I/ICTOPI/IH 0 TOM, KdK, 3dMKHYTbI€¢ KOPIIYCKYJ/IAPDHO-BO/IHOBbI€ B€/IMYNHbI
MHUKPO4YaCTHUIL| C CAMOI'o Hd4dJ/id KBAHTOBOM 3110XH CTa/IM H3BeCTHLI B
KaudecTBe (l)YHI[aMEHTaJIbelX KOHCTAHT

C. 3. [I)xomup30eB

K Hauasny gBajiiaToro Beka ObLTH 00IIeN3BECTHBI K/lacCUUecKas MeXxaHuKa
Hrtotona (KMH) u knaccruueckast BosHoBas ontika (KBO), a motomy,
[11aHK ¥ JVHIITEWH NPUMEHW/TN K/IaCCUUeCKUX BeJIMUMH U TepMruHOB KMH
1 KBO a1 onmcanusi KOpmycKy/isipHO-BOJTHOBBIX (KB) cBOWCTB U
KOPIYCKYJISIpHO-BOJIHOBOTO AyanusMa (KB/I) porona. Criycrs ABaALAaTh JIeT
obHapy>keHHOe ['eii3eHOeproM COOTHOIIIEHHE HeompeeIEHHOCTH TT0Ka3aria,
yto onpezenéuHble ripy nomow KMH u KBO He3aBucrmeblie
KOPITyCKYJ/ISIPHbIE U BOJTHOBBIE BeJIMYMHBI MUKPOYACTHL] IPUMEHUMBI BILIOTh
710 YPOBHS NOCTOsAHHOU [11aHKa, a Ha ypoBHe 1OCTOsTHHOM [1/1aHKa BMeCTo
HUX TMPOSIBU/IMCH B3aUMOCBSI3aHHbIe KOPITYCKYJISIPHbIE Y BOJIHOBbIE BeJIMUUHDI
MUKPOYACTHUL]. B3aMOCBA3aHHOCTH yKe KOPIYyCKYJIAPHBIX ¥ BOJTHOBBIX
BeJIMUMH MUKPOYACTUL] HAa YPOBHE NMOCTOHHOU [1/1aHKa BO3HMKaa u3-3a
TOT0, UTO MOCTOsiHHAs [1y1aHKa U CBsi3aHHBIE C Hell PyHjlaMeHTa/IbHbIe
KOHCTaHTHhI AB/syiuCh KB BemmunHamu Mukpodactul]. [Ipu stom, KB
BeJIMYMHBI MUKpOUacTull, Oyyun ¢pyHJaMeHTalbHBIMA KOHCTaHTaMU,
SIBJIS/TMCh 3aMKHYTBIMU (BHEIIPOCTPAHCTBEHHBIMU) BeJIMUMHAMMU T10
OTHOIIIeHUIO K 6a3ucHbIM npocTpaHcTBaM EBkuza, MuHkoBckoro u KieiiHa-
['oppoHa, a HazleIéHHbIe UMY MUKPOYaCTHULIbI SIB/ISUIUCh 3aMKHYTHIMA
00BbeKTaMM 10 OTHOILIEHHIO K OKpYsKarolljeMy MUpY. [103ToMy, 3aMKHYThIX
MUKpOUaCTUL] He y/laBajioch Hab/o1aTh 6e3 BHeILHero BO3/ieMCTBUS Ha HUX
Y U3-3a 3TOT0 BO3HMKa/Ia He0OX0AUMOCTh B BOJTHOBOM (hYHKI[MM | , KOTOpast
C orpeJie/IeHHOM BEePOSTHOCTBIO T103BOJIsA/IA OTIpe/iesIsiTb CBOWCTB U
noBefieHU MUKpouacTull. Bo6aBok, BHenpocTpaHCcTBeHHbIe KB BeTMunHbI
MUKPOUaCTHI] SIBJISUTUCH POOOpa3aMu BHYTPU MTPOCTPaHCTBeHHBIX (BIT)
KOPITYCKYJ/ISIPHBIX, CMeLllaHHbIX U BOJIHOBBIX BeJIMUYMH MUKPOUYACTUL], a
TI0TOMY, B OrepaToOpHbIX conoctaBneHusax [Ipéaunrepa KB BemMunHbI
MUKDPOYaCTHL] ObLM BbIpaXkKeHbl OTHOCUTeTbHO BIT KOpIyCKy/ISpHBIX U
BOJTHOBBIX BeJIMYUH MUKpoYacTull. COOTBETCTBEHHO, BbIICHUIOCH, UTO
y3BeCTHBIe co BpeMéH V. HeroToHa Kitaccuueckye KOPIyCKYJIIpHbIe U
BOJIHOBBIE Be/IMYMHBI ABJIS/IMCH BII BesilMunHamMy, a OCHOBaHHbIe HAa HUX
KMH, KBO, crietjuanbHasi Teopusi otHocutenbHOCTH (CTO) 1 0611jast Teopus
otHocuTenbHOCTH (OTO) SliHITeHA sIBAsiUCE BIT Teopusimu pusnku.
Co3nmanHoe ke [1IpéauHrepoM Bo/iHOBasi KBaHTOBasi MexaHuKa (BKM)
HepeJIITUBUCTCKOTO 371eKTpoHa (HO) siB/isiiack HEMO/THOM YacThIO
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KOPIYCKYJIIPHO-BOJTHOBOM MexaHuku (KBM) H3. Takum obpa3som,
HeoOHapy>KeHHOCTh 3aMKHYTBIX (BHeTpocTpaHCTBeHHbIX) KB BeunH
MHUKDPOYAaCTHL] CTajla MPpUUMHOK HeroiHOTel BKM HO. Teneps xe,
BBISICHHJIOCH, yTO cama BKM HO sBnsinack HermoHoM yacTteio KBM HDO, a
KMH, CTO u OTO Oiinitreiida saB/sauchk BIT MexaHuKaMy 10 OTHOIIIEHUO
K Makpockornuueckori KBM.

E-mail:djomirzoev501@yandex.ru

1.3amkHyThIe KB BetmunHbl (JOoTOHA M MX TIpeodpa3oBaHus

K nHauany gBajijaTtoro 0bltu obien3BecTHbl mmonoxkenus KMH [1] u KBO
[2], a moTroMy, Korja B Hauane aABazariatoro Beka M.Ilmankom [3] Obina
obHapy»keHa HOBast (PyHjaMeHTa/IbHasi KOHCTAHTa:

h=1,054-10 > pKeC (1.1)

Torpa IlnaHk u DuHIUTeMH [2] Ha ocHOBaHMM nocTosiHHOM [lnanka (1.1)
noyiyunid (opMyJ/ UMMyJibCa U SHePruu (POTOHa, MpeCTaBIeHHbIMUA B BU/Jle
KOPITYyCKYJISIPHBIX U BOJTHOBBIX BesinuH KMH u KBO:

P=hk (1.2)
E=mc’ (1.3)
E=hw (1.4)

rze, kK — BOJIHOBOM BEKTOp, M — PeJIITUBUCTCKAsI Macca, ¢ — CKOPOCTb, W
— I[UK/IMYecKast yacTtoTa ()oToHa.

[Ipu 3TOM, B CHU/Iy TOTO, YTO CTaji0 OUEBUAHBIM TIPUCYIIHOCThL (DOTOHY,
KaK KOpmycKy/asipHbiX BesuuuH (1.2) u (1.3), Tak ¥ BOJIHOBOW (TOUYHee,
YaCTOTHOM) BesinurHbI (1.4), a ToTOMYy, DUHIIITEMHOM OBIJIO TTPEATI0/I0KEHO,
yto ¢otoHy npucyum KB cBoilictBa 1 KB/I. B kauectBe xe dhopmynsl KB/
doToHa caMuM DUHIIITEMHOM ObUIO MpezyioXkeHO paBeHCTBO (opmyn (1.3) u

(1.4):

(P-c) = hw
(1.5)

TeMm camuM, IpejBapuTe/ibHas M3BeCTHOCTb [lnaHKy M DUHIITENHY
nonoxenni KMH u KBO mocnykuna OCHOBaHWEM Jjisl TIPe/ICTaB/IeHUS
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dbopmys poToHa B BUZie KOPIYCKY/SIPHBIX U BOTHOBBIX BeIMuuH (1.2)...(1.5).
[Tpu 3TOM, TOSyUeHHbIe DWHILTEHHOM KOPITYyCKY/ISIDHbIEe BeTMUMHBI (hOTOHA
(1.2) u (1.3) Ha oCcHOBaHUM KOpPIyCKyJsApHbIX BennunH KMH mnipeanosaranm
CyII[eCTBOBaHUM Habopa KOPIYCKY/ISIPHBIX BeJTMUMH (DOTOHA:

KopnyckynsipHas Mmacca: m

(1.6)
Kopnycky/isipHbIii HMITYJIbC: P = mc

(1.7)
KopniyckynsipHas SHeprus: E = mc 2

(1.8)

37ech ke OTMeTUM, DUHIITeHHOM J1s1 000CHOBaHUs paBeHCTBa (1.5) 66110
UCIT0/1b30BaHO cooTtHoieHue KBO:

c = ir (-iw) (1.9)

N60 B ciyuae, Korga obe ctopoHsl cooTHoreHnr KBO (1.9) ymMHOXascs
Ha CHMBOJIa KOPHYCKY/SpHOTO uMmIysbca (oToHa (1.7), Torja BO3HUKAIO
paBeHCTBO (1.5).

Tenepb, oOpaTMM BHMMaHWe Ha TO, UTO XOTs MO CBoel ¢opme
KOPIyCKY/IsipHble BeJinurHbI (hoToHa (1.6)...(1.8) ABASIOTCS aHAaMTOTUUHBIMU C
K/JIaCCUYeCKMMU KOPIYCKYy/IsipHbIMUA BerunHamMu KMH, HO Ha camom perie
KOPMOYCKY/isipHble  BeqnuuHbl  (oToHa  (1.6)...(1.8) mpuHUUNHATBHO
OT/IMYAIOTCA OT KJIaCCUYeCKUX KopmycKysasapHbIX BenunurnH KMH. Hanpumep,
KOPMYCKYJ/ISIPHBIN UMIYJibC (poToHa (1.7) v KoprycKy/sipHasi 2Heprusi (h0ToHa
(1.8) MeHsIFOTCSI 3a CUET M3MEeHeHUs! PesIITUBUCTCKOM Macchl poToHa (1.6), a B
KMH knaccuueckud  KOPOYCKY/SIDHBIM — HMMIYJbC W KjacCAUYecKast
KOPIYCKYJ/ISIpHasi KWHeTUYecKash SHepPrusi MEHSUICS 3a CYET U3MeHeHHs
KJlacCuuyeckor ckopoctu. [Tostomy, korga [1naHk v DUHILTeHH JJ1s1 ONMCaHUS
KB cBotictB 1 KB/] ¢oTOHa MpUMeHMIN K1aCCUYeCKUX BeTMUUH U TEPMUHOB
KMH u KBO, Toraa npumeHéHHbIN [11aHKOM 1 OWHIITEMHOM K/laCCUYeCcKHe
BesimurMHbl ¥ TepMuHbl KMH u KBO saBasiiice HeoCTaTOUHBIMU - [J1St
OMMCAHWA TIPUHLMIIMAJIBHO OT/IMUHBIX OT HUX KOPIYCKYJ/ISIDHBIX BeJUYMH
dotona (1.6)...(1.8). Korga ™Mbl 3ameTunu (akra HeJOCTaTOYHOCTU
npuMeHEHHOro [laHKOM W DUWHINTEMHOM MeTO/a OMNMCAaHWs, TOrJa MbI
CMOTT OOHAPY’)KUTb, UTO TIPUCYIIHOCTH (GoToHy KB cBoiicte u KB/]
yKa3bIBasia Ha TO, 4To (OTOH B peanbHOCTU siB/isicsi KB o6bekTom [Ipupoabl
U el Obumi mnpucyid KB BemMuuHBL, KOTOpble HEMOCPeACTBEHHO
cooTBeTcTBOBa/M eé KB cBoiictBam 1 KB/I.
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Ons obuHapyxenusi xe KB BenuuuH (oToHa crefyeT ydecTb, 4UTO
MH@pakpacHbIM (poTOHaM Mpucylla Oosbliiasi peATUBUCTCKAsg Macca m U
Masias JIMHelHas [I/IMHA BOJIHEI ir , a y/lIbTpa(ro/IeTOBbIM (POTOHAM MpUCYILa
Masiasi pensiTUBUCTCKasi Macca m U OoJiblliasi JMHeHas JjiiHa BOJHBI i I .
B3anMOCBsA3aHHOCTb K€ YMCJ/IEHHBIX 3HaU€HUM PeNIITUBUCTCKOM MacChl m U
UHEeMHOM [/IMHbI BOJHBI ir BCeX (DOTOHOB YyKasblBaeT Ha TO, 4YTO
peJIITUBUCTCKAasi Macca m W JMHEeWHas JIMHA BOJHBI ir KaXAoro (poToHa
SIBJIAFOTCSL B3aUMOCBSI3aHHBIMM Be/IMUMHAMM M MX TPOM3BeJleHHe paBHa
ofHoM u Tou ke KB BesmmunHe (oTOHA, KOTOpas ABseTcs QyHAaMeHTalbHOU
KOHCTaHTOU m*:

c (1.10)

