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B sroit siekiun MBI TOKA3bIBa€M, YTO JIEITOHAM HEOOXO0-
JIUMO TIOCTABUTH B COOTBETCTBHE CBOE MPOCTPAHCTBO-BPEMSI
¥ 9TO MPOCTPAHCTBO-BpeMs ecTb anrebpa Kmmddopaa, obpa-
3YIOIIUM IIPOCTPAHCTBOM KOTOPOi SIBJISIETCsI IIPOCTPAHCTBO-
spemst CTO. Jlns onmcanusi mpOCTPAHCTBEHHO-BPEMEHHOMN
CTPYKTYPBI aHTUJIENITOHAa HEOOXOIMMO BBECTH O00OOIIEHHOEe
COIIPSIPKEHHOE IIPOCTPAHCTBO-BPEMsI U PACCMATPUBATH €ro
kak anrebpy Kimddopna. Ykazanubie 0600IIeHUsT CBsI3a-
HBl C [PUBJIEYEHUEM [IOTIOJHUTEIbHBIX KOODAWHAT B Ka-
YecTBe HE3aBUCUMBIX IIE€PEMEHHBIX I[IPOCTPAHCTBA-BPEMEHH.
CobCTBEHHOE ITPOCTPAHCTBO-BPEMsI JICIITOHA SBJISIETCS  aJl-
re6poii. Orcroma HeOOXOAUMO CJie/lyeT KBAHTOBAHHUE 3ITOTO
npocrpaHcTBa-BpeMenn. COOTBETCTBYIOIINE KBAHTOBBIE II0-
CTYJIATHI MIPEJICTABJISIIOT COOOM ypaBHEHUs] CTPYKTYPBI are6-
PBI IIPOCTPAHCTBA-BPEMEHH.

I. IIOYEMY IIPOCTPAHCTBO-BPEM4A
HEOBXOJMMO OBOBIIINUTD 0O AJITEBPHI
KIIN®PPOPIA.

OrnpaBHON TOYKOW ISl JAJBHEHINNX DPaCCyKICHUN
OyJzieT 10 TIpeXkHeMy ypaBHeHue /upaka, KOTopoe MblI 3a-
[IUAIIIEM B COOTBETCTBHUU C IPUMEHSIEMbIM HAMU aJIredpan-
YEeCKUM I10JIXO0JIOM IS JIEMCTBATEJILHOTO IIPEJICTaBICHUSA
airebpor Kimuddopma:

(OiAB al + % COAB) . d)B =0.
3rech nHyekchl A, B npuHuMaoT 3HAYEHUS
(32,13,21,0,1,2,3,123).

C°p — emmmmumas Marpuma, a C'p — obpasy-
IOI[ie CTPYKTYPHBIE MATPUIILI, KOBAPUAHTHOW aJjreod-
pet Kimuddopaa B mepBoM cKaToM J1€HCTBUTEILHOM
MIpeICTABICHAN " .

CorytacHo ajredpandeckoMy moaxoy uuiaekcel A, B i
HYMEpYIOT KOMIIOHEHTHI BeKTOpa (06a3uCHbIE BEKTODbI U
KOODJIMHATHI) B IPOCTPAHCTBE JeficTBust, MaTpuisl C' A
— SIBJISIIOTCST OOPa3yOIMUMK CTPYKTYPHBIMEA MaTPUIIAMH,
OTIPEJICTIATONIIME YMHOYKEHNE 6A3UCHBIX BEKTOPOB:

giogAzciAB_gB.

*Cwmorpu pasgen V Jlekuun 5.

B ypaBuenun /Iupaka cBepTka mHjekca B CTpyKTyp-
HOMl MATPUIBI C COOTBETCTBYIOIIUM WHIEKCOM BOJIHO-
BOIt QYHKIIUU SBJISIETCS COBEPIIEHHO 3aKOHHOM, TaK KaK
9TH MHJEKCHl OTHOCATCS K BEKTOPAM OIHOT'O IIPOCTPAH-
crBa. OHAKO, IOMUMO 9TOro B ypaBHeHun Jlupaxa uH-
JIEKC ¢ CTPYKTYPHOU MATPHUIILI CBOPAUUBAETCS C WHJIEK-
COM, HYMEpYIOIIUM POCTPAHCTBEHHO-BPEMEHHBIE KOOD-
QUHATBL ', 9TO B OOIIEM CJIydae COBEpIIEHHO HeOIy-
cruMO. MBI JIOJIKHBI TIPEJIIOJIOKUTE, 9TO JUO0 HOMED
MAaTpUIBl § HyMepyeT BEKTODPBI JIPYroil TPUPOJIbI, JId-
60 IPOCTPAHCTBEHHO-BPEMEHHBIE BEKTOPBI IIPUHAJIEZKAT
TOI Ke anredpe, 9TO U BEKTOPHI JieiicTBus. [lepBast To4-
Ka 3pEeHHsl POTUBOPEYUT PA3BHBAEMOMY HaMU ajredpa-
ITYECKOMY TIOJIXOJLY, COIVIACHO KOTOpoMy Mmarpuisr O'4p
€CTh CMPYKMYPHble MATPUIIBI AJreOPhl U WHIAEKC & Hy-
MepyeT BEeKTOPBLI B amot ajrebpe. Takum obpasom, Ham
HUYEro He OCTAETCsl, KAK BBIJIBUHYTH CJIEIYIONIUI TE3UC.
IIpocTpaHCcTBO-BpeMsi, pacCMaTPUBAEMOE B TEOPUU JIEK-
Tpona Jlupaka, HEOOXOIMMO OOOOIUTH U PACCMATPUBATD
ero kak anredopy Kauddopaa.

Kpome Toro, Tax Kak CTpyKTypHble Marpuipsr C4p
HpeCTABJISIOT 00pa3yIoNe 6a3uCHbIe BeKTOPE! &

iA i
C"p ~ &,

a ' — ecThb KOODIMHATHI IIPOCTPAHCTBA-BPEMEHH CIle-
mmasbhoit Teopun ornocurenbuoctu (CTO), To cremy-
€T CYUTATh, 9TO 0OPA3YIONIUM ITPOCTPAHCTBOM aareOph
Kmuddopaa xaxk 06001IeHHOTO MTPOCTPAHCTBA-BPEMEHH
siBjisiercsi ipoctpancTBo-epemst CTO.

Tak Kak COIVIACHO HAIIeMy BBIBO/Y, CIEJIAHHOMY B
Jlekmmu 5, asrebpy Kiunddopraa cremyer coormecTn
OIpEIE/IEHHON (PU3UIECKON CTPYKType — JIEITOHY, TO
U paccMaTpuBaeMoe 0600IIeHne TPOCTPAHCTBA-BPEMEHN
MBI JIOJKHBI OTHECTH K JIEITOHY. TakuMm obpa3oM, BBO-
JaIMOe HaMHu ODOOITEHHOE TPOCTPAHCTBO-BpEMs HE €CTh
[IPOCTPAHCTBO-BPeMsi BoobIe (6€3 OTHOCUTENIBHO K Y€MY~
160), a 9TO MPOCTPAHCTBO-BPEMsI, COILYTCTBYOIIEe (COo-
orHeceHHoe) JenTody. Horma Mbl Gy1eM roBOPUTD O €0o0-
CMBEHHOM TTPOCTPAHCTBE-BPEMEHN JIEIITOHA.

3/1eCh  TIOJIE3HO CJIeIaTh HECKOJIBKO OOIIMX —3aMe-
qanuii. Bug omepatopoB mudddepeHIupoBaHust 110
IPOCTPAHCTBEHHO-BPEMEHHBIM KOODIMHATAM, BXOMATINX
B yCTaHOBJIEHHBbIE (DYHIAMEHTAJbHbIE ypaBHeHu:A (pusn-
KU, oIpeseser cruenuduKy ClenuaabHOil TeOpUH OTHO-
CUTEJIbHOCTH U 3aCTaBJISeT MMEPEXOJUTh K HOBBIM IPE-
CTABJIEHUSIM O IPOCTPAHCTBEHHO-BPEMEHHOM KOHTHHYY-
Me, hOPMUPOBATH CHEIUAIBHYIO TEOPUIO OTHOCUTEIHHO-
ctu B 0000mennoM cmbiciae. Tak ypaBuenuss Maxcses-
JIa BBISIBWIM DOJIb oneparopa lanambepa (B onucanuu
[IPOIIECCa PACIIPOCTPAHEHNUS SJIEKTPOMATHUTHBIX KoJteba-
uuii). CileicTBUEM 9TOrO $IBUJIACH CHEIMAJIbHAsT TEOPUsI



OTHOCUTEILHOCTH DWHINTEHHA W TPEJICTABIEHHE O de-
TBIPEXMEPHOM IIPOCTPAHCTBEHHO-BPEMEHHOM KOHTUHYY-
me. AnajiornuHo ypaBHeHust /lupaka BbISIBUJIN POJIb OITe-
paTtopa

C% -0, ~E 0.

CrencTBreM 3TOro JOJIZKHO ObITH 0000IIEHNE IPOCTPaH-
crBa — BpemeHn J0 aJjreopsl Kinmnddopaa, mocTpoeH-
HOIl H& YeTHLIPEXMEPHOM IIPOCTPAHCTBE — BPEMEHU KakK
Ha o0pasyloleM IIPOCTPaHCTBe. A TakKe pa3paboTKa
COOTBETCTBYIOIIEN CIEUaJbHON TEOPUH OTHOCUTEbHO-
CTH, TO €CTb TEOPHH IPeoOpPaA30OBAHMIA, COXPAHSIOIIIX
[IPOCTPAHCTBEHHO-BPEMEHHbBIE MHBAPUAHTLI" .

C Hameli TOYKM 3peHUs] NPU3HAKU CHEIUPUKH JIEI-
TOHOB CJIEJlyeT CBsi3aTh KaK CO CTPYKTYpOil BEKTO-
pa JeiicTBUS TaK U CO CTPYKTYPOU MPOCTPAHCTBEHHO-
BPEMEHHOI'O BEKTOPA.

