 100m %2 20 B TR 55681240 S.
AR TIIAMBOEZ FED BT T 100m % 20 B CIEE T 256 OFRR M R OFHRBIZ7~ 9. FAX
FERRPEDIFIZT A2 ¥ 2B A AN RHE B GR 2 K TR o T BRI IR L7223 21
FRUTAT Do T, AT 2T L THEE THATL T &S BUFE AT — A e M B 0
AHEROMHARNZBR—HEOT—F —TRANMHEPLOEE S TEALGFEREZ mHZ L
WTE oL, EARMZREEN 72 A L2 LbD b -Tz ) OTIA it CHgai) Lz, 74
Y a A DB L DGR F D72 OFERHEBEER D720 AN D53 O—5 7217 TH H 43720
(CEECET- DT 2L TWA, FPEBRGRIE, Sl CORBRMHEE R ENESCE ) 01355
28 MNHEIR U — MM HE LR A3 5. AR CIINIE & 1R e E LT BfliZe e b L L OIS &
DR DRNCITHE AR B R DL TR R R R GR O 2 TR LT, FHR G IEN
HM THLHZEIIATAY Y —R GPS i & COFARFR N RO ND AR L L CTHER LT, &
Fa CRULIZRHR BN DWW T E R TRICEH A S TRHEAL TEA D E 12 L TV T
VNREBIFRFL TNV,

KFGORER A Table 111279, 2. A—L YT CIIEGH R 21ITEC T AR R, 24,
BLOGAEXERT. 3 FRETTIL, MHIGRIRZ DRI LT D7Dl A ERRE
72515 ms 1 (15m/s)E L CEHR L, R CBEEEO FHRAEDOMAMEIZ OV TE LT 5. D%
i A FEER03.00 x 108 ms™1(30 5 km/s)EL7-FHEEATRT. 4 IBIERZEHESEITTIL, =
1k, I, S, R, L TE OB COMXIFMREF R T L. BNGHHEAARTRL,

Table 1.1 FE%.
2. O—L 2 YZia JEAE R, A, FHE
3. FEELT 100m % 10 & T %ﬂa‘é Bl HOWNWT e =15ms™ L, BL W

3.00x 108 ms™1& L7-E H#F'ﬁ L FRBEDRREIC OV T DL,

4. MEGERZESET | IECETOFHREL I, SE, B X OYEEE T 100m & 10 BT
EITTHHEBIT OV T E#e = 100ms™, 15 ms™1, 38 L 18 3.00 x
108 ms™1 & U723, REfH & BEBEOHfEIC DWW T OB L. 100m %
20 BV CHEE T 2 55 OFERM.

5 MFD/INTRYOR | BEAFO STk & 13572 2 figi.

1831 BKEORESA | HEv=10ms 1 CETTHHOTICH HE S =10 mOEDH
O R R fig. A — MIVIEZROMKEIZRE 9 5 B4R

1882 EAHICEKBHE | A AV VU —, GPS#HE TOFSTERZNEDEEH.
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IR Z15 ms e Lo A CELREL, RZIHEE3.00 X 108 ms™ e L7256 DA A
AT 100m HRIZEL TR 3L X EGHL TR LE T 2O THEEOLA X HEMIZ AED 2
fELliz. 5. WFD/INTGRYIRTIIARTOME DEX FHERLIZ. RO/ TRy 7 AL T
1%, BELDHES web site THERSN CODRATROMHIT /2D, 181 TIEEKEOES
DFFIZ DN TIR AT, =L UV IHEE DI D ZE RS R I T2 el 5. &6
[ZA—=MVRZRDHHEIZ DN TDOBENLHENEA LT D LD TOIEGROMEIZ OV T
Sl fHR2 TIHEHARNICTOMHE B 720N, HICKDMHA DB 2 5 &
AV —, BIOGPS #2 COFEEE R

2. O—L YT
JERERK OREft, BLOMLExL, KICH LTl EY = dx/dt TBEIL TV Rk DIRFfT,
BIONWEEOBZR ((Whpbdla—L V28 ) 1%, Selzcsd g,

1 _
@ - ﬁ (_1v Ul/cz) (,tc) Eq.2.1.

ST DK,k t,x, T, 5L OENE, TAY ab A ORFFFGEEERR2ICHEL, A IE 1 Kotx, &
DFELTz. FHENITHEEEGREFIL THIN AT NIDNATHITRILL.. AROFHEIX
2T Eq21 MHEHL TS, BARRIZRAA—T% Fig21 17T, BEEBRBUIG § LT 28I R
KEFEH DR IET 5 Rk COREE AL E O BIR RIS,

RE LR EOE M EENFIE
LT ORK ERCE

t T
| §
PO1 2,” =10 ms™ I P02

100 m
(2024.01 ZLEx )

Fig.2.1 100m % 10 # Cilim 3 5E#H e EEifi.

kCErIET28E=0~DEH ( EFBDVFRILL, E = 0ERDEIERk~DERH ) OLEIX
Eq.2.1 Tx = vt& T HZECHELBREIBOR M theq% EE ORI Trunner SHH 75U, |
Trunner = mtﬁeld Eq.2.2,
L%, WEv R H L L THIT/ NS WG E I3 Trunner = thield CHDMIIRITITOL
Trunner < tfield SRV TFHTRIT 2T DERFFT ORI D EL R DL —RIZE DI TWDLHR AL
2.
7k, BRETHETIEICWE/? K ITTENETRRETHHE1L,
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1
Trunner = (1 - §v2/62> tfield Eq.2.3

ELTEHT 5812725,

. EEET
3.1 EEEM 15m & LIE=RHE
ZZTIX100m & 10 TR T 5 = 10 ms 1O EFTICOWTEE TS, £33, fEEOAA

—UNNEEXRLFT NN = 15 ms~ 15, Eq.2.1 13,

=== V)0

J1-102/152 \—10 1 x
L%, FHET OIS HIER N PO1, BLO P02 2@l 5t =0, BLOt =10&L, #fHETS
S xlE PO, FEFE, BELOP02 L35, FHEMRIL Table 3.1 £72%. Fig.3.1 [ZFEHE runner 723§
LT B RkE T T 7 LTeb D ThD. EHD P02 Z i3 2K TR LFR IS ORGE R
1310 BB DI L CEE OB 7.46 PGS 5 (Table 3.1 O 41TH).

Table 3.1 100m % 10 #> Cidm 3 5 E1T ORI FRZ RS ERD 15m DA

A dEVAVINE I =NUS
. JERESRK JERE R K N
7 A e B RYE
Fie bt di b 3 Ak EFZ DL
t X T ¢
1 0 0 0 0 FEZNPO1 & | PO1 LFEE DR LA E
2 0 100 -5.96 | 134.2 | @i (e =0) P02 DORFRE LN E
3 10 0 13.42 | -134.2 | FEHZN P02 % | PO1 ORFH LA E
4 10 100 7.46 0 i (t=10) | EFORFRIEALE
15
'V\"""'A"
10 1 Sy | 5.96B%
B RS (s) ; ;
0 s TR D B N e
5.96F) 8
-5
-10
-150 -100 -50 0 50 100 150
& {IE(m)

Fig.3.1 100m % 10 B Cilild 3 2 EF 2350 13 2 FEEE Rk TONLE & REH.
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ZT Table 31 O 1{THE 21T HIZOWT Fig31 TEE TS, JEFERKIZBWTEED PO1
W20 S = 01, BEAERkDFEE Tldr = 0,P02 Tldr = —5.96L720, JEFERKIZH T
A IRF D R DNEAE Sk CILE R C7e<72%. P02 [Xi KD —5.96FPIZEE DD 134.2m BdL7- (7 &
IZVNT7.46 — (=5.96)=13.42 BT CEBDONEIZET S, UL, R TOREEEE T
HEFEE N PO LEIUALEICV DI ST = 07T P02 X 74.6m BN/ ALEIZWN T, ZDTk 7.46 1o
FCEBOMNEIZET D, P02 OB BT 100m Th7e< 134.2m TH7e< 74.6m L7225, [fELE
FREIS OREFE L0 — L Y B CIER T 5. UL, BIEEET DL 3528175,
WO TR RE=HE 2 A E U3 RE | ChHDHT LRI\ S, M i A B AR 572
DITIX T —L U 2L T R E BEEE ) & T E 248 U7 e SRR S TRl 2 2 LA B 5335
VEENRHDHERED (FHEWELO A (EA) (SRR L0, FHREITE A B E L RS 3 &
BEMBURWIEEELRZ) . b MFD/INT Ry I A THRIBT L0, [HADRTRyI7AEDFR
fRDFFERIIZO ZfEtEE REEL TUHED A B L TNDHIE | EEZ TN,
(2023.03 ARF-EBMMELE)