A Ha ocHoBanuu nioctosiHHONW KB Benmmuumnsi (1.10) B KauecTBe Habopa KB
BeJTMUMH (POTOHA CTAHOBSITCS M3BECTHBI TPU (yHAaMeHTa/lbHble KOHCTAHThI:

*

P* =h= (m*c) (112)
E'=m"c’ (1.13)

B cuny Toro, 4to BIUIOTH /10 Hammx AHek KB BennuuHb! dhoTtoHa (1.11)...
(1.13) 6bLTH OOIIIEN3BECTHBI B KaUueCTBe TOMbKO TPEX (hyHAaMeHTaIbHbIX
KOHCTaHT, a IOTOMY, paCCMOTPHUM, Kakre CBOWCTBa Oy yT Hab/moAaThCs y
$hoTOHOB, ec/iu TpU (PyHAaMeHTaIbHble KOHCTaHThI (1.11)...(1.13) B
peanbHOCTH siB/IsIIOTCST KB BenmmurHamu Bcex otoHoB. [lepBoe, ecii Tpu
dbyHmameHTanbHble KOHCTaHThI (1.11)...(1.13) B peasnbHOCTH siByisitoTCs KB
Be/TMUMHaMHU JIJ1s1 BceX (DOTOHOB, TOT/la Ha MpaKTHKe Bce (POTOHBI OyayT
Hepa3IMUUMbIMU JPYT OT APYTra, TaK Kak, BceM (hOTOHaM SIBJISIFOTCS
MIPUCYIIUM OJIUH U TOT >ke Habop KB Bemmuud (1.11)...(1.13). Btopoe, eciiu
BCeM (DOTOHAM B PeasIbHOCTH SBJSAOTCA npyucyimmu KB Benmnuune! (1.11)...
(1.13), Torma Ha TIpakTHKe Bce GOTOHBI OYAYT CTaOUTHLHBIMU
MHKpOUaCTHIIAMH, TaK Kak, IMPUCYyIe BceM GoToHam Habop KB BemmunH
(1.11)...(1.13) sBasrOTCS HE3aBUCUMBIMU OT NPOCTPAaHCTBEHHO-BPEMEHHOT0
KOHTUHYyMa. TpeTbe, ec/ii BceM ()OTOHaM B peaibHOCTH SIB/ISIFOTCS
npucyimu KB Bemmunabl (1.11)...(1.13), Toraa GpoToHbI OyAyT TIPOSBISTCS
B [lMaria3oHe OT PaJJMOBOJIH [I0 TaMMa U3J/ly4eHUH, TaK Kak, B [IPABbIX YaCTAX
KB BesmuuH (1.11)...(1.13) B3auMOCBsi3aHHbIE KOPITYCKYJ/ISIDHbIE U BOJIHOBbIE
Be/TMUMHBI POTOHA, OyAyuH riepeMeHHbIMU BeJTMUMHAMH, TIO3BOJISIOT
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MPOSIB/AATCS (POTOHAM B [jMaria3oHe OT paJHUOBOJIH 0 FaMMa M3/1yYeHUM.
YeTBepToe, ecii BceM (POTOHAM B peasibHOCTU SIB/SIIOTCS Tipucyiumu KB
BemurHbl (1.11)...(1.13), Torga y Bcex ¢hOTOHOB Ha MpakTHKe OyaeT
HaOmopmarbcst KB coiictBa m KB/, Tak Kak, B ITpaBbixX yacTsx KB BeunH
(1.11)...(1.13) B3aMMOCBA3aHHOCTb KOPITYCKYJISPHBIX U BOJTHOBBIX BEJIMUKH
oyzmet Habmoaatecs B Buzie KB cBoiicte u KB/I. [1aToe, ecnu rmocTosiHHAS
[Tnaska (1.1) B peanbHOCTH siBJIsI/Iach ofgHOM 13 KB BenmunH doToHa (1.11)
...(1.13), Torpa onpefenéHHble NMPU MOMOLU K/IaCCUYECKUX BETMUMH U
TepMrHOB KMH 1 KBO He3aBHcHUMbIe KOPIYCKYJIsIpHbIE U BOJIHOBbIE
BeJTMUMHBI POTOHA OKa3aJuCh Obl MPUMEHUMBIMU BIIOTH ZI0 YPOBHS
noctositHHOM [1naHka (1.1), Tak Kak, Ha ypoBHe nocTosiHHOM [Tnanka (1.1),
cornacHo rnpasbiM yacTsM KB BesmuuH dotona (1.11)...(1.13), nposiBUiIvch
Obl B3aMIMOCBSI3aHHOCTb KOPIYCKY/ISIPHBIX 1 BOJIHOBBIX BeJIMUMH (POTOHA. A
(hakKT B3aMMOCBS3aHHOCTU KOPITYCKYJ/ISIPHBIX U BOJTHOBBIX BEJIMUMH (POTOHA
Ha ypoBHe TocTosiHHOM ITnaHka (1.1) cTtasia oueBHU/IHBIM CITyCTS BaALlaTh J€eT
TMOC/Ie BhIIIEOTMEeUeHHbBIX pe3y/bTaToB [lnaHka u DUHIITeMHa, KorJa
obHapyskeHHOe I'eif3eHOEproM COOTHOIIIeHHEe HeompeAe/IEHHOCTH [5]
KOHCTaTUPOBasla, YTo Orpeie/IéHHbIe TIPY IMOMOLLIU K/ITaCCUYeCKUX BeJIMUKWH U
TepMrHOB KMH 1 KBO He3aBrcUMbIe KOPIYCKYJIsIpHbIe U BOJIHOBbIe
BeJIMUMHBI (D)OTOHA TIPUMEHBIMU BIJIOTH /10 YPOBHS YMC/IEHHBIX 3HaUeHUH
noctostHHOM I[Tnanka (1.1). 160 cooTHOIIeHHIO Heonpee/IEHHOCTH
[eit3eHOepra KOHCTaTUPOBa/Ia, UYTO Ha YPOBHE UMC/IEHHbIX 3HAaUeHUM
noctositHHOM [1y1aHka (1.1) KopmyCKy/sipHbIe U BOJIHOBbIE Be/TMUUHBI (POTOHA
(MUKpOYaCTHI]) CTAHOBSTCSI B3aMMOCBSI3aHHBIMU BeJIMUMHAMM.

Kak BuyM, KOrJja Mbl 0OHAPY>KH/IH, UTO TPU (PyHJaMeHTa/IbHbIe
KoHcTaHThI (1.11)...(1.13) Ha camoM jene sBstoTCs KB BennurMHamMu
dboTOHa, TOr/ja TIOSIBWIWCH OTBEThI HAa BOMPOCHI, TTI0UeMY Ha MPAKTHUKe
(hOTOHBI ABSIUCE HEPA3TUUMMbIMU U CTaOUILHBIMHA MUKDPOYaCTULIAMH,
rnoueMy ()OTOHBI TIPOSIBJ/IS/IMCH B [lMaria3oHe OT paJuOBOJIH [0 FaMMa
W3/yuyeHuH, II0UeMy Ha YPOBHE UMCJ/IeHHbIX 3HaUeHUM MOCTossHHOM [11aHKa
(1.1) Bo3HMKAA COOTHOIIIEHHEe HeorpeieIEHHOCTH ["elizeHOepra, mouemy
doTtonam 6suM Tipucyy KB cBotictBa 1 KB/I 1 mouemy cBoOOAHBIX
($hOoTOHOB He y/laBajioCh HaOJ/MIO/IATh [0 TOTO, TIOKA OHU He CTAaTKUBaTUCh C
doTtoractuHKo#. 1160, TO/IBKO Terneph, BBISCHWUIOCH (DAaKT O TOM, UTO
(GOTOHBI SBASITUCH 3aMKHYTBIMU TIPU MIOMOIIU (PyH/IJaMeHTaTbHbIX KOHCTAHT
(1.11)...(1.13), a moTomy, 3aMKHYThIX CBOOO/IHBIX (DOTOHOB He y/aBa/ioCh
HabJTI0/]aTh 10 CTOIKHOBEHUS C (hOTOTIACTUHKOM. 1o 3TOM >Ke rpuurHe He
y/,aBaJIoCh 3apaHee 3HaTh, B KAKYH0 YaCThb (POTOI/IAaCTUHKY ToMnajaeT (OTOH,



a MMOTOMY, BO3HMKa/ia He0OX0JUMOCTb B BOJTHOBOUM (PYHKLIUU J ,KOTOPasi C
orpe/ie/IeHHOW BepOSITHOCTBIO TI03BOJIsi/Ia BIYMCIISTh MOBEIeHHI0 (POTOHA.

Tenepb, UTOObLI MOHATH, IOYEMY B TeueHHH OoJsiee cTa jieT BenuurHsbl (1.11)
...(1.13) 6bUTM 0011IeNM3BECTHBI TOMBKO B BU/Ie TPEX yHAAaMeHTaTbHBIX
KOHCTaHT U He Oblii 0OHapy»keHbl B KauecTBe KB BenmmunH ¢oTOHa, ciefyeT
o0paTuUT BHUMaHHe Ha TO, UTO eUHULIbI u3MepeHus: KB BesiunH GoToHa
(1.11)...(1.13) mpeBOCXOAAT HAa METP €IUHUL] U3MEPEHUN KOPITYyCKY/ISIPHBIX
BesMunH QotoHa (1.6)...(1.8). A gaHHOe pa3/ivuue B eAUHULIAX U3MEPEHUSIX
T103BOJISIeT [OHATh, UTO eCJIM B KaueCTBe MpeBapyUTe/IbHO U3BEeCTHBIX
JaHHBIX OyAyT U3BECTHBI TOJBKO K/IaCCUUeCKre BeTMUMHbI ¥ TepMuHbl KMH
v KBO, Torpa ¢ Touky 3peHus Kj1acCuueCcKux BeJMurH U TepMuHOB KMH u
KBO nocrosiiHas [11adka (1.1) Oyzet Ha3BaHa KBaHTOM JIeMCTBUS, TakK Kak,
euHULIAa U3MepeHus noctossHHou [lnanka (1.1) uaeHTHUHA C eJUHULIEN
M3MepeHreM KJ1aCCUUeCKOro JIeMCTBHUS, TO eCTh, UCI0/Ib30BaHHe
K/laccuyeckux BeuurH U TepMriHOB KMH u KBO sB/siiack UMEHHO TeM
MIpensTCTBHEM, KOTOpasi B TeueHHH 0oJjiee CTa JieT He TI03BOJIsiIa OTKPBITh
noctostHHyto [nanka (1.1) B kauecTBe ofjHOM U3 Tpéx KB BennunH poToOHA
(1.11)...(1.13).