II. OBPA3SVYIOIIIEE ITPOCTPAHCTBO —
ITPOCTPAHCTBO-BPEMH CTO.

IIpocrpancrBo-Bpemss CTO oboszmaumm X wu Oymem
paccMaTpuBaTh KakK BEKTOPHOE ITPOCTPAHCTBO HAJL ITOJIEM
neitctBuTesbHbIX dnces IK. Bekrop x € X sanumimem de-
pe3 6asucHbIe BEKTOPHI:

x=£&ux",

rne i = 1,2,3,4; &1, &, £3 ecTb Ga3uCHBIE BEKTOPHI I'€0-
METPHUYECKOr0 IIPOCTPaHCTBa, &4 €CTh DA3UCHBIN BEKTOD
Bpement, ¢ € IK ecTh KOOPAMHATEI BEKTOPA.

Ha X onpenesneno ckaaaproe npoussederue BEKTOPOB.
To ectp, KaK/IOMy BEKTOPY a € X CTaBUTCS B COOTBET-
crBUe JuHeltHOe orobpazkenune BekTopa * € X B IK, KO-
TOPOE 3AIUCHIBAECTCS CJIEAYIONUM 00Pa30M:

(a,z) e K.

CxaJigspHOe IIPOU3BEICHIE BEKTOPA X Ha ce0s OIpeIesiseT
ero xeadpam Oaurbt

(w,2) = (') + (2°)% + (2°)* - (2")*,
KOTOPBIH cBst3aH ¢ BBoguMbiM B CTO xeadpamom urnmep-

6a.4a 5% CIETYIONMIM 06PA3OM

(x,1) = —5°.

W3 aByx mpebLynmx COOTHOIIEHUN CIeyeT U3BECTHOE
u3 CTO Boipaxkenue Jjisi KBajpaTa HHTEPBaJa, KOTOPOEe
MBI JIJIsT yJI00CTBA MTOCTIEIY FOIIEro U3JI0KEHNS 3aIiIeM B
CJIeJIYFOITEM BHJIE

24 (22 4+ (22 + (2®)? — (Y2 =0. (1)

*Droit Teme Gyner nocesamena Jleknus 10.

CraJisipHOe TIPOU3Be/ieHNe OA3UCHBIX BEKTOPOB OIIpe-
JIeJIgeT mempuneckul mensop Ha X :

8ik = <gwgk> =

~w N
—_

O6pamuwiti MeTpudecKuii Temsop g% ompenesserca
yCJIOBAEM:

gik 8kl = 5il .

BeeneM GasucHbie BeKTOpbl Y € X, /I KOTOPBIX HO-
TpeGyeM BBIOHEHHST YCIOBUS |

(Eh ) =a".

Bazucubie BeKTOpBI £' HA3BIBAIOTCS CONPANCEHHDBLMU
10 OTHOIEHWIO K 6a3ucHbiM BekTOpaMm &;. st compsi-
JKEHHBIX OA3MCHBIX BEKTOPOB BBIMOJIHAETCS COOTHOIIIE-
Hue:

(E1,&) = 6% .

Comnps>keHnble 6a3UCHbIE BEKTOPHI £ CBA3aHEI ¢ 6a3uc-
HBIMU BeKTOpaMu & COOTHOIIECHUEM:

Bekropy = &£; ' mocraBuM B COOTBETCTBHUE CONPAICEH-
Hoill BEKTOD

o=, &,

rie x; = 0, % ectn KOOP/IMHATHI CONPSI?KEHHOT'O BEKTO-
pa. CkajsspHOe NMpPOU3BEICHIE BEKTOPa X Ha CONPSIKEH-
HBI €My BEKTOD I PaBHO

(@, "2) = (@) + (2%)? + (27)* + (2)*.

Ota kKBajgparwdHas GHOpPMa SIBISETCS IIOJOXKUTEIHHO
OlpeIeJIEHHON.

MHOKECTBO COIPSI2KEHHBIX BEKTOPOB COCTABJISET BEK-
TOPHOE IPOCTPAHCTBO HAJT IIOJIEM JeHCTBATEIHHBIX TUCET
IK, xoropoe 0603HaUNM X U HA30BEM CONPANCEHHOIM
NPOCTPAHCNEOM-EPEMEHEM.

fosesno nmers B BHUJLy, YTO 3TO YCJIOBUE ABJAETCA MaTe-
MaTHYECKON (DOPMYIUPOBKOM (PU3MIECKOTO MPOIECCa U3Me-
peHUus BeKTopa.



III. ITIPOCTPAHCTBO-BPEM{ JIEIITOHA KAK
AJITEBPA KJIN®DPOPIA.

O6061muM pocrpascTBo-BpeMst X 110 anareopst Kimd-
dopra XF. JIj1st 9TOro BOCIONB3YEMCS O-yMHOMKEHHEM
BeKTOpOB. U momuMo caMux BEKTOPOB T OymeM paccMar-
PUBATH Iapbl

L10Z2,
TPOMKN
Ir1 0T O0X3

u B O0OIIEM CJIydae MHOXKECTBO O-IIPOM3BEJIEHUI P BEKTO-
poB

T10X20...0T,, (2)

rae xg,To,...,T, Takxke mpuHageskar X. Bekropnoe
IPOCTPAHCTBO, KOTOPOMY ITPUHAJIE?KAT MHOKECTEO BEK-
TopoB (4) oboznayum XP. 3anumem Bekrop x € XP uepes
0a3rCHbIE BEKTOPDI:

— £ .. pliia.ip
T = 52,,...1211 € s

e

Eip.igiy =iy 0&iy0...0&;

Tax Kak IUCI0 M3MEpPEHNit 00PaA3yIONero TPOCTPAHCTBA
paBHo 4, To p < 4.
BseseMm BeKTOpHOE TIPOCTPAHCTBO

X=X"4+X"+ X%+ X3+ X*,

e X0 =K, X! = X. Hanuane HAa MHOXKECTBE BEKTOPOB
X omeparuii CJI0YKeHUsT U O-yYMHOXKEHUS JI€JIAeT 9TO MHO-
xxectBo asredbpoit Kimmddopma. Bekrop € X moxuO
3anncaTh depe3 6a3nuCHbIE BEKTOPDI:

=& 20 + & zt + gij z + 5ijk zk + E1304 1324 (3)

3/ech €IMHUIA, MHOXKECTBa JIefcTBATENbHBIX duncen K
obosHaueHa depes &. Mau ¢ ucnoJib3oBaHHEM COOMpa-
TeJIbHBIX UHJIEKCOB

=& -al.

B cooTBercTBHM ¢ cOOOpaskeHusAMU pasjena I BeKTop-
HOE MPOCTPAHCTBO X €CTh NPOCMPAHCMGO-6PEMA NENMO-
Ha.

HamomMauM, 9TO 3aKOH YMHOXKEHUS OA3UCHBIX BEKTO-
poB £ umeeT BUJI

Erox =& "Clgy, (4)

914 anrebpa sBIISETCS TACTHBIM ciay4daeM anaredpsl Lie gy,
BBedeHHON B Jlekmuu 7.

rae "CFg; ecTb CTPYKTypHBIE TIOCTOAHHLIE anrebpol. B
YACTHOM ciiydae yMHOXKeHHe &5 o Ex OnpeJiessieT CKa-
JIIPHOE TIPOU3BEICHNE

(E1,EK) = & - TC%

I MeTPIIeCKHil TeH30p gy = O 7. MeTpmdaeckmii Ten-
30D B IIPUHATO} paHee HAMU IOCJIeI0BATETLHOCTH HHIEK-
COB HMeeT BHUJL

13 0 14 34 2 123 234 124
32 21 42 1324 1 3 134 4

32 |[-1
13 -1
21 -1
0 1
42 1
14 1
1324 -1
34 1
E8k1 ™ 1 1
2 1
3 1
123 -1
134 1
234 1
4 -1
124 1

Hamowmmmy, Takxe, aro 'CYy; = 10T = 6%.
CkanstpHOe Ipou3BeIeHne BEKTOpa & Ha cebs ompese-
JISIET €0 K6adpam OAUHDL

(x,2) = gx s ol 2%

W3 ycioBusi acCOIMaTUBHOCTH YMHOXKEHUsI B ajredpe
Kmuddopna X crmemxyer perysnsiproe mpejcrasienue 6a-
3UCHBIX BEKTOPOB &7:

+~L
Eb'fv C KI -
HpI/I 9TOM BEKTOPY X COOTBETCTBYET MaTpHUIla
xXr n~ .Z‘LK = +CLK]$I.

Anrebpa Knmuddopaa X asisgercsa aaredbpoii ¢ faesieHu-
€M, TO eCTb JJIsI KayK/I0r0 BeKTopa & € X 3a NCKJIIOYEHNU-

€M HYJIEBOTO OIIpeJIesieH 06pamHbiti BEKTOp £ 1 B COOT-
BETCTBUU C BBIPArKCHHEM
-1 _
zoxr T =E&. (5)

I/IJ'II/I B KOOp,I];I/IHaTHOI\’I BHUIIE
I —1\K _
grxx (x7 )" =1.

311ech, BO n3bexKaHue Iy TaHUIbI, HEOOXOIUMO CJIeJIaTh
ciiesryroriee 3aMevanne. KBaTepHUOHBI SBJISIIOTCS YaCT-
HBIM CJIyIaeM PACCMATPUBAEMBIX BEKTOPOB. DTO BEKTO-
PBI BUIA

z=2E& 20 + &2 22! + &13 '3 + E39 232,

KBaTepHI/IOHy I MO2KHO COITOCTaBUTH KBAaTE€PHUOH .’I,'*, Ha-
3bIBAEMBIIT CONPAHCEHHBIM

¥ = 50 ZZZO - 521 ZL‘21 - 513 .TIS - 532 i]']32 ;



JIJIsT KOTOPOT'O BBINOJIHAETCS COOTHOIICHUE
rxox” = (x,x%).