3.2 #BEFR & IR EE DB iE
ZC 2R FD 2 OB ZELNEDFEEZ A UL % Table 3.2 LU CHAR GG Z P45,

Table 3.2 234

A JERE R LS
Atrunner i%@f(ﬁ}ﬂ@ H?‘J‘:Fﬁﬁ
Axrunner . %%@EE%E
K (B Bt ik
Atgag (RERESZID T+ sprsgoo s
Axfield R b 3R 05 O Bk
ATrynner a— L U R AL T TE S ORGE IR
A& unner 2—L VL TR E DO BRE
ATfieldtransformation . EI‘—‘T///W?ﬁLbf_K;EJ: *ﬁiﬁ@'ﬁX H%Fﬁ
* k GEE & 1k
A":fioeld,predicted measrement ( o ) (EIJE%*QEL/ﬁ—B*J: ?iiﬁ@fxlﬂﬂj‘?&ﬁ
AEfield,transformation DHI///W@L/TuFEJ: *ﬁiﬁ@ﬁﬁﬁﬁ
Affield,predicteclmeasrement {EUE%*E;ELf_B*J: ?ﬁiﬁ@ﬁﬁﬁﬁ
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EB O LT Ea.2.1, Atrynner = Aterg, BET DX ynner = VAtge1q LY,

(ATrunner) _ 1 ( 1 - U/CZ) <Atrunner)
A unner /1 —v2/c2 DV 1 Axrynner

Eq.3.1
= (\/ 1-v?/c? Atfield)
0
Eq.2.2 LFRICTHS.
R b RR 4535 O IEH S BREELE,
ATfield,transformation _ 1 1 - 17/C2 Atfield
A& ) ——( ) Axe Eq.3.2
field,transformation J1—v%/c2 v 1 Xfield
Atg L
TG, 032 Ty ) = () JoRACRAB A,
Axfield Axfielq
(ATfield,transformation) _ 1 (—UAXﬁe]d/CZ) Ea3.3
AEfield,transformation J1—v2/c? AXfield -

IZEMIND D TRIKEZ TR0, BN 1/J1—v2/c?f5IZIERT 5. £z, Eq32 T

<Atfie]d> _ (Atgeld)@ﬁ;i@l.ﬁ(v@gﬁéﬁ#ﬁﬁq@’

Axfiela
(Arfield,transformation) _ 1 ( Atfield ) Eq.3.4
Agfield,transformation /1 —v2/c? —VAtgelq 9

(IS ND DT RIRDAEITY, FERIN /1 — v2 /cfFITHERT 5.

LoaL, PERE Rk IR EBEG 3B CTlY, R ORELZEET HE
A&field transformation = 0, EEBEDHIE %40 E 375 L AThie1d ransformation = 0 CD. ZIHD A
T, & OB TR 2 ARE L7 Rl R R ATreld predicted measrement ), #94 ONHAIE
AARTE U7 BB A el predicted measrement ) EFRT D2 L L, Eq32 135U THER 0l & Tl
—VAtgeg + Axgierg = 0, BRBEEDHIE TldAtge1q — VAXge1a/c?=0 LT DL,

ATfield,predicted measrement | _ m(Atfield> Eq.35
Axfielq

Aéfield predicted measrement
Epo ChE BTG ORI & BB B Rk i/ N DI 8070 D, [ BRI ORR R
CHRBE IR — LY BT D EPER T, JIEEIBE T DEM N T HEO I ORRIZ .
70k, FHHIRIEBEOE I OBFEICE T DR TEDLN TNDIE, REFRUEIAT
FRBEDMAE S5 Eq.3.5, BROYEHN —E THLILIFEEGL TWD. BB HER A— MU SR
ELIEGADOBLRIZOV TR 1 B EORINBOEIRDR, HE 1: A—FLERSE
D i Tk~ 5.
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3.3 #EEZBHW 0 Fkm& LE-HE

A EFEDC = 3.00 x 108 ms T ELCRHHALIERE Figd2 ICRRTS. EENHIETD
JEERRE SR kL2 38T REE O %3 R A1 135.56 x 1071° = 0.000 000 000 000 00556 FHiE 3 5.

, BEO P02 OFRIEFREM 1T — L Y HCIE5.56 x 10715, 8L T-5.56 x 10715 —

(—1.11 x 10715) = 5,56 x 10715(F % OREZEOFEE D VT 50, HEEEETHELEL
125.56 X 10" g4 35, P01, 33L0 P02 DB BRI X —L Y Z8#TlE5.56 x 10714 mif
2205, WEZIEETDHEEHITE.56 x 10" H*miEd 2%

7%, TZTIERE EF G O BEBEEOMAEIZ OV TIR 7203, B<EBROMIREIZ OV TR
B EORESNMBOHEMR/MR TR 5.

IB: b3 RIS AN I T BEEERK A EEssIEY HEERK
A—LYE#LI-{E FE P02:
T=0s T=-111%x10"1%5
> P01 P02
i |
/ /
84 P01 |P02 100 + (5.56 X 10~ 1) m
/ e
loom > BIEZEEL-FEE FE PO2:
7=0s 7=0s
° P01 P02
2 ]
/ /
t=0s 100 — (5.56 X 10~ 14) m
I M
8y O—L Y BLI-(E v
t=10s
PO1: EE:
T=10+ (556X 10715)s 7=10— (5.56 X 10~15) s
PO1 V. P02
] 4;
y >
POl fer02 100 + (5.56 X 10~ 1) m
7 =
A BEEEE LA EE
100 m
PO1: E&:
T=10-(556x107"%)s = L0 — (5.56 x 10" 15y
PO1
]
y
100 — (5.56 X 10~ 14) m

(2024.01 #=L¥z )

Fig.3.2 100m % 10 B Cimilm+ 2 E#H e Fiif ot inzh 5.
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4. MR E S ELT
EEROEFT, BLOWITTITNBOREAZLEY. ZZTIIE Tcorn—L Yo A 8 H 1L T
FHETS.

4.1 FE=R

ZITIEEEN AL T DEIE Rk TOEE ORI OFHHAZ R, B LRG0
ML EAREIL Eq.3.4, 33K Eq.3.5 THEATES. Eq22 TIHEBDOHEEvIZ—ELL Ctheaqg, BE
O runner & RE R L L7223, INEGH ClIvnd 2320 T,

dTrunner = V1- v?/c? dtfielq Eq.4.1
(CEEMZ D, —EEEvDOIEEa TIET B0 EY = v, + athaa DAL,
dTrunner = \/1 — (ve + atgelg)?/c? dtgielg Eq.4.2.

ZIZTw?/c? K 1DBFAITHONT,

1
dTrunner = (1 - E (vc + atfield)z/cz) dtfield Eq'4'3

LLTEMPL TS T 5L,

2 3
30 Atgielg + 3Vcaltfelq® + a®Atgielq

ATrunner = Atfield - 6c2 Eq.4.4.
FoC, PRI Rk LIERERK CORFHDZEAT = Atrypner — Atfielals,
3v.° Atfielq + 3Vcaltfiela? + a?Atgierq”
AT = ATrunner - Atfield = Eq45

6¢c2

4.2 HE

IR EE) Da, = %ms‘z“C“Atﬁeld1 = 3RPRIINEEST, Wiy, = @ms T CAtgerg, = 41
W& E1T, &%lla, = —2— ms ™2 TAtgelqs = 3R HIHHEITL TF LT 2EITE N He =
100 ms™ 1L L TEq4.5 TRRE T2 (c = 15 ms I CIHTERAZENA RENDTe = 100 ms™1EL7z.).
ok, AT, EHGET, BORAETT, BEOMFIEIZEY 100m % 10 B CEDLZLID. Fhl
O3 REOMETHE, v.=0<FL LT