Takum obpa3om, Hab/rojaeMble Ha nipakTvke KB cBoiictBa u KB/l goToHa
yKa3biBasia Ha To, uTo (poToH siBisieTcsi KB o6bekToM [Ipupojs! u eii 6b1TH
npucyiu KB Bemyuunsl (1.11)...(1.13). A TlnaHk ¥ DUHIITENH A1
onvcanus KB cBoiicte u KB/I, To ecTs, ays onucanusa KB BenuunH dhoToHa
(1.11)...(1.13) ucnonb30Baau KIaCCUYeCKUX KOPITYCKY/ISIDHBIX BeJTMUUH U
tepmuHoB KMH u KBO. B cuny toro, yto KB Bennunnsl potona (1.11)...
(1.13) u KopnycKy/isipHble BeJinuMHbI PoToHa (1.6)...(1.8) npuHIMNUaIbHO
OTJIMYA/IUCh OT KJIaCCUUeCKrX BesmmunH U TepMuHOB KMH u KBO, a nnotomy,
WICII0J/Ib30BaHuMe KacchuueCkux BenmurH U TepmruHoB KMH 1 KBO gist
onucanus KB Bennuun ¢otona (1.11)...(1.13) u KOpnyCKy/IsIpHBIX BEJIMUKH
dotoHa (1.6)...(1.8) B moceayroleM 3aKOHUN/ICS BOSHUKHOBEHHUEM
coBepIlieHHO HeroHsiTHOM BKM HO [6].

Tereps, Korjia ctana oueBUAHBIM (akT o ToM, uTo KB BennuuHbl hoTOHA
(1.11)...(1.13) o cBoeu efuHULIE U3MEPEHUS TPEBOCXOAST HAa METP
KOPIYCKYJIIPHBIX BeJIMurH (oToHa (1.6)...(1.8), a moTomy, Jierko
aorazaatbesi Ao Toro, uto KB Bemnuunebl hotoHa (1.11)...(1.13) ¢
KOPIYCKYJ/ISIPHBIMU BesinurHaMu ¢oToHa (1.6)...(1.8) aBastoTcs CBsA3aHHBIMU
py oMoy npuMeHénHoro Ilpéaunarepom 8 BKM HO
nvddepeHIMaIbHOTO Oreparopa:



= —iV (1.14)

[Tog Bo3peiicTBueM auddepeHipansHoro onepatopa (1.14) KB
BesmunHbI oToHa (1.11)...(1.13) nmpeobpa3yroTcs B BUjie:

—im*V = m(ir(—iV)) = m (1.15)
—iP*V = —ihV = (mc)l_g_g - (mrw)4 (1.16)
—iE'V = (mc?) ,, — (m(rwe)), — (Fw)o

(1.17)

rae, HWwkHUe uHAekcbl 1,2,3,4,0 COOTBETCTBYIOT IIATH U3MEPEeHUsIM
6a31CHOro MATUMEPHOT0 MpoCcTpaHCcTBa KneilitHa-I"opgoHa:

L h
R =@+ + 2123 — (ct)i - (—)
0

mc

(1.18)

CornacHo mnipeo6pa3zoBanusiM (1.15)...(1.17), HaxofsIMecss B UX JIeBBIX
yactsax, KB Bemmunnbl portonHa (1.11)...(1.13) mo oTHoIIeHHI0 K 6a3uCHBIM
npoctpaHcTBaM  EBkiuza, MuHkoBckoro u  KneliHa-T'opgona (1.18)
SIB/ISIFOTCSI BHEMIPOCTPAHCTBEHHBIMU Be/TMUMHAMU, @ HAXOMSIIUECs B MPaBbIX
yacTsax rnpeobpazoBanuii (1.15)...(1.17) KopIycKy/ispHBIe BeTMUMHBI POTOHA
(1.6)...(1.8) Hapsimy co cMellIaHHBIMA U YaCTOTHBIMU BeMYMHAMHU (POTOHA
apysitoTcsi BIT BeMuMHaMHM 110 OTHOINIEHWIO K 0a3WCHBIM ITPOCTpPaHCTBaM
EBkmuaa, MwunkoBckoro u KneiHa-I'opgona (1.18), To ecTh, coOrjacHo
npeo6pa3oBanusaM (1.15)...(1.17) BHempocTpaHcTBeHHble KB BegWuMHBI
dorona (1.11)...(1.13) sBasroTcs mpoobpasamMu BIl  KOpHyCKy/IsSIpHBIX,
CMeIlIaHHbIX Y BOJTHOBBIX BeJIMUMH (DOTOHA. A BHENIPOCTPaHCTBEHHBIN CTaTyC
KB BennuuH ortona (1.11)...(1.13) u BII cTtaTyc KOpnyCKy/ISIpHbIX BeJIMUKH
dotona (1.6)...(1.8) mo3BosisieT MOHATH TOrO (hakTa, UTO M3BECTHbIE CO
BpeméH I1. HbrOoTOHa Kjaccuueckue KOPIycCKyJisspHble BennurHel KMH u
BOJIHOBbIe BesinuriHbl KBO gBsisiivce BIT BesilmunMHamu, a OCHOBaHHbIE Ha HUX
KMH, KBO, CTO u OTO 3JuHiuTeliHa sBasimuck BIT Teopusimu pusnku.

Kak Buaum, Korza [Tnank v OiHITelH A/1s onvcanus KB BemurH GoToHa
(1.11)...(1.13) npumMeHWIM KjJacCMYeCKUX BeqWuyMH W TepMuHOB KMH wu
KBO, torpa IlnaHk ¥ DUHIITENH MOMBITAIUCh ONUCKHIBaTh Mpy romMoiu Bl
K/1accuyeckux BesiuuvH UM TepMrHOB KMH 1 KBO BHeInpocTpaHCTBEHHbIX
KB BesmunH ¢otoHa (1.11)...(1.13), a Takoe NpUHLUNMATIBHOE pa3Iuuue
0o0beKTa WCC/IeZIoOBaHUSA OT WHCTPYMEHTa ONMCAHWsS [JI0/DKHa Obula
3aKOHUMTCSI C BO3HUKHOBEHHMEM MHO>KeCTBa HesICHOCTeH, a /il pa3bsCHeHUS
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HesICHOCTel TpeOoBa/ch Obl Ppa3bsCHUTENbHBbIE TIPUHLMIBI TI0/J00HBIE
MIPUHIUITY Heorpee/iéHHOCTH ['eii3eHOepra U MPUHIIUITY IOTIOTHUTETbHOCTH
bopa [7].

TakuMm 00pa3oM, WCTOPUYECKH C/IOXKHIACh TaK, UTO C CAMOr0 Hauasa
KBAaHTOBOM 3roxy [lnaHk w OuHTerH TnipuMeHuad BII kimaccuyeckux
KOPNyCKy/sipHbIX BeqimuruH W TepmuHOoB KMH u KBO pna onvcanus
TIPUHLIUIAAIBHO OT/IMYABIIMXCS OT HUX BHENPOCTPaHCTBeHHbIX KB BenmunH
dotona (1.11)...(1.13). TIloaTOoMy, Takoe TIPUHLMMNMAJbHOE pa3uyue
00epHy/I0OCh TeM, UTO B TocienyroiemM co3zanHoe IlIpémuarepom BKM HO
CTajla COBEePIIIeHHO HEIOHSTHOW MeXaHUKOM.

34ech, A5 TIOAUEPKUBaHUS pean3oBaHHOCTH B [Ipupoje mpeobpa3oBaHuit
(1.15)...(1.17), obparum BHMMaHWe Ha TO, 4YTO B TpaBOM YacTu
nipeobpa3oBanuu (1.16) Hapsgy ¢ BIT KopmycKy/sipHBIM UMITY/IbCOM (POTOHA
(1.7) Bo3HuKJIa emié ogHa KomroHeHTa BII wummnynbca (oToHa,
COOTBETCTBYIOI[asi UeTBEPTOMY W3MepeHHI0 0a3WCHBIX ITPOCTPAHCTB
MunkoBckoro u KieliHa-T'opgona. [Ins Toro, uToObl yOemautcs B
peasm3oBaHHOCTH B IIpupoze obenx kommoHeHToB BIT mmmynbca ¢oroHa,
BO3HUKIIMX B TpaBod dYactu mnpeoOpa3oBanun (1.16), obpatumcs K
cootHoteHnto KBO (1.9). Ecimm o6eux uacteit cootHoriennu KBO (1.9)
YMHO>XMM Ha CMMBOJIa PesITUBUCTCKOM Macchl (DOTOHA m ,TOT/ia BO3HUKAET
UMITy/IbCHasi hopma cootHoieHnu KBO (1.9):

mc = mir (-i w)
(1.19)

Kak BuAnM, BO3HMKIIME B TIpaBoii yactu mpeobpasoanuu (1.16) zaBe
KoMrioHeHThI BII umrmynbca ¢bOTOHa cofiep)Kanuch B HUMITYJILCHOW (opme
(1.19) cootHomenun KBO (1.9). A camu cootHomennn KBO (1.9) u (1.19)
Obun B BUJe paBeHCTBa M3-3a Toro, uro KBO wu3snarancs mpu nomoiu
6a3ucHOr0 TPEXMEPHOro MpocTpaHCTBa EBKMWza: x,y,Z U BpeMeHU t , a B
nmpaBoM yacTu mpeobpa3oBaHuu(1.16) aBe kKomroHeHThl BIT wummysbca
doToHa u3 paBeHcTBa (1.19) BO3HMK/IM B BHJE Pa3HOCTH M3-3a TOTO, UTO
npeobpa3oBanue (1.16) BeIpakeHa MpU MOMOIIY 6a3UCHOTO YeThIPEXMEPHOTO
MPOCTPAaHCTBAa MMHKOBCKOTO ¥ 0a3MCHOTO TSTUMEPHOTO IPOCTPAHCTBA
KneiiHa-['opmoHa. Takum ob6pa3om, oOHapy)keHHble HaMH TpeoOpa30BaHUS
(1.15)...(1.17) moaTBep>XAar0TCsl, BO3HUKIIMMU B HX MpaBbix uacTsax BII
KOPMNYCKY/IIpHbIMU BenuuvHaMmu ¢otoHa (1.6)...(1.8), umnysabcHoi dhopmoii
(1.19) cootHomennn KBO (1.9), a Takke, nosiydeHHbIM [1/1aHKOM YaCcTOTHOU
sHepruei dotoHa (1.4), BO3HUKIIIEHN B TIpaBOi uacTH ripeodpa3oBanuu (1.17)
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B KauecTBe KOMIIOHeHThI BII sHepruu poTOHa, COOTBETCTBYIOLLEW MSTOMY
H3MepeHnt0 0a3rMCHOTo MaTUMepHoro npoctpadcTBa Kietina-I'opzoHa. 3aech
e, OTMeTUM, oOOHapykeHHble OuHIITeHHOM (opmynbl dotoHa (1.2)
BO3HUKaeT, ecau mnpeobpa3oBanuio (1.16) BbIpa3sMM  OTHOCHUTETHHO
KOPITyCKy/IsipHOTO MMITy/ibca ¢otoHa (1.6), a oOHapy>xeHHOe DUHIITeHHOM
KopnyckyJisipHasi opmyia (1.3) u ecTb popMysia KOPIYCKYJ/ISIPHOM SHEPruun
dorona (1.8). Kak Bugum, obHapyeHHble Hamu KB BemuumHbl (hOTOHA
(1.11)...(1.13) u ux npeobpa3osanus (1.15)...(1.17) moATBep>KAaIOTCS, KakK
nonyueHHbIMU [l1aHkoM u OuHIITeMHOM (Dopmynamu ¢doTtoHa (1.2)...(1.5),
TaKk W O0OIlen3BeCTHBIMM Ha CerofiHelllHbIi [leHb SKCIepUMeHTalTbHO
yCTaHOBJ/IEHHbIMH CBONCTBaMU (POTOHA, HEpa3/IMUUMOCThIO, CTaOU/IbHOCTHIO,
COOTHOIIIeHWeM HeorpeenéHHocTy ['etizeHbepra, a Takke, CyIleCTBOBaHUEM
y dotoHoB KB cBotictB u KB/I.