C 1OMOIIBIO CONPSI?KEHHOT0 KBATEPHUOHA JIETKO OIpejie-
JisteTcst OOpATHBII:

*
1 T

(@, %)

MOKHO [PEJIIOIOKUTD, 9TO TaK Ke (ILyTeM U3MEeHEHUs
3HAKa IepPeJl CJIAaraeMbIMU BEKTOPA) OLPEIESIAeTCs COPsi-
JKEHHBIIl BEKTOD I IPOU3BOJIBHOIO BEKTOPA ajareOphl
Kmuddopma. Oprako 310 He Tak. B sTOM MOXKHO ybe-
JUTHCH, MPOJIEJaB COOTBETCTBYIOIINE BBIYMCJICHUS, Ha-
IpuMep, JJIsl BEKTOPa

r=2E& 20 + & z! + E39 232 + &193 3

TTosTomMy paccMoTpeHHBII Bbilie " CONpsi?KEHHBIN " BEKTOD
He JIOIyCKaeT mpocToe o000IeHre u JajbHelinee omnpe-
JIeJICHHE COMPSIKEHHOTO BEKTOPA CTPOUTCS WHAUE.

1. O6006I11IeHHOE CONPA>KEHHOE ITPOCTPAHCTBO-BpPEMS.
IIpocrpaHcTBO-BpeMsI aHTUJIEIITOHA

Jist ommcaHusi IPOCTPAHCTBEHHONW CTPYKTYPhI aHTH-
JIEIITOHA BBEJIEM 0000UEeHHOE CONPANCEHHOE NPOCTPAH-
cmeo — epems. st 9TOrO 00OOIIUM  COIPSI)KEHHOE
npocTpaHcTBO-BpeMst T X, BBeIeHHOe B pazsese 11, 1o a-
re6per Kimuddopaa "X*

+X:+X0++Xl++X2++X3++X47

HaJT 00pa3yIONNM IPOCTPAHCTBOM X AHAJOIMTHO TOMY,
KaK 3TO ObLIO chaenano Beime. 3mecs X0 = K, "X =
X

Bekrop "z € "X MmoxnO 3anmcaTs uepes 6a3HCHBIC BEK-
TOPBIL:

+ 0 i 1] ijk 1324
I:.Iog +zi52+xij EU—FIijkg” +1‘13248 .
Wiu ¢ ncnosnp3oBannem CO6I/IpaTe.HLHbIX HNHJIEKCOB
Yo =ay-EL.

Yepes £° 0603naUeHA €IMHUIE MHOKECTBA, TEHCTBUTEb-
ubIx nces IK. Muozkectso *X siisiercst anre6poit Kond-
dopma.

CkansipHO€ IPOM3BEICHNE BEKTOPOB MPOCTPAHCTB X 1
*X 060bImaercs Ha CKaJSIPHOE IIPOU3BEIEHNE BEKTOPOB
npocrpancts X u "X. B wacTHOCTH, 6a3UCHBIE BEKTOPLI
Ek,y . kpky W EN21 MOTYT GBITH BBIOPAHBI TAK, UTO

* +
Ota anrebpa SABJISAETCH YACTHBIM CJIydaeM ajareopbl Lieft,
BBeJeHHON B Jleknuu 7.

(MRt Ep hoky) = O 620
W B obmiem ciydae
(€' ey =6"k.
HanoMHIM 3aKOH yMHOMKEHHs Ga3HCHBIX BeKTOPoB £
Elogk — 1K, . gL

rae C15} ectb crpykTypHbIE TOCTOAHHEDIE are6psl. I1po-
exmus rnpoussenenns X o EX na manpasienune £0 onpe-
JIeJIsIeT CKaJIIPHOE ITPOU3BEIEHUE

<€I,5K> _ CIKO 80

u o6paTHbI MeTpryeckuil Tenzop gl X = CTK,. Bamerum
taxxe, aro CVK; = KO = 6K,

Hamomuunm, 910 U3 yCaoBUsI acCONMATUBHOCTH YMHO-
skenns B anredbpe Kimnddopaa "X peryisproe mpeacras-
JieHne (GA3MUCHBIX BEKTOPOB E7:

gty
HpI/I 9TOM BEKTODPY +x COOTBETCTBYET MaTpHUILA
+£C ~ ;ELM =Xy CILM .

CBsi3b MEXKJIy CTPYKTYPHBIMU ITOCTOSTHHBIMU AJIr€0pPhI
"X u asre6psr X onpejengercs CIeayIomuM 06pa3oM:

CRCp = §RL . §QK . *CLp ) . 61p. (6)

O6pammwiti Merpudeckuii Temsop g!X  ompenessercs
YCJIOBUEM:

gIKgKL :5IL-

3Mepenne BeKTOpa - 6a3ucHbIME BekTopamu £ mtaer
B Pe3yJIbTaTe KOOPIHHATEI BEKTOpa 2! :

(&l x)y =al.

CormpsizkeHHbIe GazncHbIe BeKTOpHI £! CBsI3aHBI ¢ Ga-
BUCHBIMU BeKTOpaMu € COOTHOIIEHUEM:

I K
el =g gk .
Bekropy = = £7 2! coorBeTcTBYeT CONpAYKEHHDIH BEKTOD
=&Y,

rae 27 = 07k T eCTh KOOPAMHATHI COMPSZKEHHOTO BEKTO-
pa. CKaJsIpHOe IIPON3BE/IeHNe BEKTOPA & Ha COIPSIZKEH-
HBI €My BEKTOD 2 PaBHO

(x,"x) = dgrat 2.

Ota kBagparwdHas GOpPMa  SBISETCS IOJOXKUTEHHO
OlIpeIeJIEHHON.

Takum 0o6pazoM, CBOWCTBa MPOCTPAHCTBA — BPEMEHU
CTO obobmarorcs B anrebpax Kimddopra X n "X,



IV. ®PUBNYECKUI CMBICJI KOOPIVUHAT B
AJITEBPE KJIN®DPOPIA.

Bekrop (3) B mpoCTpaHCTBE — BPEMEHH JIENITOHA X
OIIpeIesIseTCsl CAeIYIONUMI KOOP/IMHATAMUA

e ' — KOOpPJIMHATHI BEKTOPa-OTPE3Ka
Si '

B 4-x meprOM mpoctpanctse CTO. Onu BKIIOYIAIOT
B cebs

© % — KOOPAMHATHI T€OMETPUIECKOI0 BEKTOPA~
oTpe3ka’*

a
Eq ™,

o x* — KoopIUHATY BEKTOpa BpEMEHH

54 .1‘4 .
e ') — KOOp/IMHATHI BEKTOPA-ILIOIIA I
i
(C/'Z'j z¥

B npocrpanctBe CTO. Onu Br/O9aOT B cebs

<& Iab — KOOpAMHATHI BEKTOpPAa-IIJIOIIaAN B I'€O0-

METPUYIECKOM IIPOCTPAHCTBE
ab
Eab -,

o 1% — KOOPAMHATHI BEKTOPA-TLIOMA/IN B TLIOC-
kocru (E,,E4)

5a4 $a4 .

e 7% — xoopauHATH BeKTOpa-06bEMA

Eiji w7

B npocrpatncree CTO. Onu BKO49aOT B cebst

< LL'abC — KOOpAWHATHBI BeKTOpa—O6’beMa B reomMeT-
PUYIECKOM IIPDOCTPAaHCTBE

abe
gabc z ;

o £ — KOOPAMHATH BEKTOPA-IIIOMAIN B IJIOC-
koctu (Eup,y E4)

gab4 zab4 )

*HamoMHuUM, 9TO HUHIEKCHI a,b,C, NPUHUMAIOT 3HAYCHUS
1,2,3, B oTaimume OT WHIAEKCOB i, j, k,, KOTOpbIE MPUHUMAIOT
3Havenus 1,2,3,4.

o 21324 _ goopauHATE BeKTOpa-4-X MEpPHOro obhbemMa

51324 .7}1324

B 4-x mepuoM npocrpancree CTO.

0

® T° — KOOpAHMHATHI BEKTOPa~-IJINHBbI

50%0.

B 1mpejicraBiieHHOM BHJIe KOODIUHATHI CIAraeMbIX BEK-
TOPOB UMEIOT pasHble pasMeproct. Koopaumarsr 0, Ko-
OpIWHATHI ' IMEIOT Pa3MePHOCTD JJIHHEI, KOOPIWHATLI
2% ¥MeroT pa3sMepHOCTh KBaIPaTa, JIJIMHBI M KOODMHATHI
% u 21324 coorBercTBEHHO TpeTbeil U 4eTBepToil cre-
meHn ymHbL. Vcnosib30BaHme BEKTOPOB ¢ KOODIMHATAMY
Pa3HbIX pa3MepHOCTel HeyaI00HO, OCOOEHHO TPH BBHITIOJ-
nennn ymHoKeuuit. [loaTomy 1erecoobpa3Ho HCIOIB30-
BaHUE BEKTOPOB JIN0OO ¢ 6e3pa3MepHBIMU KOOPIMHATAMHU

20 o ij ik 1324
=& —5+E&E—=5+Ej— +Ejpr——+E .
x 0 R + R + Cij g + Cijk v + C1324 W

(7)

JibO C KOOPAMHATAME OIHOI Pa3MepHOCTH

JCZEQJIO—FS?,J?Z—ngRﬁ +51kRﬂ +51324Rx1324
7S I 1% w
(8)

[Tocsre1HIOI0 TOUKY 3pEHHs CJIEYET CUUTATH HPEIIIo-
arurenbnoit. Bo Bearom caywae omsir CTO, B KOTOpO#T
BpEMsI TIPUBEJIEHO K MPOCTPAHCTBEHHON KOOpMHATE IIy-
TeM YMHOXKEHUsI Ha IIOCTOSIHHYIO CKOPOCTH €, JIEMOHCTPU-
pyeT yao0CTBO TaKOil TOUKU 3peHMUs.

VkazaHHble B 3TUX (POPMYJIaX BETUINHBI

R,S,V,W

10 HAIEMY 3aMbBICJTy JTOJI2KHBI BHIPDAXKATHCS 1epe3 pusn-
JecKue KOHCTaHTHI. Bompoc o ToM Kakue 3HaveHus: Ipu-
HUMAIOT 3TU BEJINIUHBI TTOKA, OCTABUM OTKPBHITHIM. [Ipe-
BAPUTEJIBHO JJIsI 9JIEKTPOHA MBI OYJIEM TIOJIATaTh

h

Me C

R =

— PaJIyCy 3JeKTPOHA.
B 6e3pazmeprom Boipaxkenu (7) BEKTOpP 00pa3yoIero
npocrpancrea CTO umeer B
a
T ct
r=E, — +E1—.