AT = — w = —0.010
6+ 1002

WD 4 BEICOEHRTlda = 0LL T,

_(100\?*
AT = —Mz —0.041

6-1002
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%D 3 O ORGE TIE

3'(&)2'“3'&;0( 12010) 32+ (- 12010) '3

6+ 1002
AFFTYAT = —0.010 — 0.041 — 0.010 = —0.0618E72%. Eq.4.2 Tdtgeq=0.01 FPEL THF
B 7N CHERHR LI fEES — L7, RIS, Yl ¢ = 15ms™ e LT Eq4.2 THUEFHR LI
AT OWTHREN 2 2 SIS OREL T/ I 7{bLT-b D% Figd 1 (R d. (1)RE I iEdh 2wk
JEEL TS, (B Tlfitihz &2 ORI EL TS, 7T 7 DM AT MR AT
1/1THLBIE T HE/NSL72D, 5 (270, W T HE1/UTRD. INiEET52LT
E D3 22 5 3L 72 B R ~BATL THEE D NS AR DRI EIR TE S,

AT = — = —-0.010

(1) FE (2) B R
20 0 ,
JIIE: EOmE o
10 25 E
g = P
S Sy e
, g
0 0 3 7 10 0
Lfield (S) Lfield (S)

Figd1 JEGEZ LC 100m & 10 B CAEITT 5 B O R %t 2h 3.
BRI % 15ms ! & L CakEL.

EF DR 6.16 FHITUAEL, 3. FRFEITDOLE D 7.45 B IV 725.
YA EEEDc=3.00x 108 ms 1L LT Eq45 TeltBETHLEFHBOMRLIL 10— 6.80 x
10715 fhL7ev, Tl 4 558 D10 — 5.56 x 1071 Bl 7e5.

4.3 100m % 20 ¥ THEHET S KM

42 TIIHEOFHEE L2 100m O 0K LR CEE ITFF L L TV DO TR bIER
LR CRHEMEIC 22 5. Ko TEE ORFEHCOEE ORFHIX(10 — 6.80 X 1071%) x 2 = 20
1.36 x 107147,
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5. WFD/INF FvI R

ZZT, MADNTRYTAZDNWTEET D, WA DO/NTRy AL, FEHRIT T80
HIERIZFE > T D BB OIRF RIS B BIE, RIS L TR A ST USR5 B O &
Th%. 3.1 REEHW 15m & LI-HEOH TR 5LBEERHRIETD 10 WAEETD 7.46
I8 2720, EENOTDHERE EFRRIGO T 38K O T EHEIS TORFFIL 7.46 #I0EEL
2B DFJETH%.

ZOTENIRTHHI L% Figh 1 THllT5. BEERBIBD PO1, BELEKIGED P02, EE,
B, BLO m ZFHRITCOMIK, BE A, AT VL, F, BLORETHRL TS, v=2c
(v BB, ¢: YR LT AT FHIRIT CORMEAE RT3,

EH LB EBEIGIT AN —I2100m 2 10 B TH G FISHET O TIIAR. B L3RRIE I
1L 2EERRRK TITEED 100m % 10 B TEITL, EEBNFHILTOERRETIIE EHREKESN
134m % 13.4 B CEITT DI RRBERTHD. AV TIRITT DR EHERICLNS BT AR
U—|(Z 100-6.67 YeAEA 10 A THT ENCHET O TIIR\V. HBRAER IE(H B0 AR XD 5
BIRITER TEHIEE/NSNEDERTOH L) TLERRK TIIR OOy 166-6.67 G4
Z 10 £ CIRITL, B yh ERIE TR RE TILHERAS 134 8.94 HFA 13.4 £ TRATT DIk
HGRBRTHS. Lonl, ERERK CIEFARZOFERNEBZERK CTILFRRZI TR, fE
ORPEZRINZ TITOLAAE T HEMe EFikss, FI3 R OMEMHS 74.6m, F721% 746 4.97 )
FINHETHZ LI, BEIRFES 7.46 B, F721X 7.46 FINHET 5. EERKDOEZERK
(A DEEBITNME T DZLITRDDTHJEL TODERAMRT 2. (12023.03 JRFHH/MELE)

A(3B) (HER) XEP
o M
-
B(R)(ATvh) —a o —» — -
*
S owmg.
EEn reonl Po2]g
| |
\ [ =108, x= 66784 |

[t=10%),x = 100m]
FIRRK HPR[PE_ERRBOS]HNERIE

———--- —— === 0 o-levEm {4 - ---------
EfERc  O7vhEE]NEHL
.
- - — M
O o = @
— T =T746%F
|
2 (7= 746w)
-1 — | —
: | |
T= 1344, § = BRI Sne T 1344, = 804KE
[t = 13.4%, & = 134m] 1.344Z(HEEE ! [t = 13.4%, ¢ = 134m]

[ ] msermpsees

(2024.01 #=L#z )

Fig5.1 FHIfRAT & b2 LI ESs O R R O RN,
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72¥, Figd1 TRUZIDTHINBORIXEF R O T N R D RICBITTHIETHS. IEED
HEATCOM IR Eqd.2, 7713 Eq4.5 TEHETXA. INFOEO X &L T H D X
MR 72D LFA R imh B CUNHE 3 DM 225 3K X720 CREE L Th KET DI L0,

6. HHYIC

fRFAN VT AT, MEROFAEDFIIZ A28 iR 72 Z L2 I M TEARL TWDDIINERET) D
ZHRECT.. BBIAREARLOObLEH, HNINBZXLIENIEL»oT. INFAEDT AR
> TV REEDOELIICEN IV TRYIELA D TWEL, FHITERICIESETHL DN

IEEW LTI A EEE RN BN TE X Qe 2D IS 7B E 2 TN DD )3 B
IS TR, e E = me2 e DINENE BT T 20N ENTEHAZFAT, &
NINBZ THNWELICELSD0 b2, FHOKRES, FlnBLIO0NVE BN EERIZESTOR
HERRKIZ7e D307 R b T 5. BOADEIL TRV e EIFFL VD, FEz, FHBLRI 0%

EDOLL S~ AAIHEL TWDDZHBEL THERDT7 2 DREN D ESIZES T2, Zhinbt
FLWBLINFES DD EIELAIZL TN,
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8.1 E<HEORSINHBEOMEXTHIE
FERE R CHHIEL TOHRE! = 1 mOBISERKI Tl v T S8 O RELEFH 5
9% (FigAl1.1).
v 1 -y 1 (1 4w/cB\_ (1 0
\/1—1)2/(:2(—11 1 )m(+v 1 )_(0 1) Eq.A11

ERDHOT Eq.21 DS HAT,

6\ = 1 1 +v/c*\(*

(x) _m(_,_v 1 )({) EqA.1.2.
JERE Rk TlEED — D% (t,8) = (0,0) &L, bIA FZE(,E) = (0, 1) EREZIZL T
EaA1.2 2D, JEEERKIZIWNTIEE # 0L72V AL T/2<7ed. Z2 CIREAERKIZI 1T 5 [RIIF
At = 0&FIHEEL, ZOSMEMT-TIOtE2RET H. Eq.21 T(t, x) =(0,L),§ =1ETh

BEARIE T BEER(EDH) EAY10 m/sTHEDERRK
e LB 0.999 999 999 999 999 444 m
1 v e .
E m » ®im Hij i
Y
[> 10 m/s E—)
AT &R IO FFEZA—1.11 x 10715 \ B8 i 0 4 RS
BHABILETSR
MoENEHCR
AL
®im IR 1.000 000 000 000 000 556 m
le 1m N » e
X i ¢ BT
| ;
[> 10 m/s E—)
BT & 14 06 (X F B BTGB IR RFREIZM + 1.11 x 107165

T

AR RImARBLI D RS TRAET &
0.999 999 999 999 999 444 m

g [ GIE
e |
10 m/s —) ;

Fig A1.1 B<BEDOR RN R,
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T\ _ L —v/c?
Lo,
02
L=y1—-v2/c2l=(1-—|I Eq.A.14,
2¢?
T—— Eq.A15.
c

EqA14 )05, A7V A —LRILEEY = 10 ms P CTAESTWIEDOF DL = 1 mOEE, e L
F 03 Er 1L D RS R K T,

L=(1-w%/@2c)))l=1-(556x10716) = 0.999 999 999 999 999 444 m

WZHE T2 Whbwdr—L  VIHE ). 2 CTHRELRITIUIOIT 20 OIE, Fillis e % 55O R
Fr=—(/c2)l=-111x10"s O1 mO#EIL, 1 - (5.56 x 10716) m TUHET 53, i
HHASFERFO 1 mOBRIE, AiE%ImORRZE2 111 x 107 %s © 14 (5.56 x 107'%) m (Z#E
BT HZLTHDH(FigAll). JEEERK CORIRZIZATHRE L CREREA tLii T2 2813 R~ 72 (o4&
TRV, AN =TV R THY, RSITEHL TENF DTy I A (ENB IR TIZOMFE

UIEHELL, DDA O LSRN DAL DIICFRRES LS.