Takum o6pa3om, B [Iprpojie He3aBUCHMO OT CYII[eCTBOBAHUN UeI0BEUECKOU
L[MBUIM3alIUM UMEIOTCS 3aMKHYThie (BHeMpocTpaHCTBeHHbIe) KB BelnunHbI
dotona (1.11)...(1.13) u ux mnpeobpa3zoBanus (1.15)...(1.17). IIpu sTOM,
BHenpocTpaHcTBeHHble KB BenmuuuHbl ¢dotoHa (1.11)...(1.13) B pamkax
0a3ucHBIX TpocTpaHCTB EBKMWMZa, MMHKOBCKOro u  KneiiHa-I'opgoHa
NposiB/AOTCA B BuzZe BIl KOPIyCKy/JSpHBIX, CMeLIaHHBIX M BOJIHOBBIX
BesimuvH  ¢oTOHAa. A  dYesoBeueckas IjuBwiIM3auus — sBasetcs  BII
[[UBUIM3aIie TI0 OTHOLIeHWI0 K 0a3ucHBIM mTpocTpaHcTBaM EBKinfa,
MunkoBckoro u KrehHa-['opgoHa, a mnoTtoMmy, [y 4e/lOBeUeCKOU
LIMBU/IM3aLlMd eCTeCTBeHHbIM W NPUBBIYHBIM SBJIAKOTCS BII Kiaccuueckue
BesinunHbl U TepMuHbl KMH u KBO. MmeHHO, 1o3TOMy, MpeaCTaBUTEN
yesioBeueCKor MBWIM3aluu [I1aHK ¥ OWHILTEWH TIOMbITA/IMCh OIMUCHIBATH
npu nomow BII kmaccuyeckux BemvunH U TepMrHOoB KMH u KBO
COBEPIIIEHHO UY’K/IbIX UM BHemnpocTpaHCTBeHHbIX KB BesmmuuH doTtoHa (1.11)
...(1.13). Ho KB Benuuunbl ¢otoHa (1.11)...(1.13), Oyayud 3aMKHYTbIMU
(BHEMIPOCTPAaHCTBEHHbIMM) BeMUYMHAMM, SIBJSUTIUCh HENOCTYIHBIMU /IS
HabsoieHus co cTopoHbl BIT cylijecTB, KakuM sIB/sjlaCh 4Ye/loBeuecKas
L[UBU/IM3AIUsI, a TI0TOMY, YejioBeuecKasi Obljla BBIHY>K/€Ha HCII0/Ib30BaTh
BOJTHOBYIO (DYHKLIMIO {/ , KOTOpasi T03BOJIsi/Ia C OTpe/ie/ieHHON BepOsITHOCThIO
BBIUUC/IATE T[OBeJeHWI0 3aMKHYThbIX KB Mukpouactui. Tem camum,
3aMKHYTble MHWKPOYACTULIbI CYIIIeCTBYIOT HEe3aBUCUMO OT HabsofaTens |
mpoiiecca U3MepeHUs], a TMpoLecC W3MepeHUss M Hab/oJaTe/b CTaHOBUTCS
BOXXHbIM M3-32 TOrO, UTO OHU SBJISIIOTCA €AUHCTBEHHBIM METOO0M
MO3BOJIAIOIIUM TIOTYUUTh SKCIEPUMEHTA/IbHbIX CBeJEeHUA O 3aMKHYThIX
(HemoCTYIHBIX Hab/FOZIEHNIO) MUKpodacThijaX. [103ToMy, OOHapy’KeHHbIe
Hamu KB Benmuuunbl dotoHa (1.11)...(1.13) u3-3a CBoeil 3aMKHYTOCTU TIO
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oTHoweHW0 K BII yesoBeyeckoM LMBWIM3aLUU  SBJISIIOTCS  YMCTO
TeOpPeTUYeCKU BbIUMC/ISIEMbIMU BeJIMUMHAMU U TOMY, CBUJETEbCTBO
oOHapy>xeHUe TocTossHHOW [lnanka (1.1) UKMCTO TeopeTHYeCKUM TyTEM, TO
eCTb, Kak Obl Mbl He YCOBEpILIEHCTBOBA/IM CBOUX MPUOOPOB, HAM M3-3a CBOeM
BIT nipupoap! He ygacTcs HabmroAaTh 3aMKHYThIX KB BesmunH ¢oTtona (1.11)
...(1.13), KoTOpBIE SIBJAKOTCA 3aMKHYTBIMU IO OTHOLLIEHUIO K Hallled cpefie
obuTaHus-K 6a3ucHBIM TpoctpaHcTBaM EBknza, MuHKoBcKoro n KietiHa-
lopgona. Ho Ham ypacTcsi mpy TOMOIM BOJHOBOM (QYHKUIMH U C
orpe/ieJIEHHOM BEPOSITHOCTbIO BBIUMC/ISITE CBOMCTB U MOBEIEHUM 3aMKHYThIX
MHUKDPOYACTUL], a Tak)Ke, TIPU MOMOIIM MPHUOOPOB MbI CMOKeM (DUKCHPOBATh
MX TIOBeJJeHWM U TIpoljecca HUX B3auWMOIIpeBpallleHu. Tem camum,
abcoroTHasE YBepeHHOCTh DUHINTeHa B TOM, UTO BcesleHHas cylijecTBoBaia
710 uesIoBeueCKOU [IUBUIM3ALIUU U OyZeT CyllleCTBOBaTh I0C/Ie Ue0BeuecKoi
LMBWIX3aLUU TIOATBEPKAAETCS He3aBUCHUMbIM CYILeCTBOBAaHWEM 3aMKHYTBIX
KB BenuuuH ¢orona (1.11)...(1.13) He3aBUCKHMO OT TOTO, HabJ/IIOjaeM MBI 3a
doroHom wuam Her. TakKe, HOUYBIO CO BCeX CTOPOH oOrubas 3emJiro
MPOJO/DKAeT MPOXOAUT u3yydyeHue CoOJHIA, KOTOPBIX Mbl He BUAUM M3-3a
TOTO, UTO OHHU SIBJISIIOTCSA 3aMKHYThIMU obObekTtamu [Ipupozpbl. Korga ™Mbl
ropopuM Mbl roBopuM o0 KB BenmumHax dotoHa (1.11)...(1.13), kak o
BHENPOCTPAaHCTBEHHBIX Be/IMUMHAX, TOrJA Mbl UMeeM B BHAY, YTO OHHU
ABJITIOTCA  3aMKHYTBIMHA I10 OTHOIIIEHWIO K 0a3WCHBIM IPOCTPAHCTBAM
EBkmupa, MunkoBckoro u  KielhiHa-I'opioHa, TO ecTb, (DOTOHBI
HEeTIOCPe/ICTBEHHO HaXOASATCS B paMKax 0a3uCHBIX MPOCTPAHCTB, HO
AB/IAIOTCS  3aMKHYTBIMHU, a TIOTOMYy, II0 OTHOIIEHWI0O K 0a3uCHbIM
rpocTpaHcTBaM 3aMkHYyThle KB Bemuuunbl dotoHa (1.11)...(1.13) BeIT/ISAAT
TaK, Kak OyZTO OHU IO OTHOIIIEHHIO K Oa3UCHBIM TPOCTPAHCTBAM SIBJISIFOTCS
BHENPOCTPaHCTBEHHBIMH BeJIMUMHAMMU.

Temnepb, Mbl B paMKaX BTOpOro Taparpada HacCTosiIilei CTaTbd CHadaja B
KauecTBe aHasoroB KB BemuuuH ¢orona (1.11)...(1.13) u wux
npeobpazoBanuii  (1.15)...(1.17) onpemenum KB Bemuuma HO wu  wux
nmpeoOpa3oBaHuii, a 3aTeM, MOKakeM, Kak KB Bemnumael HO m ux
rmpeoOpa3oBaHusl CBSI3aHBl C TeMM pe3yabTataMud Je bpoiing [7] u
[Ipénurarep, 6/arogaps KOTOPLIM BO3HHK/IA COBEPIIIEHHO HeroHATHasi BKM
HD.

2.3amkHyThIe KB Bentmunabl HJ u x npeodpa3oBaHusi
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WcTopuuecku, fe bpoiisieM Ha OCHOBaHUM TUIMOTE3bl O BOJIHAX MaTepuH,
nosiydeHHble [T1aHKOM 1 DUHIITeHHOM (hopmyJibl dhotoHa (1.2) u (1.4), Obun
060611enb! Asist cnydas HD u 66111 Ha3BaHb! opmynamu KB/ HO:

P=hk (2.1)
E =hw (2.2)

I'ne, k— Bo/mHOBOM BekTOp HJ, w — 1uknuMueckas yactora H3, P —
KOPIYCKYJIIpHbIUM uMmny/isCc HD, E — yacToTHas sHeprus HO.

B cBoro ouepesir Ha OCHOBaHWHK OOHapy>kKeHHOro je Bpoiinem dbopmyn
KB HD (2.1) u (2.2) llpémunrepoM ObLIM TIOJyYeHbI OIEpaTOPHbIE
COIOCTAaB/IeHYS:

P=ihV (2.3)

. K

Ek:—A (24)
2m

boind

E_lhat (2.5)

rze: P, E,, E— onepaTopsl UMITy/Ibca U 3Hepruii HO.

WcTopuuecku, nosydeHHble e bpoiiiem ¢popmynsl KB HO (2.1) u (2.2)
COBMECTHO C IOy YeHHBIMUA IpénrHrepom OrepaTopHbIMU
conoctaBieHussMu  (2.3)...(2.5) cTanu U3BeCTHbI B KayeCTBe HauyajbHbIX
cooTtHotieHnt BKM HD. Ternepsb ke, ¢ yuétoMm rpeobpa3oBanuii (1.15)...
(1.17), nerko 3aMeTHT, UTO OIlepaTopHble comnocTaBaeHue (2.3)...(2.5)
BeIpakami coboi, kak BIl KopmyckynsipHble W BOJHOBBIE BeMWUHHBI HO
CBsI3aHbI C 3aMKHYTBhIMU (BHeNpoCcTpaHCTBeHHbIMK) KB BesimurHamu HO npu
MOMOIIM  MPOCTPAHCTBEHHOro Au(depeHIIMaNbHOTO oOreparopa U TIpU
nomMonM guddepeHIMabLHOIO OrepaTopa IO BpemeHHW. [l HarasgHOU
J@eMOHCTpallMi JaHHOTrO (PakTa, cHavana mo aHajsoruu ¢ KB BennurHamu
dotona (1.11)...(1.13) u ux npeobpaszoBanusmu (1.15)...(1.17) onpemenum
KB BemmunH HO wm ux mnpeobpa3oBaHuii, a 3aTeMm, TOKakeM, Kak KB
BesTmurHBI HD 1 MX mpeoOpa3oBaHus CBs3aHBI C TIO/TyYeHHBIMU e bpoiiieM
u llIpénrHrepom HavanbHbIMU COOTHOLIEeHUssMA BKM HO (2.1)...(2.5).