R R
Iocnentee ciaraeMoe MO3BOJISIET BBECTH €INE OJHY IO-
CTOSTHHYTO BEJTUINHY

-
C

UMEIONTYIO0 Pa3MePHOCTh BPEMEHH.




Hasee Berpasum Koopauuarel 4, 2% 21324 yepes co-

OTBETCTBYIOIIME YTJILI U CKOPOCTH. B TakoM BHUIE KOOP-
JMHATHI 60JIee TIOHATHBI U YI00HBI JJIsT PabOTHI ¢ HUMH.
ab

x

— KOOpJAMHATHI Iwiomaau B 1wiockoctu (&g, E&p). Ilio-
ma b £ MOXKHO IMPECTABUTE KAK IIOMAIb KPYTOBOTO
CEKTOpa, OrPAaHMYEHHOI0 OKPY?KHOCTBIO, OIPEIe/IsAeMOil
yPaBHEHHEM

B pesynbrare 6ymeMm nMmeTn

xab _ %’I‘Q (pab’

re ¢ —yros B paccMaTpuBaeMoil IIOCKOCTH.
3a eIMHUYIHYIO IO IPUMEM S = % R?. Torna misa
KOODP/IMHAT B OTHOCUTEJILHBIX €TUHUATIAX MTOJIYIUM

Iab ,,,2 (pab

=

Bo6ausu paguyca r ~ R 6ymem umeThb

u 11 iubPepeHIuaioB KOOPINHAT

dzab
—d ab
S <p

s KoopAuHAT Pa3MEePHOCTHU JJIMHBI NMeeM

dz®® = Rdp® .
$a4
— KOOpJMHATHI wiomamu B miockoctu (E,,E4). Ilio-
mas %4 GyaeM paccMaTpuBaTh Kak ILUIONMAb MHIIep6o-
JIMYIECKOI'0 CEKTOPa, OIPAHUIEHHOrO T'UIepOOJIOi, orpe-
JeJIsieMOl ypaBHeHUeM

B pesynbrare 6ymeMm nMmeTh
1
4 2 a4
¥ ==s ,
2 v

rae ¢ — yros runepbonmdeckoro cekropa. U s mud-
depennraga KOOpaAUTHAT

1
dz®t = — % dy™. (9)
2
13 CTO usBecTHO, 9TO rumepbomdIecKmii yroy 1** cps-
3aH CO CKOPOCTBIO JBUKeHus. JleficTBuTeIbHO,
@ g%  sinhey*

— = =" _ —tanhy*.
¢ z*  coshyot v

<

Orciona st nuddepenimaa %
dv® dyp 2 L ad 4
— = ————— = (1 — tanh® ¢**) dyp**.
e " coshZ gt ( P dy

Berpasum orcioma di®t

ad __ (.’174)2 E
dy* = ($4)2_($a)2 c

Toxcrapisist 310 BhIpazkeHue B (9), Moy M

4\2 a
dﬂ]‘a4 — (:l? ) dv
2 c
3a eIMHUYHYIO IO b IpuMeM S = %RQ. Torma s
KOOPpAWHAT B OTHOCUTEJIbHBIX €JIUHUIAX MOy YUM

d{Ea4
S R ¢

B6smsn pagmyca R mb1 umeem 2t ~ R u

dz®*  dv®

S c
11 KoopAMHAT pa3MEpPHOCTH JJINHBI HMEEM
a
ad _ Rdv
c

dx =Tdv".

xabc

— KOODJIMHATHI 06beMa B NeOMETPUYECKOM IIPOCTPAH-
cre (Eq,&p,E:). Obbem %% MOXKHO NpEJICTABATL Kak
00bEM ITAPOBOr0 CEKTOPA, OTPAHUIEHHOTO ¢epoii, oTpe-
JedeMOil ypaBHeHUEeM

B pesysnbrare 6ymeMm umern

1
mabc — g ,],,3 S0123 ,

rae p'23 — TejecHbIl yros B pPaccMATPHBAEMOM IIPO-
CTPAHCTBE.
3a eauHUYHBIA 00beM mpumeM V = %R3. Torna mst
KOOPJMHAT B OTHOCHTEIBHBIX €IMHUIAX TTOJIYTHM
xabc 7,3 90123

V R3
Bo6auzu paguyca r ~ R Oymem mmMeTh

abc
x 123

Vv

u 1y iudpepeHIuaioB KOOPANHAT COOTBETCTBEHHO

d:L'abc
—d 123 )
— = dy



15 KOOpAMHAT Pa3MEPHOCTU JJIUHBI NMEeM

dxabc _ Rd(p123 )
Jjab4
— KOODJMHATHI O0BEMA B TPEXMEPHOM IIPOCTPAHCTEE
(Eas &b, E4). Buecre ¢ Tem %% MoxkHO paccmaTpuBaTh
KaK KOOPJMHATHI ILIOMAAM KPYTOBOTO CEKTOPa B B ILIOC-
kocru (Eqp, £4), OrPAHUYEHHOIO OKPYKHOCTBIO, OIPEIe-

J14€MO#l ypaBHEHUEM
—7“2 — _(xab)2 _ (.Z’4)2 )

Ms1 mostaraemM, 9TO BXOISIINE B 9TO YPABHEHHE KOODIH-
HaThI IMEIOT Pa3MEPHOCTH JJIHHbL. To ecTh,

% = R zt=ct.
B pesysibrare Oymem nmern

1
abd __ ~ 7,2 (pab4

=5 ,
re % — yros Kpyrosoro ceKTOpa B yKa3aHHOIl ILIOC-
koctu. W juist nudpdepennmaia KOopauHaT
1
dz*t = 3 r2 dp®* . (10)

Tlokazkem, 9TO KPYroBoit yros ga“b4 CBA3aH C YTJIOBOU
CKOPOCTBIO Bparlienus. /leficTBUTENBHO,
ab R ab
ba _ T P
tan "t = — = — T—.
x4 c t

31ech

€CTDb yIVIOBad CKOPOCTHb B OTHOCHUTEJIbHBIX €IMHUIIAX. ,Z[a—
Jiee ydreM, 9TO BeJImIuHa

NpeJICTaBJIAeT COOOIl YIJIOBYIO CKOPOCTH BPAINCHUS B
wiockoctu (Eq, Ep) U KPOME TOro BBEIEM IIOCTOSHHYIO Be-
JTATAHY

c 1

Q:R:T7

MMEIOILYI0 Pa3MEPHOCTh YIVIOBOI ckopocTu. B pesysbra-
Te MOJIYIUM

wab
wab4 — tan abd _ *~ .
v Q
Orciona mrst muddepenimana dw*
d abd
dwatt — ¥ = (1 + tan2 %) dpat4 |

cos2 (pabél

Bripasum orciona dp®®?

12
ba _ (=) b4
de™ = (@12 1 (zab)2 dw™”.

Toncrasisist 310 Bhpazkenue B (10), mosryanm

At — (z) dw®4

2

3a eIMHUYHYIO IO s IpuMeM S = %RQ. Torma misa
KOOP/IMHAT B OTHOCHUTEJIHbHBIX €IMHUTIAX ITOJIY UM
a4 (x4)2

3 — R2 dwab4.

B6smusu paguyca R nveem 2t ~ R u

dl}ab4 _ dwab4 _ dwab
S Q

g KoopAuHAT Pa3MePHOCTH JJIMHBI NMeeM

R dw

dﬂ?ab4 —
Q
$1324

— KOOPJIMHATHI BEKTOPa-4-X MEPHOTO 06beMa B 4-X Mep-

uom pocrpancrse CTO. Buecre ¢ Tem 21324 moxxno pac-

CMaTpUBaTh KaK KOOPAWHATHI ILIOIIAIU KPYTOBOI'O CEeK-
Topa B B mockoctu (€132, £4), OTPAHUUEHHOTO OKPYKHO-
CTBIO, OIIpEJIe/IIeMOl ypaBHEeHUuEeM

—T2 — —(3?132)2 _ (1‘4)2 .

31ech HaIO IoJIaraTb, YTO BXOISIIUE B 3TO ypaBHEHUE
KOOPAMHATHI UMEIOT Pa3MEpPHOCTD JJINHBI. TO ecTh,

1% = Rdp'?? at =ct.
B pesysbrare Oymem nmers

1
p1324 _ 2,2 1324

5 Ty )
rae @324 — yros Kpyrosoro cekropa B yKa3aHHO ILIOC-
koctu. NI nyisa mucpdpepenimaia KOOpauHaT
dpl32 — 17,2 dp'324 (11)
2

Tlokaxkem, 9TO KpPyTroBoii yro <p1324 CBA3aH C TeJICCHOI

cKOpocThIo® Bpamenus. JleficTBuTEIHHO,

132 132
1324 _ 7 Ry

tan ¢ v P

X

* CKOPOCTBIO M3MEHEHUsI TEJIECHOTO yIJIa



3necn

132
1324 _ %
v =
x
€CThb TeJieCHasd CKOPOCTb B OTHOCHUTEJIbHBIX €J[MHUIaX.
Hanee ydreM, UTO BeJIMINHA

[IPEJICTABJISAET COOON TEJIECHYIO CKOPOCTb BPAIIEHUs B
reOMETPUIECKOM ITPOCTPAHCTBE U KPOME TOTO BBEJIEM IT0-
CTOSITHHYIO BEJTUINHY

c 1

Q = = = —
T R Tv

MMEOIIYI0 PA3MEPHOCTD TEJIECHOM CKOPOCTHU, HAIIPUMED,
crepajuan/cek. B pesyiabrare moydum

132
1324 _ Y

Qr

1324

w1324 — tan o

Orciona aas guddepennnana dw
1324
w1324 — dip

o2 @1324 — (1 + tan2 S01324) d§01324 )

Boipazum orciona dp324

dot324 — (354 2 duw1324
¥ - (1:4)2+(1:132)2 w .

Toxcrasisist 310 BhIpazkerue B (11), mosryanm

442

d1324 — (z%) dw1324
2

3a eIMHUYHYIO IO L IpuMeM S = %RQ. Torna jist

KOODJAMHAT B OTHOCHTEIBLHBIX €IMHUIAX TTOJIYTHM

442
_ (z*) 1324
— = 5 dw .
S R

d$1324

B6suszu paguyca R 6ymem umers 2 ~ R u

1324 132
dx — dwt324 — dw

S Qr
JIy11 KOOpAMHAT PA3MEPHOCTH JJIUHBI HMEEM

dp1324 — Rdw'*
= 797“ .