R 1: A—FILIRIRDHHE

FRRT AR D AT L OBEAMIHE T2 2 IFA— MV BB M T 52 LB R T 20T, A—MVJi
R REOFEMELTLEWET HRIIIAZEICRD. UL, tlad—ELL THROBEIZE TS
IR CERBEDIE AL B HE Eq.35 TRLZEIICHFH LRICEIA CHEREL INHE 952810705,
ZOO R HRFF TR OMER ST D3 B2 5 Z LI THE THRHERSIL TS, [ALA—MVEERD
FENRRLZLNTERMEDN O, PRI L OF e = A IFE DS —EThHI %
HRERELTWD. UL, I —E TcltPELTHI L2 R R EL THERAHE T 5205 %
Hi1%. Eq.2.1 THHET 20RO LT DL,

T 1 —v/c? .
()= (Jl —v?/cz J1- v2/c2> (1) Eq.A1.6.
—v 1
HDArEx = ctld,
- 1 = v/c
({) =\ J1-v2/c2 J1-—v2/c? |t Eq.A1.7.
c—v
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ICEMSNDDT, Rk TO N, 1,

Ci =§=,/1—v2/czc Eq.A.1.8.

ELTHR A P TEDI0RKN T 5. Bima ST 57 IR R R O ER, BIT
JEHD—E THHIEDIRMEIR ST TR ZAE T HLNLETHAD.

B THORENERDZE, BLUOIZRDZETHNLV UV ZGDE, BLOT Ty IR—/)
SIDBHONIRLIRDBR N AL D LT TEAUT DN RT 0.
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14%.2 BAICK ZEABHR
1) RAha4V)—

AHAYY—D 1 BETOR T S BER (KR = 450 m) COREE 50 A3 HEITDFEET
BRI DHXERIRIL FigA21 OIDICEZTHETESD. [EBEEFR LT 2EERK (R,
fiiEx) | ETRERNOEINEE g = 9.8 ms 2 THHY% F( free fall) LT 1 FEONE THHE
T OELE D vy Lo T ERE R K (R, L) ) CIERE I — 395, F72, 1 BEo3E k95
T RkIE, EEERK I ZX U CRE —ve CRENT 547085, Lo T, Eq.2.3 L[AIBEL T,

1
Tom = (1 - Evz/cz) t450m EqA21

T%"%#é Vfanl = (Zgh)OSJ:D

(—va)? gh
Tom = t4som — Tz tasom = tasom — C—2t450m EqA22.

FERANCEH R TV TCORHE ( BIZIEN] ) EBAET 5. 31 BHE (17 H ) IS5
tasom = 2.7 X 106 sSTORLERL 1 BEORE 1L tysom — Tom = ghe %tasom = 1.3 X 1077 s .
ZOFFEAEIIAS TR O EBR BT DR RAE O~ AaIWuE 3]s — BT 5.

REAMNFHILE
A I OEFERK
NG

450m
BEZ450mIz&kY )
Egvfau’c‘ﬁ Eﬂ‘ 1[‘%/3‘?3_&
v ¢ ET AN T T HEERK
l x BT IERERK ¢
Vtall

Fig A21 EIZELHMxERRDOE 2T .

(2) GPS B2

[FRRIC L CHlL - TORFTISN % GPS 2 CKIE) TORF#Teps DHETEI G (Tgps — T)/T =
AT /T% GPS 2 DN IZ L DHERAT, /T ( BNDOTADAE ) EHERD &I LD 7
AT /TDFn

100m% 20 F TEE T HEFE DR /IR, 2021.07 FHKBATE, yoshi-naga,jp, 01@a.nifty.jp
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AT ATy AT,

Tt
LLTEHART 5. ik AEREZZE T DL EREMET DL, BRUHIERD B A3 1
BEREONELEE L0 0 NSNWZ LS HIERD B fi# 13 RIAE2R2\V. F-, ATIEH432/h
SWDTAT/T = AT /TgpsEH7277.

( r}E MR Eas %Tﬁiiiirivs
s o

HhBKE GPSHEIE

Eq.A.2.3

Fig.A.2.2 GPS f#7 2 DX,

a) GPS B2 D NERREICKDBFFTDHEA ATy /T
EEMs DR S D3RR, HEvg CHEM OHIERIZ X L TABE L TV D & &
( FigA22), HTABINEREGCELIZEF = GMgMgR3?, EEMg, X ONHEFEag =
vERs DOIES) RN,
GMgMgRg? = MgvéRg?! Eq.A.24.
Eq.2.3 Ctgeld = T, Trunner — trield = ATy, BEOW = vg&TDHEATY /T = —v3/(2c%) 725D Tvg
% EqA24 TEIHX DL,

ATy G Mg
—V=___F ~_083x10710
T 2¢2Rg

ZIZT, G=6.67x10"1 m3kg™1s72, My = 5.97 X 10%* kg, 3L Rg = 2.66 x 10" m&L7z.

b) HIEKDE HIZKSHFETDEAAT/T
HIERDS D e (2D E EmOMIRITNEA T HEIF = —GMgmx ™23, R ONER AR
MOHIERDF-EER DALE £ THHMBE N 2 IRITAE T 23 & [ FAdx 3% N v, O1E
R LF—LHE LI RDHDT,
f - —GMgmx~2dx = % Mg Eq.A.25.
Rg
AHA VY —TOFE & RFEICE 2 EqA2.1 Ttysom = Taps) Tom = T, BELOW? = vy 2ed
%, (Teps — T)/Taps = vean®/(2¢?) . 22D (Tgps — T)/Taps = ATg/TEL, L Dvey %
Eq A5 TEZHZ TN T 5L,

100m% 20 F TEE T HEFR DR /IR, 2021.07 FHK5ARE, yoshi-naga,jp, 01@a.nifty jp
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= ( 1+1>"528><10_1° Eq.A.2.6
= RS RE = . q.A.£.0.

I, Rg=637x10°m& L7=.

c) GPS BIE TOBETDHEH
PLE XV, GPS 2 COME oI

AT ATy AT,
=t = (-0.83x1071%) + (5.28 x 1071°) = 4.45 x 107'° EqA27

L7720, FED S EEES TEE LB OB OEMALIZAf/f = —445x1070L 72 %
( BN O W22 O CIEAD KR ). MR E]ICIE LR LR S5t R CAf /f =
—4.464 x 10710LLTH0, Eq.A2.7 OFFFAEITEET 5. /-, CEBlIZFRE SN GPS fi 2
NTS-2 TORFHOHEARDFFE445.0 X 10712, BIOWE442.5 x 107 2LH LKA T 5.
SCHRIBINC 1 GPS TR O 5 DOJER IO T (offset ) & AHXIFRMENE DOMIE T/ L 72 B A
R IhTWD

HWE1: RREBEALGVEDETNINONEZAGTIHEDES

EaA26 LU, RERDPRWEDOH L3N T IOAERs = RpA AT /IR OGAITILE S
IZEDHEAATG/T = 0&720, 2D RO BERHD 214X, AT/T = ATy /T = — GMg/(2¢*Rg) &£729),
FROKRFTOTIUI NI E IZ DB N

GMg

AT = ATV = —m’r

Eq.A.2.8

DOIrLl s, FEOREOBN-ATIIRGEEFMTICEFIL T2 5.
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Refutation of the twin paradox by considering

expansion in Lorentz transformation
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Numerous attempts have been made to refute the twin paradox
associated with Einstein’s special theory of relativity. However,
none of these, including Einstein’s answer, have made the
essential puzzle clear; namely, ‘the Earth’s clock would either lose
time or not lose time, if we assume that the rocket is stationary
and the Earth moves.” The following claim is discussed in this
paper: although the moving Earth’s clock would lose time at the
same rate, the time course would be equal to the time course
which we would assume if the Earth were stationary, because the
distance traveled by the moving Earth would be extended by
Lorentz transformation if we assume the rocket to be
stationary. In the end, the relativity not only of the clock speed
but of the travel distance must be considered in Lorentz
transformation. By considering the expansion of time and length
in Lorentz transformation that everyone overlooked, the twin
paradox is easily resolved. It is described using simple equations
and simple case studies.