[TepBbIM /le/IOM B KaueCTBe aHAJ0rOB KOPMYCKY/ISIPHBIX BeMUrH (OTOHA
(1.6)...(1.8) oTMeTHM KOpMIYCKY/ISPHBIX BeiiurH HO:

KopnyckysisipHast Mmacca: m (2.6)
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KopnycKy/sipHbIM UMITy/IbC: P=m"v
2.7)

N

Kopnycky/isipHast KUHeThuYecKasi 3Heprus: E = m2v (2.8)

Kopriycky/isipHast 3Heprusi: E=m- v’
(2.9)

Hapsiny ¢ KoprycKy/isspHbIMUA BenmuuuHamu HD (2.6)...(2.9) Oyzem
YUUTBIBaTh TUHEWHYIO IJIMHY BOJHBI HO:

ir=ir(1,2,3,4,0) (2.10)

rze, UHJEKChl B CKOOKax 1,2,3,4,0 COOTBETCTBYIOT TISITH U3MEPEHHUSIM
6a3uCcHOro MATUMEPHOTro MpocTpaHcTBa KneitHa-I"opoHa (1.18).

B kauectBe xe aHanoroB KB BemmuuH ¢otona (1.11)...(1.13)
onpegenvMm KB BenmuuH HO:

m‘=mir (2.11)
P'=h=(m'v)=m(irv) (2.12)
ES=(m'v?3)/2 (2.13)

E‘=m"V? (2.14)

B cBoro ouepegn, KB Benmuunbel HO (2.11)...(2.14) o, BO3meUCTBHEM
maddepeniaabHoro omepatopa (1.14) mpeobpa3yroTcsi MO aHA/NIOTHU C
nipeoOpa3oBanusiMu dotoHa (1.15)...(1.17):

(m'k) > (m*(=iV))=m(ir(=iV))=m (2.15)
hk - ihV =, (2.16)
b (2.17)

(Etiik) > (Ex(=iV))=E, 53— (2.18)

['ne,
(ir(—iV))=1 (2.19)
(v(—=iV))=—iw (2.20)

[Tonyuennsle Hamu KB Bemmunbbel HO (2.11)...(2.14) saBnsitoTcst
Hauva/JibHbIMU COOTHOLIeHUssMu KBM HO. A Temepp, MOKakeMm, UTO
nosiyueHHble HaMu KB Bemmunbel HO (2.11)...(2.14) u ux nipeobpa3oBaHus
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(2.15)...(2.18) saBasAOTCA CBsI3aHHBIMM C TIOyuyeHHbIMU Jle bpoiiieM wu
[[IpénuHrepoM HauvaibHBIMM CcoOTHolleHUssMA BKM HO (2.1)...(2.5),
Hamofjobre TOro, Kak ronydeHHble HamMmu KB Bemuuumnbl dotoHa (1.11)...
(1.13) u ux mnpeobpazoBanus (1.15)...(1.17) oKa3aauCh CBSI3aHHBIMU C
nosiyueHHbIMU [171aHKOM 1 D¥iHILITeliHOM opmynamu ¢oToHa (1.2)...(1.5).

s sToro, obpaTM BHUMaHWe Ha TO, UTO TO/ydeHHbIe /e bpoiiiem u
[Ipéaunrepom HavasnbHble cooTHouleHuss BKM HO (2.1)...(2.5) sBastoTcs
Npe/iCTaB/IeHHbIMA OTHOCUTETbHO KOPMYCKY/SIDHBIX BennunH HD (2.6)...
(2.9), a moromy, cHawasa TmpeoOpa3oBanuii (2.15)...(2.18) mpeacTaBUM
OTHOCHUTE/TbHO KOPMYCKY/ISpHbIX BemmuuH HO (2.6)...(2.9) u He Oyaem
MPUHMMAaTh K CBEJEHUI0 TeX KOMIIOHEHTOB, KOTOpPbI€ COOTBETCTBYIOT
YeTBEPTHIM U TIATHIM HW3MEpPeHHUsIM 0a3HCHBIX MPOCTPAHCTB MUHKOBCKOTO M
KneiiHa-I"opaoHa:

m=(miiik) > m=—im‘V¢ (2.21)
P=hk - P=—ihV (2.22)
E,=(Eiik'k) » E,=—iE‘k V4 (2.23)
E=(E‘k)-» E=—iE'V (2.24)

Teneps, Korjja yrpoIeHHbIX BapHaHTOB Tipeobpa3oBanuii (2.15)...(2.18)
BbIPa3vB OTHOCUTE/bHO KOPMYCKYy/aspHbIX BemnmunH HO (2.6)...(2.9) Mbl
MOMYYWUIU COOTHOmeHur (2.21)...(2.24), a noTtoMmy, He TMpeJCTaB/IseT
ocoboro TpyJa 3aMeTHUT, UTO COOTHoOIleHue (2.22) COOTBETCTByeT
nosiyyeHHOMY Jie bpoiiniem ¢opmyne (2.1) u nonyyenHomy LlIpéauHrepom
orepaTopHOMy corioctaBiaeHuto (2.3). Takxke, J/erko 3aMeTUT, UTO
cooTHoweHve (2.23) cootBeTcTByeT nomyyeHHOMY IlIpéauHrepom
orepaTopHOMY corocTtaBjieHuto (2.4). BpobaBok, Jjierko ygaéTcsi 3aMeTHT,
yTO MoayudeHHoe e bpoisiem ¢opmyna (2.2) BO3HMK/IAa B MpaBOM YacTH
npeoOpa3oBanuy  (2.18) BBHAE UYAaCTOTHOM KOMITOHEHTHI 3Heprud HO,
COOTBETCTBYIOLL[eli ~ TIAITOMYy  W3MepeHHI0  0a3uCHOro  MATUMEPHOro
npoctpaHcTBa KneiHa-I'opgona. Kak BuanM, 3a ronyueHHbIMU e Bpoiinem
n llpénuHrepom HauvasbHbIMU COOTHOLIeHWAMM BKM HO (2.1)...(2.5)
comepxamucb B CKpbiToM Buge KB Besmmumbbel HO (2.11)...(2.14) u ux
npeobpa3oBanus (2.15)...(2.18). Ho me Bpoiinb u llIpéaunrep He 3Hamu 06
3TOM, TaK Kak, e bpousib u lllpéaunrep k KB Beuvnam HO (2.11)...(2.14)
U ux npeobpasoBanusM  (2.15)...(2.18) mogolas CO  CTOPOHBI
KOPINYCKYJ/SIpHbIX BenuuuH HO  (2.6)...(2.9) cMoriv noayuyuTh b
HavanbHbIX cooTHouleHnd BKM HO (2.1)...(2.5) npeacraBieHHbIMU
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OTHOCUTEJIbHO KOPMYCKY/SpHbIX BeMuvH HO (2.6)...(2.9). BmecTe c Tewm,
Korza 3a mnojydyeHHbiMu fe bpounem wu IlpénuHrepoM HavanabHBIMU
cooTHotieHussMu BKM HD (2.1)...(2.5) ocranuch HeobHapykeHHbIMU KB
BemurHbl HD (2.11)...(2.14) u ux nipeobpa3oBanus (2.15)...(2.18), Torga xe
3a camort BKM HO3 ocrancs HeoOHapy>keHHBIM eé 11oiHast Bepcuss KBM HO,
KOTOpasi B KaueCTBe CBOUX Hada/lbHbIX COOTHOIIeHUU umesia KB BemrunH HO
(2.11)...(2.14). Kak BUAWM, MbI MOJYYWIW MEPBBbIX MPU3HAKOB TOTO, YTO
BO3HUKIINK Graromapsi pe3yabTatam Ae Bpoiinsg u lpéaunrepa (2.1)...(2.5)
BKM HDO Ha camoM Jiefie siBisiiach HermoHOM dacTbio KBM HO, Tak Kak,
nonyueHHble fie bpoiiiem u lllpénuHrepom HauaabHble COOTHOLIeHUs1 BKM
HD (2.1)...(2.5) oka3anuch 4aCTHBIMM C/y4asiMA HayaJbHbIX COOTHOILIEHUU
KBM H3 (2.11)...(2.14) u ux mnpeobpa3zoBanuii (2.15)...(2.18). O6pa3HO
roeopsa fe bpounp m IlpéauHrep BbIMAS CO CTOPOHBI KOPITYCKYJISIPHBIX
BesinurvH HO (2.6)...(2.9) cMorim mosyuuTh yacTHbIX ciydaeB KB BenuuwH
HO (2.11)...(2.14) u wux npeobpasoBanuii (2.15)...(2.18) B KauecTBe
HavajbHbIX CcOoOTHOLeHMd BKM HO (2.1)...(2.5), a Mbl B OT/IMuMK OT Je
bpoiins u Ipéaunrepa cMoru o6Hapyxuth KB Bemmunna HO (2.11)...(2.14)
1 ux npeobpa3oBaduii (2.15)...(2.18) B kauecTBe HauabHBIX COOTHOIIIEHUIA
KBM HD. IIpu »sToM, BbIsiCHWIOCh, uTo ecii B KBM H3 6yayr
orcyrctBoBath KB Bemuumuabl HO (2.11)...(2.14) u ux mnpeoOpa3oBaHus
(2.15)...(2.18), Torma Takasi HerionHast Bepcusi KBM HD OygeT u3BecTHa B
Buge BKM H3, a B BKM HDO HauvanbHbIMU COOTHOLLUEeHUAMU BMmecTO KB
BeurH HO (2.11)...(2.14) 6yayT ¢urypupoBath MosiyueHHble fie bpotinem
u lIpénunrepom dhopmynsl HI (2.1)...(2.5).

N3 HavanbHbIXx cooTHouieHud BKM (2.1)...(2.5) ocranca He
pPaCCMOTPEHHBIM  TOMbKO  TmonydyeHHoe IlIpénuHrepoM  omepaTtopHoe
corocTassieHue (2.5), a oHa cBsizaHa C ypaBHeHHWeM [BkeHHs BKM u eé
pPacCMOTPUM B paMKax TpeThbero naparpaga HacTOsIIel CTaTbU.

3aechk, obpatTuM BHUMaHHMe Ha To, uTo KB Benmuuael HO (2.11)...(2.14)
nogobna KB BemmuwHam  ¢orona  (1.11)...(1.13) mo/mKHBI  OBITH
dbyHAaMeHTa/IbHBIMA KOHCTaHTaM{, KOO0 TONMBKO B TakKOM CJiyyae BCe
9/IEKTPOHBI  OyAyT CTaOWIBLHBIMH M Hepa3/IWYUMBIMH JpPyr OT Jpyra
Harozobue dhoToHoB. A A Toro, utoosl KB Bemmunael HO (2.11)...(2.14)
ABJISIUCh (PyHZAMeHTaTbHbIMA KOHCTaHTaMH, HEOOXOAMMO M [IOCTaTOYHO,
yTOOBI CKOpPOCTh 371eKTpOHa, ¢urypupytoiias B KB BemnumHax (2.11)...
(2.14) 6buta hyHAaMeHTaTbHOM KOHCTaHTOM Haro/jobre cKopocTu ¢OTOHa C .
B KauecTBe ke CKODOCTU 3JIeKTPOHa, SBJSIOIIMMCS (GyHAaMeHTaJlbHOU
KOHCTaHTOM, U3BeCTeH rnepBast bopoBcKasi CKOPOCTh 3/1eKTpoHa Vg [8]:

14



ve= 2,187691x10 °m/c (2.25)

TakK Kak, nepBasi bopoBckasi ckopocThb (2.25) siBasieTcs: (hyHZAMeHTaJTbHOU
KOHCTaHTOM, OyAyud TIpOM3Be/leHWeM [BYX [Jpyrux (yHAaMeHTalbHbIX
KOHCTaHT, CKOPOCTU (POTOHA C U IOCTOSIHHOW TOHKOM CTPYKTYPHI O :

¢ = 2,99792458x10° m/c (2.26)
a = 7,297352x10° (2.27)