20

— KOOPJIMHATHI BEKTOPA JJIMHBI. TOT BEKTOp HauboJiee
3arajioueH myist o0bsicHeHus . st BBISCHEHUS €r0 CMBICJIA
paccMoTpuM YacTHBIN BekTop anarebpsr Kiauddopma

z=E "+ &zt + Esxt.

W BoramcnmM ckaJIsipHOE TTPOU3BEIEHNIE 9TOTO BEKTOPaA Ha
cebst

(z,x) = () + ()2 — 22,

Ecsn ponycrurs, uro (x, ) = 0, TO OJy4UM COOTHOIIIE-
Hue

(560)2 + (:Ca)2 o C2 t2 =0.

U3 cpasreHus: ero ¢ coorHormerneM (1), M3BeCTHBIM U3
CTO, mosyuamMm, 9TO KoOpauHATa ' SKBHBAICHTHA UH-
mepeaay, BBogumomy B CTO. Ha ocnoBannm m3soxken-
HOTO Jiajiee MbI OyjieM TI0JIaraTh

® paccMaTpHBaeMble HAMH BEKTOPHI aiaredpol Kiand-
dop1a UMEIOT HYJIEBYIO JIJIHHY;

e xoopnuHaTa z° ecThb HHTEpBaJ, 06OOIIAIONINI HH-

repsaJ, Beoaumbiii 8 CTO.

Mpsr paccanThiBaeM, 9TO MPU TAKOH MHTEPIPETAINNA KO-
opauHaThl ¥ MBI He BCTPETHMCS ¢ KAKAMU-IHG0 IPOTH-
BOpEUYUsIMHU.

IIpuBenennbie COOOpazKeHUsT TTO3BOJISIIOT  3AIUCATH
mauddepennnan BEKTOpa MPOCTPAHCTBA, — BPEMEHH JIeTl-
TOHA B CJIEIYIOIIEM BUJIE

dr = & da® + &, dx® 4 Ey dax* + Equ Rdp™+
Eas T dv® 4 E123 Rdp'® 4 Eqpa Rd;;’""’ + E1324 %Tm :

g KBaJipaTa JJIUHBI 9TOI0 BEKTOPA NMEEM

(dz,dz) = (dz°)? + (dz*)? — 2 dt? — R? (dp®)2+

a RZ dwab 2 R2 dw132 2
T2 (dv®)? — R? (dp'?3)? + (Qz )~ _ ((QT)Q) -0

DTO cooTHOIIEHNEe O00DIIAET MHTEPBAJ, KOTOPBI BBO-
muresa B8 CTO.

U3 npeapaymux popMysl BUAHO, 9TO mapamerp R —
"pagmyc"menTona siByisiercst KiodeBbiM U mpu R — ()
(coorBercrBerno T' — 0, @ — oo u Qp — 00), TO €CTbh
[0 Mepe YJAJEHHUs OT JIEITOHA, TPOCTPAHCTBO — BPEMs
JIEIITOHA TIepexouT B npocrpancTBo — BpeMsi CTO.

V. COBCTBEHHBIV OBOBIIITEHHBIN
MMIIYJIbC JIEIITOHA.

HeiicrBue jentona S siisieTcs DyHKINEH yKa3aHHBIX
BbIITe KoOpAuHAT. [Ipon3Bo/HbIE OT JEHCTBIS 0 KOOP/IH-
HATAM ONPEJIEJISTIOT KOMIIOHEHTBI COOCTBEHHOTO MMITYJTb-
ca JieiToHa. MBI Ha3bIBaeM ero 00OOIIEHHBIM, UMesI B BU-
JIy, 9TO JIefiCTBHUe SIBJISIeTCd BEKTOpOM ajreopbr Kiund-
dopaa, a He CKaJIsIPOM, KaK B KJIACCUIECKON (hu3nke™.

KowmmonenTsr coOCTBEHHOTO OOOOITEHHOTO WMITYJIHCA
JIETITOHA TAKOBBI

*Cmotpu Jleknun 1 n 2.



e 4-X MepHBIN UMITYJIbC

B ToMm gucae

¢ 3-X MEPHBIIl UMITYJIbC
Pa= g
© SHEPIUs
0§ 108 F
PAmom ™ot ~ ¢
e 4-X MEpHBIN yIJIOBOW MOMEHT MUMITYJIbCa,
08
Pid = i -
B Tom wnce

¢ 3-X MEpHBII YIJIOBOIf MOMEHT MMITYJIbCa TN

CIINH
08 1 0S My
Pab = o b 3
ox® R Op° R
¢ 3-X MepHas cuja
08 1 08
Pat = gt =T 1
e 4-X MepHBIU TeJIECHBIII MOMEHT UMITYJIbCa
aS

Pijk = Ok’
B TOM YHCJIE

¢ 3-X MepHBIil TejleCHbII MOMEHT HMILYJIbCa

98 1 08 Mg
Ra(pl%_ R ’

P123 = ori23

¢ 3-X MEDHBIH yTJIOBOM MOMEHT CHJIBI

95  Q 9S  Fu

Pabt = 5rabi T R guab T ¢
e TejiecHBIII MOMEHT CHJIBI
0S8 Qp 9S8  Fiz
plg%iWi?WiT'
e VInviysibe OKOsT
08
Po = 920

Tak Kak MbI OTOKIECTBIIIN 20 ¢ HHTEPBAJIOM, BBO-

guvbiM B CTO, To JIJTs1 KJTACCHIeCKOTro puO/InKe-
Hus, Korma S = &g S0%,

0

o _ 08

po—ﬁz—mc.

*Cmotpu Jleknmio 1.

PaccMoTpenible KOMIIOHEHTBI UMITYJIBCA, YIACTBYIOT B
dbopMUpOBaHIE BEKTOPA UMITYIHCA

p= o5 el =pi&’
Ozt
st KBagpaTa JJIMHBL 9TOTO0 BEKTOPA MMEEM COOTHOIIE-
HUe, 0000IIaroIee CBA3b MEXKYy MMILYJIBCOM U JHEPIHei

B CTO

(p,p) = (M) + (pa)? — Er — Vo)™ | 72 (f, )2

(Méés)z + (FZ§)2 _ (F16322) =0.

(12)

VI. OIIEPATOPBI INPPEPEHIIMPOBAHN A
KAK BEKTOPHI AJITEBPBI KJIIN®DPOPIA.

Bremem cumBosmmaeckuit BEKTOP

0 _ 9 g
dr ozl

B KOTOPOM oneparopsl auddepeHmpoBaHns

0

Dl

CJIy’KaT CBOEOOPA3HBIMU KOODJMHATAMU. DTOT BEKTOD
0000ITIaeT M3BECTHBII BEeKTOp V — HabJ/a, BBOJIUMBIN B
TEOpUN BEKTOPHOTO MOJisi. MHOXKeCTBO yKa3aHHBIX BEK-
TOpoB OyjieM paccMaTpuBarh Kak ajrebpy Kimddopaa,
KoTopyio obosnaumm D,. DTa anredbpa sBISIETCS FaCT-
HBEIM CJTyJaeM BBeJCHHON HaMu anreopsl Lie ;.
CxaJjisipHOE IIPOU3BE/IEHNE BEKTOPA 6_8x € D, u BekTOpa
dr € X maeT nHBapUAHTHBIN O1IepaTop — MM OEPEHITHAI:

0 0
d() = (= &1 Ex da®) = — da! .
0 <8x1 K ) ox!
CkaJisipHOe ITPOM3BEJICHHe BEeKTOpa, % € D, na cebsa

nmaeTr obobmenHbIit oneparop lamambepa:

32
Oxl Oz~

0 0
Ox! Ox!

B cooTBeTcTBUY ¢ peryJIsIpHBIM IIPEICTABIEHUEM UMEET

MECTO COOTBETCTBUE
0 0

—ISIN—ICIKL. (13)
Ox Ox

Omnepatops! quddepeHIInpOBaHUsT MOKHO XapaKTepu-
30BaTh JIBOSKUM 0OpasoM. [lepBast xapakTepucTuka CBsi-
3aHa C JIBUKEHUEM, KOTOPOE OIepaTopbl AuddepeHItmpo-
BaHWs TIpeACcTaBasior. IIpu srom auddepeniman

dx = Ex da™



€CTh 0OODIEHHBII CIBUT B IPOCTPAHCTBE — BPEMEHN JIeTI-
TOHA, a OIePaTOp

0 ol
T
Ox
€CTh OIEpaTOpP ITOTO CABHUIa, WK 6oJee IOIPOOHO — OIle-

paTop [BUKEHUsI, OMUCHIBAEeMOro 3tuM casurom. C 31oit
TOYKHU 3PEHHUs UMeeM CJeyIoNiue KOMIIOHEHTHI OllepaTo-

pa auddeperimpoBaHus

e Omneparop casura B ipocrpancTee — spemerun CTO
9

ozt

< OnepaTop caABUra B TC€OMETPHUYICCKOM IIPO-
CTPaHCTBE %

o Omeparop caBura BO BpeMeHH 6%4.

e OmepaTop MOBOPOTOB B 4-X MEPHOM IIPOCTPAHCTBE
— spemenn CTO ~2-

Ozt "

¢ OmepaTop MOBOPOTOB B T€OMETPUIECKOM IIPO-
CTpaHCTBe

Oxab*
o OmepaTop  yCKOPEHHOTO
JBU2KCHUA Jpat-

TOCTyHnaTeJIbHOTO

e OmepaTop TeJeCHBIX MOBOPOTOB B 4-X MEPHOM IPO-
crpanctBe — Bpemenu CTO &C%.