TA a2 b A DRFAREBERIC DD WA D/XT Ry 7
2T HRBRITHE LS HDH. Lo, (vl y ML LHIER D E)
SARET 2 & MBERDERFFHDNEN D E D] &0 ) RER R BIZITT
Ao vaB A VHEBEZ TN, ZOMmXTIE,RT v hAER
IELTWVWD ERET S & B < HERDKE S [F UHIA TEN D3,
B MBS BB T 2RI — L VY BRI o TIERKE B D
T, HERDSERIET 2 LUE Lo 6 RIS F Tl 5 2 &I
DNWTIRRL. T7bb, RigtORE 72T Tra < BB ERRE DRk %
bR — LY EMTERTOMNENRDD. LN EEE LT or
— L VEBMTORR ERSDIEEZZE XD L, HT-DRT Ry 7
AIFHHICE CTE 5. U bafliRa LR r—AA2T 4T
A L7z,

Keywords: twin paradox, clock paradox, theory of relativity, special relativity, Lorentz
transformation, inertial frame, relativity of length, relativity of clock speed, relativity
of time course, Lorentz expansion
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1. Introduction

Numerous attempts have been made to refute the twin paradox associated with Einstein’s
special theory of relativity!. However, none of these, including Einstein’s answer?, have made
the essential puzzle clear; namely, ‘the Earth’s clock would either lose time or not lose time, if
we assume that the rocket is stationary and the Earth moves.” The following claim is discussed
in this paper: although the moving Earth’s clock would lose time at the same rate, the time
course would be equal to the time course which we would assume if the Earth were stationary,
because the distance traveled by the moving Earth would be extended by Lorentz
transformation if we assume the rocket to be stationary (see Fig. 1.). In the end, the relativity
not only of the clock speed but of the travel distance must be considered in Lorentz
transformation. By considering the expansion of time and length in Lorentz transformation
that everyone overlooked, the twin paradox is easily resolved.
1. [IC®HIT

TA Y ad A ORGSR MR WD T Ry 7 20063 2 KBTI
<HD. LnL, Iady b3l LHERDEI K RET 5 & MIBROIFEEREN L 0380 &
IREMRENTT A v aZ A VS BEA TR D ZOMmXTiE,eyry bA#EIEL
TWVD ERET D LB HIERDEFFH B[R CEIA TENL DA, B < #ERDPBENIT 2 S 7 —
VUV ERBIZE o TIEREND (Fig.1 &) O T, HIERDHHIET 5 ENE LT25A & Rk
WAFR CIC72 5 2 LIZOWTIAS. Thbb, KO EZ T T BEEREOMEXHE S
H— LY BB CEETANERD S B— L Y ERIZBIT DML EIOIRE (#bN
RELLTWEZ.) 2BETD L, XFDORT Ky 7 RIHBIHHTE 5.
| l

N N
| VR |
°o-* o
inertial frame K1 Earth at rest
Rtk « $UEL TL B3R
inertial frame K2
'R k2 i< Bl i
il o - c
Earth- as- spaceship Rocket at rest
FEMEAZLIHER BiELTLSOuk

where f =1 / 1- vé/ c?, c denotes the velociy of light. Eﬁ‘;{{f: ﬁv(if&';";ﬁ_ﬂi:}ypﬂ'::'ﬁﬂnﬁzz'NAGA
Fig. 1. Expansion of distance by converting the inertial frame K1 where the earth is
stationary into the inertial frame K2 where the rocket is stationary by Lorentz
transformation (schematic figure).
Fig. 1. HIERSH 1L L CWAIEMR KL a4y RR#HIEL TWAIEMR K2 Icr—L v
VWS 5 2 LT X D HEEOSEIEERRX).
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It is described using simple equations and simple case studies in this paper. The effects of
acceleration and gravity are not considered. To understand the essentials of the special theory
of relativity, they are not needed, because as the travel distance becomes long, these effects
become relatively small. There are explanations in books and web sites that the time of the
Earth-as-spaceship ( or the twin's clock stayed at the Earth ) would go discontinuously at turning
points of round trips if we assume the rocket to be stationary, however, the time discontinuity
comes from the wrong turning points mistakenly shortened.

KL TR RN EMRER T —AAZ T ¢ THT 2. ML EHOREITERL T
. BEIERES R < e, T o ORI/ NS < 225 DT, ReARKH LR O
RKEZEBFET D 7-DIFTHER . alry R IEE > TW5A L{RET D & Earth-as-spaceship
( FHARHIER S YOREE (FE72iE, HIERIZER > 72T OREER) 25, TEERITOH D IR L AT
T B OIS EEE, B web site IZRAZIT B 505, FEHIDSAERE 72 5 IR,
fiigE > TR L7 v ik LARICERT 5.

2. Presuppositions, etc.

The presuppositions, etc., in this paper are as follows.
1) ‘Lorentz transformation’ is the transformation of coordinates and times from one inertial
frame system to another, in Einstein’s special theory of relativity. ‘Galilean transformation’ is
also described, to differentiate it from Lorentz transformation.

2) Only one direction, x, among the three dimensions of x,y,z, is selected to describe
. . . . . . t
locations. The time t and location x of a point P; is described as (t,x) or (x)

3) The difference between P;, and P; (where i and j are indices denoting individual points)
is described as AP = P; — Pj = (At,Ax), where At and Ax denote the time course and
difference in location, respectively.

4) Galilean and Lorentz transformations are applied to AP. It should be noted that the
equations in the special theory of relativity are modified in this paper; however, the essential
import of the equations is not changed.

5) ‘Motion of the Earth’ denotes neither the Earth’s orbital rotation around the sun, nor its axial
rotation, but rather, extremely high speed uniform linear motion, as is relevant to the special

theory of relativity.
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2. HMRSRMHSE

KX TIELA T 2 AR E & L.
D Te—V B 13, 74y a A ORFEAMEHRICR TS, HOEMERNSHD
TEMER~DOEE L OB TH D, B — L YL OEWNERTIZDC T4 Lo 2 H#
HPfRt L7z,
2) L& TR X, y,zD 3 DOWITLD I HOxDIHE Lz, mP, OREfilt 3 L OMLEx i

(tx) Frx(]) e g L.

3) PEPDFE (L &) 13 HxDRETRTA T v 7 A) 1%, AP=P;—P;j=(At,Ax)& LTz, Z
2 TALER L OAxIE, Rl s K UM E D 2.

4) AV LAERE m— L Y B TAPEEWRT D, T OFMCTI, Fas im0 x &
SHARTWDD, RORERRERIZEZ TW2RU.

5) THiEkOBEY & | 1%, KGO Y ORNEERLBIZ TR <, FPRRHExXHEERIC D0 5 K 5 2rFE
HAZ @R DD — T DR ER) 2 Bk T 5.

3. Galilean Transformation and Lorentz Transformation
First, Galilean and Lorentz transformation will be distinguished. The equations which
transform (Atgq,Axg,) in inertial frame K1 to (Atg,, Axg,) in inertial frame K2, which

moves at the constant velocity v, in the direction of increasing xk; in K1, are:

(-l D)
()= 7GR v

B =1/y1—-vé/c? 3),
where ¢ denotes the velocity of light. The subscripts “ G”, and “ L” denote Galilean and
Lorentz transformation, respectively.
Since (Atkq,0) is a stationary point in K1, Axg,/Atg, obtained by substituting (Atkq, 0)
into Eqgs. (1) and (2) are the velocities of K1 in K2. The velocity is equal to —v¢in both
transformations. The equations of transformations from K2 to inertial frame K3, which move

at the constant velocity —v, in the direction of increasing xg, in K2, are:

()= (2, 9

AXKS’_G - +UC 1 AxKZ_G i

AtK3_L> _ ( 1 +vc/cz) (AtKZ_L>

(AxK3_L =k +vc 1 Axka 1, ).
4
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The matrices in Eq. (1) vs. Eq. (4) and Eq. (2) vs. Eq. (5) are the inverse of each other, as:

("‘ic 2)=(—17c 2>_1 (©)
o V)=, YN gz

Thus, we obtain Eq. (8) from Eqs. (1), (4), and (6). Furthermore we obtain Eq. (9) from Eqs.
(2), (5), and (7):

<AxK3_G Axgq ®)
) = 9).
(AxKS_L Axgq ©)

Eq. (9) implies a refutation of the twin paradox, as illustrated by several case studies in §4.