Kak Buaum, KB Besuunabl HD (2.11)...(2.14) nogobua KB BenmuunHam
dotona (1.11)...(1.13) saBnastoTcs (PyHJaMeHTaTbHbIMM KOHCTaHTaMH.
[ToaTomy, Bce 37eKTPOHBI OyAyT Hepa3MMUUMBIMU APYT OT /pyra, TakK Kak,
BCEM 3/IEKTPOHaM SIBJISIFOTCSI NPUCYLLIMMU OfHU U Te ke KB Bemnuunel (2.11)
...(2.14). Taxxe, Hagenéunoile KB BemuumHamu (2.11)...(2.14) Bce
9JIEKTPOHbI OyAyT CTaOW/IbHBIMHM MHKpDOUaCTHIIAMM, TakK Kak, ux KB
BemuuHbl  (2.11)...(2.14), Oyayum ¢dyHJaMeHTalbHBIMU KOHCTAHTaMU,
SIBJIAFOTCSI HE3aBUCHMMBIMU OT TIPOCTPAaHCTBEHHO-BPEMEHHOI0 KOHTHMHYYMa.
CoOTBeTCTBeHHO, B cuiy Toro, utro KB Bennuunsl (2.11)...(2.14) sBastoTcs
(dyHIaMeHTa/llbHbIMA KOHCTaHTaMU, a MOTOMY, HaJleNIéHHbI UMM 3JIeKTPOH
OyaeT 3aMKHYTbIM 00beKTOM [Ipupo/bl ¥ M3-3a 3TOTO He yAaéTcs HabMoaaTh
3/IeKTpoHa 6e3 BHeIIIHero BO3/eiCcTBUs Ha Heé. A u3-3a He Hab/r0JaeMoCTH
3/IeKTPOHA BO3HUKaeT HeOOXOAUMOCTh B BOJHOBOW (DYHKLIMK U , KOTOpast C
orpeieJIeHHOM BEpPOSITHOCTBIO TO3BOJISIET OMNpeessiTb MeCTOIOJOKEHUI U
noBefieHHt0 37ekTpoH. CrielyeT OTMETUT, HEBO3MOXKHOCTh HaOIIOZeHUs
3aMKHYTBhIX (DOTOHOB MpeAro/araeT CyIleCTBOBAaHUM CTPYKTYP CXOXHUX C
TEMHOW SHEpryel, KOTOpbie C OIHOM CTOPOHBI IMTOAI00HA 3aMKHYThIM (hOTOHAM
SBISIIOTCSI He Hab/ofaeMbIMM, a C JIDYrod CTOPOHBI, HAaXOJSTCS B He
B3aMO/IEMCTBYIOIIIEM COCTOSIHUM C BHEIIHUMHU OOBbeKTamu [Ipupofsl.
[Togo6HBIM 06pa3oM, HEBO3MOXKHOCTb HAOJIIO/IeHHsT 3aMKHYThIX 3/IeEKTPOHOB
rpejrosaraeT BO3MOXXHOCTUA CYILeCTBOBAHUU CTPYKTYP CXOXXHUX C TEMHOM
MaTepuel, KOTopble 1o/l00Ha 3aMKHYThIM 3/IeKTPOHaM, HaJle/IEeHHbIM MaCcCou
MOKOsl, SIBJISIIOTCS He JIOCTYNHbIMM HaOMIOZeHUI0 U Haxo[sATCs B
HEeB3aMMOJEUCTBYIOIIEM COCTOSIHUM C BHeLTHUMH o0bekTamu [Ipupospbl.
OpHako 3TO BCero JMIb MpeAIiooyKeHWe, BbITeKarollas U3 aHaJIOTMUHOCTH
CBONCTB COBOKYITHOCTM 3aMKHYTBIX (OTOHOB CO CBOMCTBAaMM TEMHOM
SHEPTMM W U3 AaHAJOTMUYHOCTM CBOWCTB COBOKYIHOCTH 3aMKHYTBIX
3JIEKTPOHOB CO CBOMCTBaMH TEMHOM MaTepuu. Ec/m Takasi aHaloTUYHOCTD He
OecriouBeHHbIe, TOTr/la TEMHasi SHEPTUsl JAOJDKHA Y/IOB/IETBOPSTh CTaTUCTHUKE
bo3e-OutHITeliHa, a TéMHas Marepusi [JO/DKHA Y[IOBJETBOPATh CTaTUCTUKE
depmu-/Iupaka. BrobaBok, n3-3a Toro, uto B pamkax KB BemuuH (2.11)...
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(2.14) kopnyckynsipHble W BOJHOBBbIE BeJWUYMHBI 3JIeKTPOHA SIBJISIFOTCS
B3aMMOCBSI3aHHBIMU  BeJIMUMHAMH, a TI0TOMY, [ijIi 3/eKTPOHOB Oyzer
BBITIO/THATHCSI COOTHOIIIeHHe HeorlpeieiéHHOCTH [etizeHOepra:

APAz > h (2.28)

[Tpu 3TOM, B JIeBOI YaCTH COOTHOIIIEHHWU HeorpeziesieHHOCTH ['eii3eHOepra
(2.28) durypupyroT onipefienéHHble rpyu nomoiny KMH He3aBucumble Apyr
OT Jpyra WMIyJbC W KOOpJAWHATa 3/€KTPOHa, a B TIPaBOM YacTU
COOTHOIIIeHUN HeoripeenéHHocTH ['eitseHbepra (2.28) durypupyer KB
BesimurHa HO (2.12), KOoTOpas BI/IOTH [0 HalIMX [JHEM W3BECTHa B BUJE
noctositHHOM Ilnanka (1.1).. IlosToMy, COOTHOILIEHHe HeornpeAeneéHHOCTH
[efizenbepra (2.28) 1o cBoeMy CTaTyCy sIBJISIETCSI COOTHOIIIEHUEM Tiepexo/a C
KJIaCCUYeCKU oripeJie/ieHHbIX BemuuH HO, ummnysbca u KoopauHatel B KB
BesimurHbl HO (2.11)...(2.14). Ho, wucTOpyuecKu CJIOXKWUIOCh TakK, UTO
¢urypupymoias B IpaBod 4aCTH COOTHoLIeHWU (2.28) nmocrosiHHas IlnaHka
(1.1) He 6p11a 0OHapy>keHa B KauecTBe KB Besmmuunabl HO (2.12), a motomy,
cooTHoIIeHue (2.28) BIUIOTh [0 HAIMX AHEH C TOUKU 3peHUs] KIaCCUYeCKUX
BeJIMUMH U TEPMUHOB UWHTEpIIPETUPYeTCS B BHJEe COOTHOILIEHUU
HeoripeZieNéHHOCTU. [Ipu Takol TOUuKe 3peHUsT COOTHolleHue (2.28)
KOHCTaTUPYeT O TOM, UTO Ha ypoBHe rocTosiHHOM [11aHka (1.1) He3aBHUCHUMBIX
APYT OT Apyra KOPMYCKYJISPHOrO UMITYJIbCa ¥ KOOPAWHAThl HD HEBO3MOXXHO
W3MepuTb  OJHOBpEeMeHHO, TO ectb, KMH mnipeamonaraer, 4ro
KOPIYyCKYJ/IIPHBIM UMITy/IbC U KoopAuHata HD gBAAIOTCA He3aBUCUMBIMHU
BeJIMUMHAMM U UX MOKHO M3MEPHUTb OJJHOBPEMEHHO, a COOTHOoIleHue (2.28)
KOHCTaTUPYyeT, YTO Ha YpOBHe MOCTOsSIHHOM Ilnanka (1.1) KOpmyCKy/asipHbIM
MMITYJIbC U KoopAuHaTa HD SIB/IAIOTCA B3aWMOCBSI3aHHBIMU BeJIMUMHAMM, a
MOTOMY, WX HEBO3MOXHO W3MepUTb OJHOBpeMeHHO. Kak Buaum,
COOTHOIIIeHWe HeorpeenéHHOCTH ['eitseHOepra (2.28) sIBHO yKa3bIBaeT Ha
TO, UTO YpOBHe mnocTosiHHOW [lnaHka (1.1) KOpmycKy/sipHble ¥ BOJTHOBBIE
Be/IMUMHbI HD SIB/IAIOTCSA B3aMMOCBsI3aHHBIMU BeJIMUMHaMU. B CcBOIO ouepe/ib,
B3aMMOCBSI3aHHOCTb KOPITYCKYJIAPHBIX M BOJIHOBBIX BeqMurH HO ykKa3biBaeT
Ha TO, uyTo y HD mmerorcs nocrossHHble KB Bemmuubbl (2.11)...(2.14), B
paMKax KOTOPBIX, KOPITYCKYJIAPHbIE U BOJTHOBBIE BeMuuHbl HD anpuopu no
CBOEMY OMpe/ieJIeHUIO SIBJISIFOTCS B3aUMOCBSI3aHHBIMU BEJTMUNHAMMU.

Terepb, oTMeTHM, B JIeBOM uacTU COOTHolleHuM (2.28) durypupyer
KJaccuueckass KOOpJAWHATa, KOTopasi sBJISeTCS IapamMeTpoM 0a3ucHOro
MPOCTPAHCTBA, a MPABOM YaCTU COOTHOIIEeHUM (2.28) BMeCTO K/1acCUUeCcKou
KOOpAWHAThI (DUrypupyeT JuHelHas AjuHa BojiHbl HO ir , KoTopas siBisieTcst
cobcTBeHHOM BenmmunHOM HD, TO ecTh, Ha YpOBHE UHCIAEHHBIX 3HAUEHHM
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noctositHHOM Ilnanka (1.1) BMecTo KjlacCcMueCKoW KoopauHaTel HO
TOSIB/ISIETCS JIMHEMHas [JIMHa BoJIHBI HD ir . A 3TO mpu3HaK TOro, 4To AJis
MHKDOUYACTULIbI e€ JTMHerHas JJIMHA BOJTHBI ir' BBITIOJTHSIET POJib MapaMeTpa eé
COOCTBEHHOT'O TIPOCTPAHCTBA, TO €CTh, MUKPOUACTHIIA, KOTOPYIO Mbl Ha3Ba/IM
KB o0bekTtom IIpupojpl, BO3MOJKHO Ha3BaTb UM KOPIYCKYJ/ISAPHO-
npoctpaHcTBeHHBIM  (KIT) o6bektom Ilpupogesl. CootBeTcTBeHHO, KB
BesimudH ¢doToHa (1.11)...(1.13) Bo3mokHO Ha3biBaTh KII BenmuuHamu
dboroHa, a KB Bemnuun H3O (2.11)...(2.14) Bo3moxHO Ha3biBaThb KII
BeurHaMy HO. C Takol TOUKH 3peHHs] COOCTBEHHOE TIPOCTPaHCTBO JOTOHA
SIB/ISIFOTCS] 3aMKHYTBIMU TIPU MIOMOILIU (PyHAaMeHTaIbHbIX KOHCTaHT (1.11)...
(1.13), a cobcTBeHHOE MPOCTPaHCTBO HO sB/IsSIeTCSl 3aMKHYTHIM TTPU TIOMOILIA
dbyHaaMeHTa/IbHBIX KOHCTAHT (2.11)...(2.14). COOTBETCTBEHHO, C YYETOM
JaHHOTO TojioKeHusi poToH U HO sBnstoTCS 0OBbeKTaMH, HaJeléHHBIMU
CcOoOCTBEeHHBIMH 3aMKHYTBIMU MPOCTpaHCTBaMU. [103TOMYy, Kor/ia HaZie/IEHHbBIN
KB BemnuunHamu (2.11)...(2.14) HO paccmatprBaeTcsi OTHOCUTEBHO
0a3uCHBIX TIPOCTPAHCTB, TOTAA OTHOCHUTENbHO 0a3MCHBIX TIPOCTPAHCTB
pacCMaTpUBaeTCsl 3aMKHYTBIM OOBEKT. A 3aMKHYTBIA OOBEKT SIBASETCS
HeIOCTYTTHBIM HabJTI0/IeHuI0 1 /i ero oOHapykKeHWs HeoOXOAUMO Ha Hero
BO3/IEMCTBOBATh PETUCTPUPYIOMMM mprOopoM. COOTBETCTBEHHO,  H3-3a
HeIOCTYITHOCTU HabmofieHnto 3aMKHyTol HD craHOBUTCS BoCTpebOBaHHBIM
BOJTHOBasi (PYHKLUS U, KOTOpasi MO3BOJISIET C OIpe/ie/IeHHONM BepPOSITHOCTBIO
orpe/ie/iAiTb CBOMCTB U MOBeIeHUI0 3aMKHyTou HO.