¢ Omeparop TejeCHBIX IOBOPOTOB B I'eéOMETPU-
9eCKOM ITPOCTPAHCTBE %.

o OmepaTop YCKOPEHHOI'O BpAIEHUsI 3%5,4.

e OmepaTop YCKOPEHHOI'O TEJECHOIO BPAIIEHUS

)

6$1324 .

e Ouneparop pacrszkeHusl — CxKarTug (auaranuii)

9

Ox0 "
Ormeparops! aud dpepeHIInpOBaHNs MOYKHO XapaKTepH-
30BaTh MHAYE, TaK, KAK 3TO JeJIaeTCs B KBAHTOBOI Mexa-
Huke. I3 cOOTBETCTBUSI, BBITEKAIOIIETO U3 PETYJISIPHOIO

npejicraBiienus 6a3uCHbIX BeKTOpoB (6), cieiyer coor-
BETCTBHE

o
el

0

dal

IK
L

~ ()1
3/ech 10 IOBTOPSIOIIEMYCS WHIEKCY I CyMMHUpOBaHUe
He IIpearoJjaraeTcd. yKaBaHHoe COOTBETCTBUE IIO3BOJIA-
eT XapaKTepU30BaTb oneparopbl auddepeHnupoBatus
[I0 COOTBETCTBYIOIIEMY HUMIIYJIbCY. Beilen 3a Kjaccuka-
MU KBAHTOBON MEXaHMKH MbI Oylem 0003Ha4YaTh olepa-
TOp uddEPEHITUPOBAHN CUMBOJIOM HUMITYJIbCA C BEPX-

meii "Kppleakoii":

0

pr = Ol

CIKL

10

I Ha3bIBATh ero ormeparopoM mmmyhea (p°)r *.

Hamnpumep, omepaTtopsr

. 0 . 0
pl:al 1KL, pQZW QKL’
. 0 R 0
b3 = %CSKL, P4 = @CU(L

€CThb COOTBETCTBEHHO ONEPATOPHI UMITYJIbCOB D1, P2, P3 U
9HEPIUU Py = % st CTPYKTYPHBIX MATPHIL B IEPBOM
CKATOM TIpeJICTAaBJIeHNH 3T0 onepaTopsl Jupakal

164

. a .
i —+2 O, —1
o 1

JI7151 BTOpPOro C2KaToro IpejcTaBileHns] — 3TO OIlepaTo-
pol Haymm

h = —j ol i H —ig? i
b1 = Ol ) b2 = o2 )
p3 = —io> 9 Dy = iia
b3 = 0x3 Py = ort

W, nakonern, fj1st TPETbErO CXKATOT'O IIPEICTABIIEHUS — ITO
onepatops! [IIpeaunrepa

PSP
Zaxl’p2_8m2’

o 0

by= i
923 P Ox?

p1 = p3 = —1i

MuTepecHo OTMETUTH, YTO IIPU TOYHOM BBIYUCJIEHUH Olle-
partop po HE ecTh —i %, Kak npegnosaran [peauarep.

Takum obpazom, “HEOOBLIYHBIE” KBAHTOBOMEXAHMIEC-
KHe OIepaTophbl ecTh “00bIdHbIe” omepaTopb! auddepeH-
[IUPOBAHUS

0 .
AR

HO 3AIlMCAHHBbIE B PErYJIAPHOM IIPEICTABICHUU aareOphl

Kauddopaa.

Touno Tak»ke MbI IMeeM
® OIIEPATOPbl MOMEHTA UMILYJIHCA

0

ﬁ21:ﬁ

0
FISE

13K

21K
C L, L,

D13 =

0
32

. 32K
D32 = ",

*31ech Tak¥Ke 110 IOBTOPSIOIEMYCsl UHJEKCY I cyMMUpoBa-
HHE HEe IPEII0IaraeTCs.
tCmorpu Jlexnmro 3.



® OIIePATOPhI CUJIBI

. 0 . 0
P1a= 53 UKL, Pa= 9228 cL,

R 0
P34 = m C'34KL s

® OIIepaTop TEeJIECHOI'O MOMEHTa UMILYJIbCa

123K

D123 = Orl23 L,
® OlIlepaTOpbl MOMEHTa CHUJIbL
A 124K A 134K
D124 = Oriza L, P134 = GYREY L
A 9 234K
D234 = Or234 L,

® OllepaTop TeJIECHOI'O MOMEHTa CHUJIbL

A __0 O1324K
DP1324 = orl324 L

)

® oIIEepaTOp JUJIATAIlUI

1. ITomanreopsr anredopsr Kauddopaa n oneparTopbt
HE3aBUCUMBIX JBUXKEHUIA.

B mpenpiaymmem pasmesie Mbl OXapaKTEPU30BAJINA BEK-
TOPBI MMPOCTPAHCTBA-BPEMEHN W ONEPATOpPHI auddepeH-
[IUPOBAHUS JIBHKEHUEM, KOTOPOe OHU IIPEJICTABISIOT. B
TOM CJIydae, KOTJ[@ PEIIaroTCs YaCTHBIE 3a/1atu, CBI3aH-
HBIE C TMOJAIPYNIIIAMHA JIBUKEHUM, 11eJIeCO00PA3HO YyCTAHO-
BUTH CBSI3b MKy mojaaredbpamu aareopol Kanddopaa
U TOJArPYIIIAME JIBUYKEHUN.

CravaJia 110JIE3HO BBLIEJIUTH IOIAreOPhl, B KOTOPHIE
He BXOAUT BeKTOp BpeMmenu &4 drt. Taxue momasre6psr
Ha30BeM cmamudeckumu. HampoTus momaaredpsl, B KO-
TOpbIE YKA3aHHBIN BEKTOP BXOJIUT HA30BEM QUHAMUYE-
CKUM.

[Tpumeps! cTaTmyecKnx TOIAITEOD.

e [lomanrebpa MOBOPOTOB B T'€OMETPUYIECKOM IIPO-
crpaHcTBe. B 3TOM Cilydae MPOCTPAHCTBO-BPEMs
YaCTUIBI XaPAKTEPU3YETCsI BEKTOPOM — KBATEPHU-
OHOM

dx =& dz® + &9 dz?! + &13 dx'? + E39 da®? .

CTpyKTypHBIME MATPHUIIAMU 3TOH MOmarebpbl B
KOMIIJIEKCHOM IIPEJICTABJIEHUN SIBJISIIOTCS €JIMHUY-
Hasg MaTpuIa 1 Tpu MaTpuilsl [laymm, ymMHOXKEHHDBIE
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Ha MHEMYIO equauily. Omeparop muddepeHpo-
BaHWs UMeeT BT

0 0 o, 0 on 0 45, 0
8:1:_69505 +8m215 +8x135 +8x32

32,

A KBaHTOBOMEXaHMYECKHE OIEPATOPHI B 3TOM CJIy-
qae TaKOBBI

. 0 . 1 -
bo = @OOKL7 Pab = ﬁMaM
riue
9 0 abK
Mgy = B c%

€CTHb OIEPATOPbI MOMEHTA HMILYJIbCA WJIA CIHHA.
Asrebpa ykazaHHBIX OIEpATOPOB €CTh ajrebpa 3-
X MEpHOI'0O CIIMHAa.

[Tomanrebpa MOBOPOTOB B IIPOCTPAHCTBE-BPEMEHU
CTO. B srom citydae mpoCTPaHCTBO-BPEMS UACTH-
[l XapaKTEePU3yeTCsi BEKTOPOM

de = Ey da® + Eup dx® + E,q dz® + E1304 dz'3 .
OIIepaTOp nuddepeHnnpoBanns UMeeT BUJL

a _ a 0 a ab a a4 8 132
or  9a° e dxab e dxt e Ox1324 £

A KBaHTOBOMEXaHMYECKHE OMEPATOPHI B 3TOM CJTy-
Jae TaKOBbI

. 9 ok . 1 -
pozwc L, pab:EMaba
« A R 1 .

Das =T faa, Pi3oa = p Fiz4,

re IOMHUMO OIIepaTOPOB MOMEHTa UMITYJIbCA WJIN
crmHa Uy pUPYIOT

F 1 0 adK
far = T2 oo ¢

— OIIepaTOPhI CUJIBI U OIIEpaTOpP TEJIECHOI'O MOMEHTA
CHJIBI

1 0
13K,

Fizoa = T2 Hol324

Auirebpa yKa3aHHBIX OIIEPATOPOB €CTh ajirebpa pe-
JISTUBUCTCKOT'O CIIUHA.

[Tomanrebpa c/IBUTOB, IOBOPOTOB U TEJIECHOTO II0-
BOPOTa B T€OMETPUIECKOM IIPOCTPAHCTBE. B 3TOM
cjlydae IIPOCTPAHCTBO-BpeMs YaCTHUIlbl XapaKTepu-
3yeTcsl BEKTOPOM

de = Eydz’ + &, dx® + Eqp dz®® + E193 dz'?3 .

CTpyKTypHBIMEA MaTPHUIIAMHU JTOH MOmAIreOphl B
KOMIIJIEKCHOM IIPEJICTABJIEHUN SBJIAIOTCA BOCEMb



matpur, Jupaka. Oneparop auddepennnpoBanus

AMeeT BT
9 _ 9 0 0 o4 9 0 £
or 020 8 a Ozab Ox123

A KBaHTOBOMEXaHMYECKHE OonepaTopbl B 9TOM CJIy-
qae TaKOBbI

1 - . 1

ﬁab = E Maba D123 = E M123 )

T/e TOMUMO OIlepaTOPOB UMITyJIbCa U CIIAHA d)HFy—
pupyer

0

123K
D123 c L

Mgz =

— OIIEPATOP TEJIECHOI'O MOMEHTA, UMITYJIbCA.
IIpumepsb! fUHAMUYIECKUX TTOTAITEOD.

e Ilonanredpa TesleCHBIX YCKOPEHHBIX BpallleHuii. B
9TOM CJIydae IIPOCTPAHCTBO-BPEMsI HaCTHUIIBI XapaK-
TEPU3YETCs BEKTOPOM

dr =& dz® + &4 d$4 + &123 dzt?3 + E1324 dz13%

Omnepatop auddepeHmpoBanst UMeeT BT

ﬁ = i 9 L 51324
ox ort Oxl23 Oxl324

Et o €18+

A KBaHTOBOMEXaHMYECKHE OIEPATOPHI B 3TOM CJIy-
qae TaKOBBI

. 0 R 1 .
Po = 800 L p4:EE7
N 1 - R 1 -
p123=§M123, D1324 = — 324,
¢
rie
. 0
E=_— %%
ot~ L

eCcThb oreparop ueprun. Ajaredpa yKazaHHBIX OIe-
paToOpoB OUYEHb TMOXOXKa Ha aaredbpy caadoro m3o-
crimHa. Ha 3ToM BOITpoce MBI OCTAHOBUMCSI TIO3/THEE.

e [lomanredbpa yCKOPEHHBIX MTOCTYIIATE/IBHBIX JIBUKE-
Huif. DTa momaaredpa BHISHIBAET CIIEIUAJILHBINA WH-
Tepec U Mbl PACCMOTPUM €€ OTIEIbHO C CJIELYOIIEeM
paszeJe.
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2. OnepaTopsl ABU>KEHUSI BUPTYaJbHOI'O JIEIITOHA.