In addition, the changing rate of the clock speed obtained by dividing Eq. (2) by Atg; is:

Tt (10).

Eq. (10) varies as a function of v and Axg,/Atgx, , which denotes the velocity of an object
moving in K1. If Axg,/Atgx, in Eq. (10) equals v, Eq. (11), expressing the delay in the
traveler’s clock, is obtained;

Atgs 1,
Atk

=1/B n),
whereas, if Axg,/Atg; in Eq. (10) equals 0, which denotes a stationary point in K1, Eq. (12) ,

expressing the expansion of the time course in Lorentz transformation, is obtained,

Atgs 1, _
Atk

B (12).

3. WV VAT n—L VB
FT, WV VAZEHE o — L Y EWOENZRT. EMER KL D (Atky, Axgy) & K1 Dxyy
DEF PN —EHEv. THEIT 2R K2 O (Atgy, Axg W ZE#T 5,

(), D)
(e)-r(, )G
p=1/[1—vte 3,

TIT, c BKOEEEFT. WATO [ Gl BEO T L) 13, ZRENS Y LA L L0

NS ey
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(Atgy, 0)iF K1 OFIESIRDT, (Atgqy, 0)% R (1), 3L TIUTRA L TH B AL D Axg, /At
X K2IZHITDH Kl OFETHDH. HETMER T—vc LD ELY. K2 205 K2 Dxg, DIE
F NS —E R E —ve TBENT D 1B R K3 ~OZEHOXUT,

()= (A D)
()=o) )

Eq.(1) & Eq.(4), BLUEq(2) & Eq.(5) OITFNTENTKRD X 9 IZHT5ITH 5.
(e 905 3
e )b

Lo T, Egs. (1), (@), BLD (6) 2»6 Eq. (8) M5B D. X HIZ, Egs. (2),(5), BLD (7) »»
b Eq.(9) BEHib.

AtKg G) (AtK1>
(AxK3_G Axgq ®)

) = (1)
)= 9).
(AxK3_L Axgq ©)

Eq. 9%, 84 D7 —ARZT £ TRT LI FD/NT Ry 7 22T 5 KB &= EWRT 5.
MELTEBLD, Eq.Q) & Atg, TELHZ LICE VBN OM S ORI,

Atgo L Axyq
—— =P (1 - vc/c? Atxl) (10).
Eq. (10)/E ve & Axgy /Aty DBEETH 5. Axg, /Aty 15 K1 TRENT 2MIK0HE %2 3. Eq.

(10)DAxg, /At Vv 72 B, FATHE ORFEFOIEN 2R T Eq. ADDBEFHILD.

———=1/P 11),
—J7, Eq. 10)DAxyq /Aty 73, K1 TOFFIERAEW®RT 5 07056, 17— L Y ZBHUZ I 5 IRFERE
HWOYREE £ T Eq. A12)R 5515,

Atyo 1L —p

Bt (12).

4. Case Studies
4.1 Outline

As aforementioned, Eq. (9) implies a refutation of the twin paradox. To illustrate this, several

6
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case studies, which assume the velocity ve = +c¢/2 in Lorentz transformation, will be
discussed. Space travel at ¢/2 may never actually be possible, however, the velocity is
reasonable for the purpose, because here the difference from Galilean transformation is obvious
and moderate. The principle of the constancy of the velocity of light, and the relativity of
simultaneity, of length, and of time course will first be discussed, before discussing the time
course during virtual space travel and refutation of the twin paradox. In the case studies, the
units of length and time are meter and second. The £ in Eq. (3)is 8 = 1/+0.75 = 1.15, and
1/8 = 0.86.

4. T—RARET 4

4.1 BEE

A L7291, Eq. 9) XMW TFDORT Ry 7 ZAZHTHNEBEEZEWT S, 202 & 2K
THZDIIZ, =LY BB THEv = +c/252NET D7 —AAZT £ IZO0V T D)
R D . BIFEITIT/2 TOFHMATIZEBAR DS LIV, T LA A & OE
LMNTRIVOT, FIZE L TWD. AR R FHRTT TORFRIRE & W F DT Ny 7
2N D BN DWW TR D FNZ, 7, MEEDOAREOFH, 25 ICRIRE, RS, B
L O FGB OFIEIC SN TRRDE . =2 A X T ¢ TiE, £ EEFHOBEMIT A — L
L ET D Eq. Q)DBIE, B=1/1/0.75=1.15L 1/ =0.86iC725.

Some transformed cases of AP; ; are shown in Table I. The AP; ; are transformed from K1
to K2, and then transformed from K2 to K3, at the relative velocity v¢. The positive/negative
values of v for APgs are the inverse of those for APs, because the return trip of APs, is
assumed in APgs. The AP is the sum of APs,, and APgs. The meanings of these
transformations are explained in §4.2-4.4.

AP ;DN DO LR % Table I lZ7RF. AP 1T K1 205 K2, 2 LT K25 K3 (Tl
Ve CEHL TN D. APgsTlE, APy DIREREREL TND DT, veDIEHANAPs & W TH
5. YAP 1% APso b AP s Gt L7cb D TH D, T b DOEMOEWIL§4.2-44. THT 5.

7

May 16, 2018. Hiroshi Yoshinaga, Refutation of the twin paradox by considering expansion in Lorentz transformation. yoshi-naga.jp



Table I. Galilean and Lorentz transformations of AP (Time course, Difference in location).

Table I. AP ( F¥ER&E, (MLEDOE ) OF Y LA EH L o — L V2

Transformation from K1 to K2 | Transformation from K2
with velocity v to K3 with velocity v¢
AP;; or yAP | Kl
’ K2 G K2 L K3 G K3 L
Uc Uc
Galilean Lorentz Galilean | Lorentz
APyo =Py — Py (0,0) (0,0) (0,0) (0,0)
AP o = P, — P, (1,0) (1,0.5¢) (0.58,0.58¢) (1,¢0)
AP, =P, — Py (1,—c¢) +c/2 (1,—1.5¢)| (1.73,—1.73¢) —c/2 (1,—c)
AP3,0 = P3 - PO (0, C) (OI C) (_058'115C) (O! C)
AP, =P, — P, (2,0) (2,—c) |(2.31,—1.15¢) (2,0)
AP5 o = Ps — P, ttrp(z; c) ttrp(z;o) ttrp(1-7310) trp (2,¢)
APgs = Ps — Ps | tup(2,—¢) | =€/2| tp(2,0) | tup(1.73,0) | +¢/2 terp(2,—C)
YAP
ten (4,0 - ti (4,0 tern (3.46,0 - te (4,0
— AP5,0 + AP6'5 trp( ) trp( ) trp( ) trp( )

4.2 Principle of the constancy of the velocity of light

The AP;, in Table I means that the velocity of light in K1 is +c. Though the velocity in
K2 Gis changed to 0.5c, the velocity in K2 Lis 0.58¢/0.58 = c. The AP,, means that the
velocity of light in K1 is - c. Though the velocity in K2 G is changed to —1.5c¢, the velocity
inK2 Lis —1.73¢/1.73 = —c. K3 transformed from both K2 G and K2 L accords with the
original K1. The above is represented in Fig. 2, where the horizontal and vertical axes represent
the time and location, respectively, and the positive and negative velocities of light, ¢ and -c,
are represented by solid arrows and dotted arrows, respectively. The graphs of K1, K2, and K3
are arranged left to right, with the Galilean and Lorentz transformations on the top and bottom,
respectively. Though the slopes of the arrows representing the velocity of light change in K2 G,
they do not change in K2 L.
42 HHEREOFHE