34ecb ke, OTMETHM, UYTO U Yy TIPOTOHA JO/DKHBI ObiTh KB Be/MUMHBI
nogobusie KB BemvumHam HO (2.11)...(2.14), Tak Kak, MeXAy MacCamH
MIPOTOHA M, ¥ 37IEKTPOHA M., & TAKXKe, MeXXAY JIMHEWHbIMU [I/TMHAMU [TPOTOHA
[r, U 3JIeKTPOHA ir. UMeeT MeCTO COOTHOLLIeHHe:

h

MiTe = MpiTy = —
VB (2.29)

rae, BeJIMUKMHBI C HMDKHHMMH MHAEKCAMH € ABJIAI0TCSA Be/JIMUKMHAMU HB, d
Be€/IMYKMHbI C HDKHUMHU WHAEKCaMU p ABJIAIOTCA Be/JIMYMHAMUA ITPOTOHA.

CornacHo cooTHolleHUto (2.29) NpOTOHBI Hajle/IéHHbIe aHasoramMmu KB
BesmunH HO (2.11)...(2.14) aBAsiOTCS 3aMKHYTBIMU T10fI00Ha (OTOHAM U
3/IeKTPOHAM.

TakuM 00pa3oMm, COTJlaCHO BbIIIEU3/I0KEHHbIM pe3y/bTaTaM B peajbHOCTH
HD xapakrepu3oBanu BHenpocTpaHcTBeHHble KB Bemnuunebl (2.11)...(2.14),
KOTOpbIe SIB/IS/IMCh HaudalbHbiMU COOTHOLIeHUsMU KBM HO3. Mcropuuecku
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ke, anst oricanvst KB coiicte u KB/l HD 6wty mpriMeHeHbI K/lacCHUYecKre
BesimurHbl U TepMrHbl KMH 1 KBO, a niotomy, ynpoiiieHHble BapyuaHThl KB
BemurH HO (2.11)...(2.14) u ux mpeobpa3oBanuii (2.15)...(2.18) 6bum
nonyuenbl nae bpounem wu IlpénuHrepoMm B KayecTBe HayasbHBIX
cootHoulennd BKM HO (2.1)...(2.5). Ilpu 3TOM, BIUIOTH O HALIKUX [JHEU
ocTaBamMch HeoOHapykeHHbIMM KB Bemuuubl HD (2.11)...(2.14) u wux
npeobpa3oBanus (2.15)...(2.18), a u3-3a ux HeoOHapy>keHHOCcTU BKM HD
SIB/IsIaCh COBEpILIEHHO HEeTIOHATHOW MexaHuKou. Terepb ke, Omarogaps
otkpeiTvio KB Bemmuna HD (2.11)...(2.14) u ux npeobpa3oBanuii (2.15)...
(2.18) BwisicHunacs (akt o Tom, yuto BKM HO Ha camom pene siBisiiach
HeroyiHOM YacTeio KBM H3 u 3TOT (akT cTaHeT HEeOoCOpUMBIM B paMKax
TpeThero naparpaga HaCTOSIIeN CTaThbH.

Tenepb, 0OpaTM BHHUMaHHe Ha TO, UTO €C/IM Hapsify C JIMHEWHOW [JTMHOMN
Bosiibl HD (2.10) Oyzer yuuThIBaTBCA U TIEpPIIEHAMKYJISPHBIA el paanyc-
BekTOp HD r L, Torga CcTaHOBUTCS OYEBUIHBIM, UTO Mexay KB BesmmunHaMu
HD (2.11) u (2.12) go/kHa OBITH e1ié o/jHa BeuurHa HO:

m' =[mxr J=m[irxr] (2.30)
A 06 ogHo# ocobenHoctr KB Besunabl HO (2.30) paccka)keM B KOHITe
TpeThero rnaparpada HacTosiiel CTaTbH.

3.BKM HD, Kak Heno/iHaa yactb KBM HO

BBeniéHHbIe B 00MXO0/, IPY TTIOMOIIM C/IOBECHO C(hOPMYJ/IMPOBAHHOTO
1epBOro 3akoHa Hbl0TOHA KiiacCUUeCcKue KOPITyCKYJIsIpHbIE BEJTMUMHBI
SIBJISIFOTCS Haya/lbHbIMM BesinuMHaMu KMH, a 13 HUX Kaccruueckum
KOPIyCKY/ISIPHBIM UMITy/IbC P dhurypupyet B ypaBHeHUU ABr>keHuss KMH:

Pt
dt (3.1)
CootBetctBeHHO, ecnu KB Bennuvbbl HD (2.11)...(2.14) Ha camom pene

SIBJIAKOTCSL Haua/IbHIMU BesinunHamMu BKM HO3, torga u3 Hux KB BesimuriHa
HD (2.12) nomxHa ¢puryprpoBaTh B ypaBHeHUM ArxeHuss BKM HO:

L 0P
Ev = ih—
=1 ot (3.2)
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Kak Buium, B caMoM Jiefie B ypaBHeHUU JBwxeHuss BKM HO (3.2)
durypupyet KB BennuriHa HO (2.12), To eCTb, BCIL/IbUI MTPHU3HAK TOTO, UTO
BKM HO Ha camoM fene sB/s/Iach Herlo/iHOM YacTbio KBM HDO, a
HertoiHota BKM HO 6bi1a cBsI3aHa ¢ Tem, UTO B Hel oTCyTCTBOBamu KB
BemurHbl HD (2.11)...(2.14) u ux npeobpa3oBanus (2.15)...(2.17).

I171s1 TOTO, UTOOBI OKOHYATE/IbHO yoenuThcs B ToM, uro BKM HO B camoMm
Jiene sIBAsieTCsl HeroJtHOM yacteio KBM HO3, Heo6xoauMo paccMOTpeTh, Kak
KB Besmunnabl HO Bemmumbel HD (2.11)...(2.14) npeobpasytoTcs 1oj
BO3/IeliCTBHMEM OrlepaTopa BpeMeHH, KoTopasi (hUrypupyeT B paBoi 4acTH
onepaToOpHOro cornoctasyieHus [lIpéaunrepa (2.5):

0

ot (3.3)
[Tox Bo3pelicTBuem ornepatopa BpeMenu (3.3) KB Benmnunnbsl HO (2.11)...

(2.14) npeobpa3yroTcs BBHU/E:

.0 . 0(ir) _
R ==Y = P (3.4)
.0
—ith— = (Pv) — (m*a) = E — F*
ot (3.5)
—ihv & Pv* ((m'a)v) ha
o o 2 2 2 (3.6)
—z’hé = Pv? — ((m*a)v) — ha
ot (3.7)

[Tpu 3TOoM, TIpeobpa3oBanue (3.5) u ecTb ypaBHeHue ABwKeHrss KBM HO3,
cBsa3aHHas ¢ KB BemunHamu HO (2.11)...(2.14). [TosTomy, [/1s1 TTOTy4YeHHUs
n3 ypaBHeHuu AsxeHuss KBM HO (3.5) ypaBHenuto apwxkennto BKM HO
(3.2), cHauana ypaBHeHuto BwxkeHuss KBM HO (3.5) nepenuiiiem B BUje:

E:—mQ+F*
ot (3.8)

A 3aTeM, eCc/ii He yUUThIBaTh MOCTIeIHIOI0 KOMITIOHEHTY B (3.8), Toraa
MoyurM ypaBHeHUIO [BrxeHrss BKM HO (3.2) 6e3 ciMBo1a BOJIHOBO#

GYHKLINN:
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E= —ihﬁ
ot (3.9)

Kak Buaum, nonyueHHoe IlIpénuHrepom ypaBHeHue aBukeHrus BKM HO
(3.2) Bo3HuKaeT 13 ypaBHeHuu JBwxeHuss KBM HO (3.5), ecnu ypaBHeHue
nekeHnss KBM HO (3.5) 6ygeT npezicTaB/ieHO OTHOCUTe/IbHO 3Heprun HOD
E , TO ecThb, BbIsICHWICS (akT o ToM, uTo BKM HO B camoMm fiesie siB/siiach
HernosiHOMW YacTeto KBM HO. Ipu s3Ttom, BKM HO3 siBisinace HenosmHou u3-3a
TOrO, 4TO B Hel oTcyTcTBOBa/M KB Besimuninabl HD (2.11)...(2.14) Hapsay c
nipeoOpa3oBanusmMu (2.15)...(2.18) u (3.4)...(3.7). [Toatomy, BKM H3 u3-3a
orcyTcTBUs B Heil KB Besiuun HO (2.11)...(2.14) u ux npeobpa3oBaHuii
(2.15)...(2.18) u (3.4)...(3.7) siB/Is/1IaCh HETIOJIHOM MEXaHUKOM, a TIOTOMY,
SIB/ISI/IaCh COBEPIIIEHHO HETIOHSTHOM.

Teneps, mocse o6Hapy»keHust KB Bemuua HO (2.11)...(2.14), a Takxke, UX
npeoOpa3oBanuii (2.15)...(2.18) u (3.4)...(3.7) curyarys B KOpHe
M3MEeHU/IacCh, TaK KaK, MOXKHO HarJisiJHO TIPOJE€MOHCTPUPOBATh B UEM
npyuHUUnanbHoe otinue BKM H3, Tounee KBM HO ot KMH. /1151 3Toro,
nepBbIM fesioM otMeTM, KMH Oyayun oCHOBaHHBIM Ha K/IaCCUUECKUX
KOPITYCKY/ISIPHBIX BeJIMUMHAX SIB/ISIETCS KOPITYCKYJ/ISIPHOM MeXaHuKou, a BKM
H3 u KBM HD, 6yayun ocHoBaHHbIM Ha KB BesmmunHax HO (2.11)...(2.14)
ansaoTcsa KB mexanukamu. [Ipu 3ToMm, Kitaccuueckue KOPIyCKYyJ/IsipHbIe
BeJIMUMHBI AB/g0TCcs BIT BenuriHaMu, a ocHoBaHHBIM Ha HUX KMH
sByisieTcst BIT MexaHUKOM 110 OTHOIIIEHHWIO K 6a3MCHBIM TIPOCTPAaHCTBaM. A
3amkHyThle KB Besimunnbl HO (2.11)...(2.14) aBastoTcs
BHEIIPOCTPAHCTBEHHLIMH BeJIMUMHAMU T10 OTHOIIIEHHUIO K 0a3UCHBIM
IIpOCTpaHCTBaM, a noromy, BKM H3 u KBM HD3 BbIpaxaroT, Kak
BHenpocTpaHcTBeHHbIe KB Bemunbbl HD (2.11)...(2.14) noa Bo3aenicTBUEM
muddepeHLanbHbIX orepatopoB (1.14) u (3.3) oToOparkaroTcsi B paMKax
6a3ucHbIx ripoctpaHcTB. Kak Bugum, KMH sBnsiercst uricto BIT MexaHUKOM,
a BKM HO u KBM HO gBst0TCS TIpOMEXXyTOUYHBIMU MeXaHUKaMU, B
KOTOPBIX BbIpa)kaeTCsl, KaK BHEITPOCTPAaHCTBeHHbIe BeJTMUMHBI 0TOOpaXKaroTCst
B paMKax 6a3uCHBIX POCTpaHCTB. COOTBETCTBEHHO, JO/DKHBI ObITh
BHEIIPOCTPAaHCTBeHHbIe MeXaHUKU, B KOTOPBIX BHEIIPOCTPaHCTBeHHbIe KB
BemunHbI (poToHa (1.11)...(1.13) u BHenpocTpaHcTBeHHbIe KB Be/TMunHbI
HO3 (2.11)...(2.14) momkHbI hUryprUpoBaTh 6e3 MPUBSA3KY K Oa3HUCHBIM
ripoctpaHcTBaM EBknuga, MunkoBckoro u KneriHa-I"opgona. I1pu 3Tom, B
BHEITPOCTPAHCTBEHHBIX MeXaHUKaX COOCTBEHHbBIE TTPOCTPAHCTBA (DOTOHA U
HO B 06acTsX UX B3aUMOITpEBPAIL[eHHs JO/DKHBI ITOPOAUTD [IeCITUMEPHBIX
MPOCTPAHCTB, a ((UTyPUPYIOIIHE B [eCATUMEPHBIX TTPOCTPAHCTBAX
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MUKPOUaCTULIbI JO/DKHBI UMeTh KBa/IpaTUUHBIX ()OpM, KakK 3TO Hab/rojaeTcst
B PeJISTUBUCTCKUX ypaBHeHUsiX [urpaka. Ho 06 oco6eHHOCTSIX 3THX
JecSTUMePHBIX TIPOCTPAHCTB M 00 MX CBA3SX C HALLIMMU TISITUMEPHBIMU
6a3uCHBIMU TIPOCTPAHCTBAMU Mbl HaMepeHbI pacCKa3aThb B Cie/IyIOIe
CTaThbe, KOTJja CTaHYT M3BECTHBI peaKLiMi COBPEMEHHOT0 (hr31u4ecKoro
coo0i11iecTBa Ha HaCTOSIIIIYIO CTATHIO.