PazButoe B nacrosmeit Jlekmunu mpeicraBiaeHne o mpo-
CTPAHCTBE — BPEMEHU JIEITOHA TI03BOJISIET TIOJIOWTH K OITH-
CAHUIO BUPTYAJIbHBIX 9ACTUL, (B JAHHOM CJIy4ae JIenTO-
HOB) € HOBOII TOYKH 3peHus, oraundHoii or DeiiHMaHOB-
CKHUX JuarpaMM.

Bupryanbable 9acTHIBI XapaKTEPUIYIOTCs JBYyMs 00-
CTOATEJIbCTBAMMU:

1. anst Hux He BuIMOHsIeTCs cooTHOomenne CTO mex-
JIy MMILYJIbCOM M SHEPrUeil JacTUIbI

(m ) + (p)? ~

2. BUpPTYyaJibHad IaCTUIla ABJIACTCA HOCUTE/IEM CHUJIBI .

B paccMOTpeHHOM HaMM NPOCTPAHCTBE-BPEMEHH JICII-
roHa coorHommenne CTO MeX/y UMITYIbCOM U SHEprueti
HEe BBINOJIHSIETCsI, TOYHEe OHO 0DOOIAETCS 10 COOTHOIIE-
Hus (12). PaccMorpuM 4acTHBIH ciiydaii 9TOr0 COOTHO-
IIEHUST

2
(me) + ()~ S 4T (LP =0, (14)
W3 Hero BUHO, 9TO OHO ONMUCHIBAET YACTUILY, STBJISIONLY-
10CsT HOcUuTeJIeM CiIIbl. TakuMm o6pa3oM, ecyid 9TO COOTHO-
[IeHre OTHECTU K BUPTYAJbHON YacTuile, TO 00a BbIIe-
YKa3aHHBIX 00CTOATENbCTBA OyIyT ero cieicrsuem. U3
(14) caeayer, 9TO IPOCTPAHCTBO-BPEMST BUPTYAJBHOM Ta-
CTHIIBI XapPaKTepU3yeTcsi BEKTOPOM

dr = Eyda® + €, da® + Exda’ + Eau T dv”
onepaTop auddepeHnnpoBaHns UMEeT BT
g 0 0 0

dx — 920 dze dat

0

a4
Ozt e

&%+ &4+ &+

A KBAHTOBOMEXaHWYECKUI OMEPATOP BBITJISIIAT CJIEITYIO-
MM 006pa3oM

0

ozY

0
Ox?

0

LY 5t

L+ — 0 Ca4K

4K
¢ Ox®

]5 COKL 4+ C(L

(15)
B cnenyromeit Jlekmum Mbl, OCHOBBIBAsICh HA 9TOM OIle-

parope, IpUBEIEM yPaBHEHUE JIBUXKEHUS BUPTYaJbHOI'O
JIEIITOHA.

VII. YHUBEPCAJIbHBII XAPAKTEP
BEKTOPHOTIO ITPOCTPAHCTBA.

3/1eCh 0JIE3HO BCIIOMHUTD IIOJXO0J[ K BEKTOPHOMY IIPO-
CTPaHCTBY, JOCTaBIIMIiC HAM OT KJACCHYECKHUX IIpeJ-
crasyiennii. CorjiacHO eMy BEKTOPHOE TIPOCTPAHCTBO yHU-



BEPCAJILHO W HE CBS3aHO C TUIIOM, PA3MEPHOCTHIO® BEK-
TOPHOW BeMYINHBI. Pa3zMepHOCTH ecTh MpeporaTuBa KO-
opauHat. [losTOMYy BEKTOpPHOE MPOCTPAHCTBO, YCTAHOB-
JIEHHOE JIJTsi TEOMETPUIECKUX BEJTMINH, IPUMEHSIETCS JJIst
BEJIMYMH JIPYrofi pa3MepHOCTU (CHJI, IOTOKA YHEPIUH U
T.71.). [Tosromy GasucHBIE BEKTOPBI, IO OTHOIIEHUIO K KO-
TOPBIM PACCMaTPHUBAETCS, HAIPUMEDP, CHJIA €CThb T€ Ke
6a3MCHBbIE BEKTOPHI, TI0 OTHOIIEHNIO K KOTOPBIM PACCMAT-
pUBaeTCS TeOMETPUIECKUN OTPE3OK.

C 5T0i1 TOYKYU 3peHUs MBI IPUBOJIUM CJIEYIOIIYIO0 Tab-
muny. B meit Licps u Lyigns yHUBepcaTbHBIE aaredphI®.
OHU WCHONB3YIOTCST TPU IMOCTPOEHUU ITPOCTPAHCTBA —
BpeMEHU, POCTPAHCTBA JEHCTBUSA, MPOCTPAHCTBA OIle-
paTOpPOB JIEIITOHOB IIyTEeM IIPUBJIEYEHUs OIIPEJIeJIEHHBIX
KOODJMHAT, WMEMIINX COOTBETCTBYIONUN (husnaecKuit
CMBICJI.

ILJleft IL1”1',ght
81 €1
Ok Clir
X S
2! ST

=& -al S=¢ -8
dll'I:XI d151:¢1
x=&x v=¢er-y!

+ +
D, D,
) a
Bxl 6516

&1 50, €I 35,

Anayiornauyro TabJMAIy MBI TPUBOJUM JIJIsI COMPSIYKEH-
HBIX BEJIMYUH

+IL'left ]erght
el €
(€1, 6x) = 0"k (e ex) ="k
CIK, +OIK
X *S
Xrr S]
te=gr &L tS9=0;-¢l
dizr = X1 diS; = Yr
X=x1-E =€
D, D,
< S
o 9S
gor €' gar €

*TTo pa3sMepHOCTDIO 3/1ECh TOHUMAETCSI HE YUCJI0 M3MEPEHU
BEKTOPHOT'O MTPOCTPAHCTBA, a €INHUIIA U3MEPEHNsT BEKTOPHOM
Gbu3nIECKOit BETMINHBL.

*B TOM cMBICJI€, 9TO BEKTOPBI 9TUX aare0p UMeIOT abCTpaKT-
HbIe KOODJIMHATHI.
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BekTopsl, mMmerorue OTHOIIEHNE K MIPOCTPAHCTBY —
BPEMEHU MBI BBIHYKJICHBI CBAZBIBATE € areOpoit Licyt, a
BEKTOPBI, UMEIOIIIE OTHOIIIEHHE K JIEHCTBUIO — C aJIreOPOoi
L,ight- Ilpuanna Takoro pasjeenus ocTaeTcs HesaCHOI.

B nononnenue K (6) ykaxeM, 9T0 CBA3b MEXKJLy CTPYK-
TYPHBIME MOCTOSTHHBIMHI ajire6psl 'S n asire6pst S ompe-
JEJISIeTCs CJIeIYIONUM 00pa30M:

+CRQP _ (SRI X 5QK X CLKI . 6LP )
CBA3b MEXKJLy CTPYKTYPHBIME IOCTOSHHBIMH ajireOphl * X
1 aJIreOpbl S OIpeesIseTCsl CJIELYONUM 00Pa30M:

CHOp = ghtl . 9K . Clyr g p.

CBs3b MEKJIy CTPYKTYPHBIMU HOCTOSHHBIMH AJIreOphl S
7 aareOpbl X ONPEIeISIeTCs CJIEAYIOMIM 00Pa30M:

+CRQP — gRI . gQK . +CLKI grp-

CBsI3b MEXKIy CTPYKTYPHBIMHI HOCTOSHHBIME aJIT€OpEl ' X
1 anreGphl 'S ONPEIeISeTcs CIIeLyIOIUM 06Pa3oM:

Ch9p Zng'gQK'+CIKL'gLP-
rje

QRIZgRS5SI~

CBsi3b MEXK/Iy CTPYKTYPHBIMU ITOCTOSTHHBIMU AJIT€OpPBI S
7 aareOpbl X ONpeeIsIeTcs CIeAYIONIM 00Pa30M:

Cror=28"p 8¢ C'r-8".

VIII. KBAHTOBAHUE
ITPOCTPAHCTBA-BPEMEHMU JIEIITOHA

B Jleknuu 1 ObLIO IIOKa3aHO, YTO KBAHTOBBIE SIBJIE-
HUsT OObSICHSIIOTCSI aJiredpandeckoil CTpyKTy POl BEKTOP-
HOI'O IIPOCTPAHCTBa. B macrosimei JIeKiuy Mbl IPUILIT
K HEeOOXOAMMOCTH PacCMaTPUBATL IIPOCTPAHCTBO-BPEMSI
sgentona kKak anreopy Kamddopma. Takum obpasom,
060011as1 MPOCTPaHCTBO-BpeMst 110 anaredbpnsl Kanddop-
Ja, Mbl II0 HEOOXOAMMOCTH HPUXOOUM K KBAHTOBAHUIO
[IPOCTPAHCTBA-BPEMEHN JIEIITOHA. 3/I€Ch TaK Ke, KaK IJIst
IIPOCTPAHCTBa JAEHCTBUS, YypaBHEHUS CTPYKTYDPBI BBICTY-
ITaf0T KaK KBAHTOBBIE MTOCTYJIATHI.