Table I DAP, (1% K1 TONHEN+cTHDH I L2 EWKT 5. K2_.G TONHIT0.5ciZZED D
2, K2 L TOY#IE 0.58¢/0.58 = c T D. APyt KI TOREN -cTHDZ LA EKT
%. K2 G COXHIF—1.5cI2E DD, K2 L TO¥EIT-1.73¢/1.73 = —cTh 5. K2 G &
K2 L 22BEHS N K3 1%, L HiZtd K1 & —%T+ 5. LIE% Fig. 2 ([ORT. K FiliE &
OFEEHNIEN TR B LOMEZ R L IEOEADOREE B L O-clX, 2R ENERB X
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VEBOKRAITRLT. KLK2, BEXOKIDZ T 7IIENLADIAICEE L, BV LA 2
to— L Y BT FENFE N B X OVFENCELE LT, SO AR Y 5 KEIOE X 1%
K2 G TIZZ(LT 52 K2 L TIEZEL L7z,

K2_G ) K3_G
Galilean changed Galilean
transformation 4 | velocity of light transformation 1
v,=+cl2 o / ve=—c/2 ) /
= gl O x N j— ' (D‘ 0 % ~ -
) K1 x4 5 - hYL
1 Iigr\1t V,=+cC 2 5*’I) 2
N //’T 0 1 2 0 1 2
<0 CF - Aty 6 Aty g
x s 5
3, e
-1 A—4 K2_L K3 L
light v, = ¢ 2 | 2
-2
A constant | oy
0 1 2 5 velocity B /
Aty — > ¢ z coflight | =——» 2 ¢
Lorentz 3 RN Lorentz 5 S
transformation _4 > transformation  _4 '
v.=+c/2 \\’O ve=-c/2
-2 -2
0 1 2 0 1 2
Aloy Aty

Fig. 2. Transformed time and location of light.

Fig. 2. Jt OB L i B O,

4.3 Relativity of simultaneity, length and time course

The AP; values in Table I show that 0 sec (as simultaneity) and length of ¢ m in K1 are
transformed to —0.58 s and 1.15¢ m in K2 L, while these changes do not occur in K2 G.
The AP, values in Table I show the time course of a stationary point in K1, with 2 s in K1
changing to 2.31 sin K2 L.
4.3 [FIRE, | &, 36 X UNRFREIRRE OO FH %%

Table I DAP; (I, K1 IZ81F5 0 B (T72bbEK) TES ¢ m A K2_L TiE-058% &
1.15¢c m [ZEHI N D Z LT, 2O L9 R kT K2.G TITE Z 5720, Table I & AP,
I3, K1 COFIEAD 223 K2 L TiE 231 ICEMESND Z & 2T

4.4 Time course during virtual space travel

Here we consider a virtual round-trip space journey by a rocket from Earth to Planet A,
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located | =ty ¢ away from the Earth, at the velocity vg = c/2. If vc, which is the

velocity of the inertial frame K2 in K1, equals vy, the rocket is stationary in K2. The effects
of acceleration and gravity are not considered. To understand the essentials of the special theory
of relativity, they are not needed, because as the distance becomes long, these effects become
relatively small.

The AP5 in Table I indicates the outward journey. The time course in K1 is 2y, while
the time course in K2_L, which means the time course in the rocket, is reduced to 2tiyp/f =
1.73trp. This change does not occur in K2_G. However, the 1.73t, in K2_L is recovered to
2typ in K3. The time courses in K1 and K3 mean the time course of the clock in the Earth at
rest and the time courses of the clock in the Earth-as-spaceship. APg s means the return journey
with the velocity vg = —c/2. Here, the 2t in K1 is also reduced, to 1.73ty, in K3_L.
The time ),AP in Table I means the time course over the round-trip. The time courses in K1,
K2_G,and K3 are 4tp,, while the time course in K2_Lisreduced to 4tip/f = 3.46tp. The
above is represented in Fig. 3, with the location of the rocket represented by the vertical axis
and the time represented by the horizontal axis. The rocket is at rest in both K2 G and K2 L.

Though the time course in K2 L is reduced, it is recovered in K3.

4.4 BRI ZRFHRIT TORHRIE

22T, HUERD D DUEBERL = typ ¢ OB A ~OBE vy = /2005y ML DR
MR EEOFEHRITE BT 5. BYER KL TOEMER K2 OFEEv: vy IZELWEA, 1
7y MEK2 THIELTWS. I & B OREITZE L. BRERE 21> TIh
B OEIIAXINT NS < 72 B 728, FeABcHE R O A & BRR T 2 72 OITITL T2,

Table I DAPs, [F{ERZ 7R KI TORRFRBIL 2ty, TH Y, vl v b TORRHFIH Z
BT 5 K2_L CORFMRIEIL 2typ/B = 173t p AT 5. 2D XD 20T K2_G TiE
EZH720, LL,K2 L TO 1.73ty, 13 K3 Tid2ty, ([CR5.K1 36 L UK3 TORFRHREIE
1%, #lk U7 iR CORERRIE, ¥ J Y Earth-as-spaceship 1N COREIRIEZ BEIKT 5. APgs
(THE vg = —c/2 TOEKEERT D, 22 TH Kl TO2Uypld 173t (3843 2. Table
I © YAP OKFIFEEKIT CORMFREZ E®T 5. K1, K2 G, 3 XL K3 TORFHEFEH
(T4ty, TH DY, K2_L TIE 4typ/B = 346ty [T 2. LLEIZOW TR Y v FOALE %
Ffdh, MR Al s L7 Fig. 3 1273 7.K2 G BLOW K2 L Tldnsry MIFIELTWAS.
K2 L CIEFRFE#E AT % 23, K3 TIEITIiZ R 5.
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K2_G Galilean K3 G

Galilean a transformation —
SN L
transformation ¥ l ¥
— \o 0 ], > — 0
N‘ o
w -1 ;2 -1
K1 0 2 4 0 2 4
‘*4% 1 tK27G/ ttrp tK37G/ qrp
2 0 = outward v,=+c/2 outward v,=-¢/ 2
c =] return v.=-c/2 return v =+c/2
< K2 L K3_L
0 t 2/ 4 ‘6‘,%1 reduced ‘G% 1
kil b = time course g
L5, o0 j —3 0
¢ o
Lorentz : < 0 2 4 Lorentz x 0 2 4
transformation tKZ?L/ 4rp transformation tK37L/ 4rp

Fig. 3. Space travel at 12 the velocity of light.
Fig. 3. YD 1/2 O E TOFHIHRIT.

4.5 Refutation of the twin paradox

A fundamental refutation of the twin paradox will now be discussed, based on the case studies
in §4.1 and 4.4. The schematic in Fig. 4 shows the Earth as the point of departure, Planet A as
the turning point, and the rocket in flight. Only the outward journey is represented in Fig. 4,
because the return is similar to this as described in §4.4. The horizontal and vertical axes
represent the time and location, respectively. Lorentz transformation with velocity v¢ is
abbreviated to L( v.).

In the inertial frame system K1 (left in Fig. 4), the Earth is stationary. K1 is transformed to
the inertial frame system K2 by L(c/2) (right). We can assume, in K2, that the Earth-as-
spaceship is launched in the opposite direction to Planet A, with velocity vg = —c/2. K2 is
transformed to K3 by L(—c/2). K 3 matches K 1(left), because contractions and expansions
return completely by the transformation with the positive / negative inverse velocity. The
essence of the twin paradox refutation lies in the difference between the rocket in K1 and
the Earth-as-spaceship in K2 in Fig. 4. It is Fig. 1 that made it more schematic.