1. YpaBHeHUus1 CTpyYKTYpPBbI

Ocobennoctdb audepeHmpoBaHusl BEKTOPOB aJredp
cBsI3aHa ¢ audHepeHnnpoBaHeM 3aKOHA YMHOXKEHIS
BekTOpoB. OHA IPOSIBJISIETCS B CYIIECTBOBAHUU JIJIsT aJl-
rebp ypasuenuti cmpykmypo.. lanee paccMorpuM ypas-
HEHUsi CTPYKTyphI s anareoper Kimuddopra X. Yemo-
BHUMCH, 9YTO BEKTOPbI UMEIOT Pa3MEPHOCTh JJIMHEBL. Torma
3aKOH YMHOXKEHHSI BEKTOPOB B X 3aIIMIIETCS TaK:



xzﬁ-xloxg. (16)
3nech R — paHee BBeJIeHHAs IMOCTOSIHHAST BEJIMIUHA, CO-
rJIacyroIiasi pa3MepHOCTH IIPABOil U JIeBOU JacTeil ypas-
HEHUsl, IMEOIas pa3MepPHOCTD JIJINHBI.

Samernm, uro npu R — (0, TO ecTh BHajgu OT Jemn-
Tona anredopa Knuddopaa cBoauTcsa K mMpoCcTpaHCTBY--
ppemern CTO. Ilpu 3TOM O-yMHOMXKEHHWE CBOIUTCH K
YMHOXKEHUIO BEKTOPa Ha IUCJIO.

Eciu BoCmob30BaThCA 3aKOHOM YMHOYXKEHHS 0Oa3nc-
HBIX BEKTOPOB (4), TO TOJyIMM TIPABIJIO YMHOYKEHUST KO-
Op/IMHAT BEKTOPOB COMHOYKUTEJIEH:

xL _ l . +CLKI (IQ)I (:El)K
R

Hamee maM TOHA00UTCS TpeIcTaBaeHIe 00 06PaAMHOM
BEKTOpe T 1, JIm KOTOPOTO BhLIMOJHAETC yeaosue (5).
3amMernM, 9TO JjIsi COOTBETCTBYIOIINX BEKTOPOB 3aKOH
YMHOYKEHUS BBITJISITAT TaK

7t = (%xl oxg) = (29) Lo (x1)"' - R. (17)
HeiicTBuTebHO

xox_l:E'x10$20($2)_1°($1)_1‘R:50'

Kak u B Jleknuu 1 mpm auddepeHInpoBaHnn 3aK0-
Ha yMmHOXKeHHst (16) GyaeM NIPHIEPIKUBATHCS CIIEILYO-
mmx obosnadennii. ObozHaunM vepes dix muddepeHu-
aJl BEKTOpa & B cooTHOIIeHNH (16) mpn M3MeHEeHNH BeK-
TOpa X1, 0603HaUUM Uepe3 dox auddepeHtmas BeKTopa
2 B coornomenun (16) npu u3MeHeHUM BeKTOpa To. B
COOTBETCTBUU C STUM MMEEM

1
dlxzﬁdxloxg, dgl‘zﬁxlodl‘g.

3 sTux BBIpaKeHUit MOIyIaeM

dxng-(:rl)_lodgx, dx1:R~d1xo(:r2)_1.

(18)
C uCIoJIb30BaHUEM TIPUHSITHIX 0003HAYEHUN PACCMOT-

pum Bropoit muddepennuan dodiz. Uz (16) ajusa mero
HMEeT MECTO

1
dgdll' = — d{,Cl o dl‘g . (19)
R
Ucnonsays (18) u (17), nomyanm
dodix = diz o (z) "' odyx. (20)

Bo6ausu emunnnpr anredpni, To ecth npu £ = REy u
(x)~1 = % &o, ypasuenue (20) npuHuMaer BHL

1
dgdlx = R dlx o dzx . (21)

DTO COOTHOIIEHNE €CTh YPABHEHUE CMPYKMYPbL AITeOPHI
X B BekTOpHO# hopme.

IMoxncrasias B (21) Beipaxkenus auddepeHuagos de-
pe3 auddepeHIraabl KOOPAMHAT BEKTOPOB TPOCTPaH-
CTBa — BPEMEHU U TOJIb3YsCh 3aKOHOM YMHOXKEeHUsT Oa-
3MCHBIX BEKTOPOB (3), MOJyIMM yPaBHEHUsI CTPYKTYPHI B
KOOPJAMHATHOI (popme

dgdl.’L’L = % +CLK[ . dgl‘l . dl.’IJK . (22)

IIpeapraymume paccyzkaenns obobmaoTes Ha audde-
peHnuaJ n — O cTelneHu

dndn—l e dgdl.’lf .

Jitst Hero ypaBHEHUS CTPYKTYPBI UMEIOT BHT,

1
g dizodyro...ody 1xody.

dndn—l e d2d15€ = R

2. KBaHTOBBIE IOCTYJIaThl U BOJHOBasA (pyHKIIUS
IPOCTPAaHCTBa-BPEMEHU

B ypasuenun (21) BBemem o6o3HaUEHIE
X =dix

U HA30BEM BEKTOD X 604H060U PYHKUUET Npocmpancmea
— gpemenu.

Kpowme Toro, BBesiem obozuattenne d as quddepentm-
ajia do. YpaBHEHHE CTPYKTYPbl B HOBBIX ODO3HAYEHUSIX
[IPUHUMAET BU/T

1

dx == xodx. 23

X =7 X (23)

DT0 ypaBHEHNE MOYKHO 3aIlUCATH JIJIs KOOPIUHAT BOJIHO-
Boit ynkruu x! = dyz!:

dx* = 1 oLy - dat K (24)
R

Ypasuenus (23), (24) umeror By 3358491 Ha COOCTBEH-
Hble 3HAYEHUs onepaTopa anddepenimaia d.

Wrax MBI HOIYyYMJIN CJIEIYIONUN PE3yIbTaT: ypaBHe-
HHOSI CTPYKTYPBI aarebpsl X MOryT OBITH TPEICTABICHBI
KakK 3ajava Ha cOOCTBEHHBIE 3HAYEHUsT omepaTopa and-
depennmana d. To ecTb, ypaBHeHusi CTPyKTYPbl, IPe-
craBiieHHbIe B BHje (23) n (24) BBICTYNAIOT KAK KBAHTO-
BbIE€ TIOCTYJIATHI.

Bynem paccmaTpuBaTh IpOCTPAHCTBEHHO — BPEMEHHbBIE
KOOP/IMHATHI KaK (DYHKIINU BEKTOpa JjieiicTBust. Beipazum

muddepeniman d B BUIE

0
d= ~— dSM
oSM
7 BBeJeM 0DODITEeHHbIE 0OPATHBIE UMITY/IbLCHI:
Ox oz’
-1 = — = — = . -1
(P~ )m = 55t = &1 e = &1 (P~ Hy, -



Torma 3amaua Ha cobcrBennble 3Hadenus (24) npuobpe-
TaeT BHUJ
oxt
oSM

1 _
= R Oy - (p 1)IM 'XK . (25)

Taxum 06pazom, UCXOAS U3 aaredpamvIecKkoil CTPyKTY-
PBI IIPOCTPAHCTBA-BPEMEHN MBI IIPUTIIIH K 3a/a9e Ha CO0-
CTBEHHbIE 3HAYEHUsI JJIsi [TPOCTPAHCTBEHHO-BPEMEHHBIX
BEKTOPOB M K $IBJICHUIO, KOTOPOE IIPEJICTABJISIET COOOM
KBaHTOBAaHUE TPOCTPAHCTBA-BPEMEHH.

IX. BBIBOJbI

e Bun ypasuenmit Jlupaka 3acTaB/iIseT CUYUTATD,
9TO JIEIITOHAM HEOOXOIUMO COOTHECTH CBOE COD0-
CTBEHHOE MpPOCTpaHCcTBO-BpeMs. OHO 0600IaeT
IPOCTPAHCTBO-BPEMsI CIIEIUAIBLHON TEOPUU OTHOCH-

ressrocTH (CTO).

e CobCTBEHHOE TPOCTPAHCTBO-BPEMsT JIENITOHA HEO0-
XOJIMMO paccMaTpuBaTh Kak anaredopy Kimddop-
J1a, 00pa3yIoIIM TPOCTPAHCTBOM KOTOPOI SIBJISIeT-
cs ipoctpancTBo-Bpemst CTO.

e YkazaHHble OOOOIIEHNS CBI3aHBI C IPUBJICICHAEM
JIOTIOJTHATEJIbHBIX KOOPJIMHAT B KAY€CTBE HE3ABHUCHU-
MBIX I[TEPEMEHHBIX MPOCTpaHCTBa-Bpemenu. [lomu-

MO 2% — KOODIMHAT BEKTOpa-amHmu u ¢ — Koop-

JMHAT BpEMEHH K HUM OTHOcaTca % — Koopam-
HaTHI BeKTOpa-TIomam (BeKTopa yria), %4 — xo-
OPJIMHATBI BEKTOPA-CKOPOCTH, ¢ — KOOPIUHATHI
BeKTOpa-o6beMa (BeKTOpa TeaecHoro yria), x4 —
KOODJIMHATBI BEKTOpa YIJIOBOil ckopocTm, ¢ —

KOOPJMHATHI BEKTOPa TEJIECHON YIJIOBO CKOPOCTH.

e JIOmOTHUTETbHBIM ~ KOOPJAUHATAM COOTBETCTBYIOT
JIOTIOJTHATEIbHBIE KOMIIOHEHTBI UMITy/Ibca. K HuM
OTHOCSATCS 3-X MEPHBII UMITYJIbC Pg, SHEPTUI Py =
E/c, 3-X MepHBIIl yriioBOi MOMEHT UMILYJIbCA HJIH
CIUH Pap = Map/R, 3-x MepHas cuna pag = T fa,
3-X MEpHBI TEeJIECHBII MOMEHT UMITYIbCA Pio3 =
Mi23/R, 3-X MEpHBIil yTJI0BOIl MOMEHT CUJIBI Paps =
F,p/c, TesecHblii MOMEHT CUIIBL P1324 = Fi32/c, nM-
IIyJIbC TIOKOS Pg.

e CobcTBEHHOE MTPOCTPAHCTBO-BPEMsI JIEIITOHA, sIBJIS-
ercs aarebpoit. OTciona HeOOXOINMO CIeIyeT KBaH-
TOBaHHUE TOIO IIPOCTPAHCTBa-BpeMeHu. Mcxommbie
KBaHTOBBIE IIOCTYJIATHI [IPEJICTABJISIIOT CODOIl ypas-
HeHUs CTPYKTYPhI airedpsr Kimddopma X.
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