4.5 MFDR7 Ry 7 2TH$ 5 B

§4.1 BLW 44 TOr—ARZT LITHESNT, WT-D/RT Ky 7 ATxT ARG 72K
B &8~ %, Fig. 4 OFRXXIE, A E L TOHER, FTORKLAE L TOXKE A, BILOK
UNou 4y F &R, Fig. 4 TIIHERK LR L TW WD, §4.4 TRLUE LD ICEELIA
RTHLINOTHD. B, B XORERNITZ N Z M &AL RT. HE ve TOr—L
VY EWAT L(v) EERE LT,

TEME R K1(Fig. 4 O) TIIMERITE L L TW5 . K1 13L(c/2)IT & » TEMSR K2 128 X
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1% (). K2 Tl Earth-as-spaceship [Z2%2 A & X HMNZHEEvg = — ¢/2 THN D & A7pt
5. K2 1EL(—c/2) \I2L > T K3 WA S NG, IEANMOREE DR TG & REITE 2T
TCIZREDDTKIIT KL & —ET H(F). RFD/RNT Ky 7 RZkT 25 KEBEOAREIX Fig. 4 D
K1 Tor/% v b & K2 ® Earth-as-spaceship D:EWZH B, L DI LD Fig. 1 T

H5.
xc xc
( 2) - K1’K3 planet A ( 2 )_ K2
(0.¢) (2,¢)/ L(c/2) (-0.58, 1.15¢)  rocket-
a1+ @ &y~ rocket o1 | at-rest
& Ve=C/2 NS M
= L L(-c/2 = L 1.73,0
$ 0 of — coih (<</2) g0 o) el )
Tapes @o TN SO, Faten o
L (v,): Lorentz i
-2 R S transformation with -2 (231,-1.15¢) ve=-c/2
1 0 1 2 velocity v, 1 0 1 2
AtK1/ érp AI‘K1/ 4rp

Fig. 4. Transformation to an inertial frame system in which the Earth-as-spaceship moves at
122 the velocity of light, and a rocket is stationary (schematic figure).
Fig. 4. Earth-as-spaceship 73 G D 1/2 O EE TS, 1 7 > R D3RI 2 R~ O ZEHL(HEAX).

Here we reconsider the time course of the journey of distance [ in three inertial frames K1,

K2, and K3.
(1) In K1: The rocket arrives at Planet Ain Tx; = [/Vg (= 2tirp)-

(2) In K2: The rocket is at rest. The distance [ is increased to lx, = I (= 1.15cttrp), Tky is
reduced to Tk, r = Tk1/B(= 1.73tp) at the rocket-at-rest, and Ty isincreased to Tk, g =
Tx1B (= 2.31typ) at the Earth-as-spaceship. These differences do not reflect a contradiction
but rather the relativity of length and time course, as explained in §4.1 and 4.3.

(3) In K3: The Earth-as-spaceship is at rest. The distance lg, is reduced to lxz = Ik, /B =1,
Ty, g is reduced to Tyg3 g = Tk, g/B = Tk at the Earth-as-spaceship at rest, and Ty, g is

increased to Tx3 p = Tkz P = Tk1 at the rocket-at-rest as spaceship.
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These time courses and distances are doubled in the round trip as summarized in Table II.

Table II. Summary of the time courses and travel distances in the virtual space journey.

Inertial frame system ( Time course, Travel distance)
Earth Rocket

K1, and K3 where the 2] 2]

Earth is stationary (V_R 0 ) (E 2k )

K2 where the rocket is 2] 1,21

stationary ﬁ(v_R 'Zl) [_i(v_R '0>

[ and vy respectively denote the one-way distance of the round trip and the velocity of the

rocket; and B = 1/4/1 — v&/c?, where ¢ denotes the velocity of light.

Z ZCHBE OITCORERE EZ =S OEMER K1, K2, 8L VK3 THET 5.
(DKL B5y NI Tgy = 1/vR (= 2typ) TRE A IZEIET 2.
() K2: m 7y MEFIEL TV D, BEBE | 13 I, = 1B(= 1.15ctyp)ICHINL, &Ik Lizn 7y
N TUE Tk, 23 To R = Tx1/B(= 1.73typ) 123> L, Earth-as-spaceship T (& Tg; 7% Ty g =
TxaB(= 231ty VITHIINT 5. ZHDHITFETITRL, §41 BLD 43 TRLELDICRE L
R RE DFERETH 2.
(3) K3: Earth-as-spaceship (3# 1L LT\ 5. Bk, 1Tlks = ko /B = U L, 1 L7 Earth-
as-spaceship TldTyg, g% Tz g = Tk g/B = T (2 L, FHiflr & L TD rocket-at-rest Tl
Tz R)3Tk3 r = Tz rB = Tx1 (ST 5.

IRp AR & iRATRERE A TEE T 245 & LT Table ILIZE & 7z,

Table II. AR 22 FH icTT CO RIS & FRITIEEED £ & 0.

TEME R ( PRI, FRITEEEE )

HER 27y k
HERAFRIE L TV 5 K, 21 21
B LV K3 (v_R ’0) (ﬁ’21>

Zzz\ybﬁ‘i%%itb‘(b\ ﬁ(i_li'21> N %(2_1’0)

| BED vg FENENEERITOREORBE 2y FOREL T, £, B =

1/ /1—v§/c2, ZIT ¢ I3

UrR
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The twin paradox and the wrong explanations are caused by lack of consideration as follows.
(a) The expansion of the travel distance in K2 is not taken into account, probably because
Lorenz contraction is erroneously considered applicable to all transformation.

(b) Only the time course of the Earth-as-spaceship is considered in K2, probably because the
time course at the rocket-at-rest and the time course at the Earth-as-spaceship are not properly
distinguished.

There are explanations in books and web sites that the time of the Earth-as-spaceship ( or the
twin's clock stayed at the Earth ) would go discontinuously at turning points of round trips if
we assume the rocket to be stationary, however, the time discontinuity comes from the wrong
turning points mistakenly shortened.

WAD/NT Ry 7 2B LOMES 72T, L TOX I ICEERENRETH .

(a) K2 CTHATIEEEDNIEIET 2 Z LM EBE SN TV RV, BELL v—L U VIUENETOE
BUTHEH SN D LIRS TV L2 THAD.

(b) K2 "TlX Earth-as-spaceship DKffli] L2YEfE S 71T 72l % 5 < rocket-at-rest "CDRF[i]
%1 & Earth-as-spaceship TORFEE A EL < KB L TWRWedHTHA ).

vy MRk E ST E{RET 5 & Earth-as-spaceship ( FHAHIER S YORERE] (F 7213,
HIBRIZ TR > 7o B DOREGEE) 25, TEEHRIT O 0 i LA CRERHIET § OF AN ERE, B LU
web site |2 A2 H 3150, BN REEEZ 72 DRI, h&E-> CTHE< LI iR LA ER
T5.
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5. Conclusion and postscript

The time courses in a virtual space journey at an extremely high speed of vg, as is relevant
to the theory of relativity, was considered. The effects of acceleration and gravity were
neglected, because as the travel distance becomes long, these effects become relatively small.

A clock in the inertial frame system K2, where the rocket is stationary, loses time at a rate of

1/ = W , where ¢ denotes the velocity of light, compared to the clock in the
inertial frame system K1, where the Earth is stationary. While a clock in the Earth-as-spaceship
in the inertial frame system K3, where the Earth is stationary, also loses time at a rate of 1/,
compared to the clock in the rocket in K2. This is not a paradox, however, because the distance
which the Earth-as-spaceship travels is extended at a rate of f in K2 (see Fig. 1.). The end
result is that the time courses of the clock in the Earth-as-spaceship equal the time courses of
the clock in the Earth at rest.

P.S.: The Earth at rest is like the rocket in K2 in Fig. 1. It may thus be worthwhile to think
about the movement of the Earth in the universe as Galileo Galilei did.
5. fhwm LB

FRXHEEER DB E 2T 5 & 9 7 @iEvg TORB R FHRITEZ B L L. I & 'O
ENIATIRBE DS R < 0 0 XN/ NS R0 THEE L. vy BFRIEEL TWHIE

IE

‘%%KZT@%%@%Wﬁ%ELT%%E@%KI@ﬁ%ﬁﬂbﬂﬁzhfmyﬂ(c:%

HYDOHFNE TEND. —F, HEKDE L L T2 1EMER K3 TO Earth-as-spaceship OF5FH K2
ou’lry N TORFHIX L T1/BOEIGTENS. L, ZiUI/NT Ry 7 A TR, 7
72 5, K2 T Earth-as-spaceship O ik THHEEIZ DEIS TIER SN D005 THh 5 (Fig. 1 BR).
fti ke & L C Earth-as-spaceship DR TORMIFRIIE, # i L T 25 #HIERORFET T R RF
LT HZ LT D,

Bl #IE LTV AHIEKIT Fig. 10 K2 Tory Yy hOXHRbEDTHSD. HVLAHI L
A DEIZFHOP TOMEDOE X IZONTEZ D Z LIHHERH 2000 Lvn
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