B cuny toro, uto BKM H3D 1 KBM HD niogpa3ymMeBaeT CyllieCTBOBaHUHU B
¢du3uke HoBoU KB mapagurmel, a noTOMy OTMeTHM, BO3HUKIIIasi B TIPABOU
yacTu ripeobpa3oBanuu (3.4) UMMyIbC P 1 eCTh TOT UMIY/IBC, KOTOPBIM
durypupyet B ypaBHeHuu ApwxeHusi KMH (3.1). B camoii >ke KMH
MMITyJ/IbC (UTypUpYyIolKii B ypaBHeHUM ABwxeHuss KMH (3.1) BBoguTcs B
006u1X0/] TIpY TIOMOLIM CJIOBECHO C(OPMYIMPOBAHHOTO MEPBOT0 3aKOHA
HetoToHa. Kak o6HapyxeHHOe Hamu nipeoOpa3oBaHue (3.4) oka3asach Ha TOM
JKe MeCTe, UTO M CJIOBeCHO C()OpPMY/IMPOBaHHbIY NepBbIi 3aKOH Hbl0TOHa, a
3TO 03HauaeT, uTo rpeobpas3oBanue (3.4) sBisieTcs: GOpMyJIOi CJIOBECHO
chopMyIMPOBAHHOIO MepBOro 3akoHa HeroToHa. B cBsA3M € 3THM, MOXXHO
CKa3aTh, KOT/ja MepBbiii 3aK0OH HbioTOHA BBOAUTCS B 06UXO0/] TIPU TTOMOIIU
CJI0BeCHOM (hOPMYJIMPOBKH, TOT/IA IaHHasl C/IoBecHasi (hOpMYJIMPOBKa
MO3BOJISIET HE YYUThIBaTh (POpMyJTy TepBOro 3akoHa HbloTOHa, a motomy,
HavaTasl CO CJIOBeCHO c(hopMyTMPOBaHHOTO TepBoro 3akoHa HetoToHa KMH
CcTaHOBUTCS 000cobeHHOM, oTAenbHOM BIT Mexanukoii. Tem camuM, Kora
KMH HauvHaeTcsi o c/ioBeCHO c(hOpMYJIMPOBAaHHOTO IePBOr0 3aKOHa
HrloToHa, TorAa cyioBecHO chOpMy/TMPOBaHHbIM TTePBhIM 3aKOH Hbl0TOHA
orcekaeT KMH ot npeo6pa3oBanuu (3.4). I1pu 3TOM, B CHITy TOTO, UTO (PaKT
CyLL[eCTBOBaHKe 3a CJIOBECHO C()OPMY/TMPOBAHHBIM IT€PBLIM 3aKOHOM
HrroToHa rpeobpazoBanuii (3.4)...(3.7) ocTaéTcst HEU3BECTHBIM, a IOTOMY,
BBOZIUMbIe B 00MXO/, PY TIOMOILIY CJI0BeCHO C(hOPMYTMPOBaHHOTO M€PBOTO
3aKoHa HprOTOHA Kiaccrueckye KOpITyCKyJisipHble BeiuunHel KMH
OKa3bIBalOTCS B POJIM Hauvasia Bcer (DU3MKU YesioBeueCcKor LIMBUIA3aL1H.

Temepsb e, BBIICHUICA (DakT 0 TOM, uTO Npeobpa3oBanue (3.4) sBisieTcs
dopmyroii ciioBecHO chOpMyTMPOBAHHOTO TIEPBOTO 3aKOHA, a TIOTOMY, CTaJio
OUEBUIHBIM, UTO 3a CJIOBECHO C(hOPMYJTHPOBAHHBLIM ITEPBLIM 3aKOHOM
HeroToHa Wi, MHAaUe, 3a COBPeMEeHHBIMU Haua/laMH BCel (hHU3MKU
ye/I0BeueCKoW I[UBW/IM3Al[UU UMEIOTCSI HeOOHApy>KeHHBIe T10 Cel [1eHb
3aMKHYTbIe (BHEMPOCTPaHCTBeHHbIe) KB Be/TMUMHBI MAaKPOCKOITUUECKUX
o6nekToB (MO), nmomobHbIe 3aMKHYThIM KB BemunHam HO (2.11)...(2.14),
TO €CTb, BBISICHU/ICS (DaKT O TOM, UTO TIPU CTPOTOM T0/IXOZie BBeJIEHHBIE TTPH
TIOMOILY CJIOBECHO C(hOPMY/TMPOBAaHHOTO TepBOro 3akoHa HbioToHa
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KJlaCCUYeCKre KOPIyCKyJ/isipHble BeinunHbl KMH He sgB/stivch HayasiaMu
BCel (PU3MKU UesioBeueCcKor LIMBUIU3al[UH, XOTSI TAKOBBIMU U CYUTAJIACH CO
BpeMéH U. Hpl0TOHA BM/IOTH [0 HALLIUX JHEW.

Takum 06pa3om, oOHapykeHHbIe HaMu KB Besmunnel HO (2.11)...(2.14), a
Tak)Ke, X npeobpa3oBanus (2.15)...(2.18) u (3.4)...(3.7) HaXxozsCh 3a
Haya/laMU BCell (PU3MKU UesioBeYeCKOu LIUBUIN3aLMY, TEM CaMuUM,
HaXOU/IUCh 3a TIpefieslaMy BCel (PU3MKU uesioBeueCcKor LIMBUIU3aL[1H.
[ToaToMy, 0OHapy KeHHe 3aMKHYTBIX (BHEITPOCTPaHCTBeHHBIX) KB BemmunH
HO3 (2.11)...(2.14), a Takxke, ux npeobpa3oBanwii (2.15)...(2.18) u (3.4)...
(3.7) o3Hauaet, uto BIT ¢u3rka yesioBeueCcKoi 1[MBUIN3aALIMU BhIIILIA K
BHENPOCTPaHCTBEHHBIM CTPYKTypaM, O CYL[eCTBOBaHWH KOTOPBIX
TpeZiriosiarasi, CaMblii Be/TMKUM (DH3MK uesioBeueCKou LUBUIN3ALUN ATEOepT
OUHIITeNH: «51 BCé Gosbliie v O0Jblle CKIOHSIOCh K MBIC/H, UTO [IJIsI
Ja/bHeHIIIero pa3BuTys (pU3NKHU HeOOXOAMMBI BHEIIPOCTPAHCTBEHHBIE
CTPYKTYpPbI». Kak BUIM, He 0CO3HaBast TOr0 CaMH, MbI LT 10 CTONam
OMHIITENHA, a MOTOMY, BBILIM K BHENPOCTpaHCTBeHHbIM KB Beurnam HO
(2.11)...(2.14), a Takxke, K ux npeodbpazopanusm (2.15)...(2.18) u (3.4)...
(3.7). ObHapy»xeHue ke, BHenpocTpaHCTBeHHbIX KB BemmunH ¢oTtoHa (1.11)
...(1.3) u BHenpocTpaHcTBeHHbIX KB BennumH HO (2.11)...(2.14) o3Hauyaer,
yTO BCS (pM3MKa YesI0BeUeCKOM [IMBU/IM3aLUU Bbillla K HoBori KB
rapaiurme, KOToOpasi IPUOTKPbIJIACh BC/Ie]] 3a KOPITyCKY/ISIPHOM TTapaiIurMoit
KMH u BonHoBo# napagurmoit KBO. CornacHo KB napagurme Bcst dur3uka
ye/I0BeUeCKOl I[UBU/IM3ALIMH BIUIOTH 0 rosiBjieHust BKM HD 6bi1a BIT 3a
VICKJIFOUEHHEM KJIaCCUUYeCKOM 371eKTPOJMHaMUKKU MakcBesina, Tak Kak, B
KJIaCCUYECKOM 3JIeKTPOZMHaMuKe MakcBeria eé BeJIMUMHbI, TAaKXKe,
BBOZIWJTUCH B 0OMXOZ IPH TIOMOIIU ArdhepeHITMPOBAHUNA CX0KHUX C
mddepenuranbHbiMK orepaTopamu (1.14) u (3.3). O ToM, KakoBa CB$I3b
3/IeKTPO/IMHAMHUYECKUX Be/TMUMH KJIaCCUUeCKOU 3/IeKTPOAIMHAMUKHU
MakcBessia ¢ 0OHapy’KeHHbIMY HaMH BHeIpOCTpaHCTBeHHbIMU KB
BesinurHaMu ¢otoHa (1.11)...(1.13) u KB BennuunHamu HO (2.11)...(2.14)
MbI paCCKa)KeM B paMKax Halller Cae[yrolleu CTaTbu.

3[ech BCIIOMHKM O TOM, YTO B Hauase epBoro rnaparpage HacTosiemn
CTaThM OBITIO yKa3aHO Ha TO, YTO KOPIYCKY/ISIPHbIN UMITY/bC (hoToHa (1.6)
TIPUHLMITHATIBHO OT/IMYAeTCsl OT KJIaCCUUeCKOro KOPITyCKY/ISIPHOTO
MMITyJ/ibCa, (Urypupytouiero B ypaBHeHuu Apwxenuss KMH (3.1), Tak kKak,
KOPMYCKYJ/ISIPHBIN UMMNYJIbC (DOTOHA MEHSIJICS 3a CUET U3MeHeHUst
PeISITUBUCTCKOM MaccChl POTOHA, a KIaCCUUeCKUN UMIMYJIbC MEHSJICS 38 CUET
M3MEeHEeHUs KJIaCCUUeCKoil CKOpOCTU. Terneps, Mbl MOKeM TOKa3aTh, UTO
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KOPIYCKY/ISIpHBIN UMITy/bC (hoToHa (1.6) u3 KB Benuuunbl poToHa (1.12)
M0/1 BO3/leiCTBUEM MPOCTPAHCTBEHHOTO AU(depeHIMaIbHOro orepaTopa
(1.14), a knaccuuecKuii KOPMyCKYISIPHBIA UMITYJIbC B TIpeoOpa3oBaHuu (3.4)
Bo3HUuKaeT u3 KB Bemmunnel HO (2.12) noz Bo3pencTBremM
nuddepeHLIMaTLHOTO orepaTopa 1o BpemeHHu (3.3), TO eCTb,
KOPMIYCKY/IIPHBIN uMnyJibC hoToHa (1.6) siB/sieTCss UMCTO MPOCTPAaHCTBEHHOM
BEJIMUMHOM, a K/IaCCUUeCKUW UMIYJIbC SIB/ISIETCS BEJTMUYMHOM 3aBUCSILAM OT
BpeMeHU. Kak BUIMM, MPUHLIUMHATBHOE OT/INUKE KOPITYCKYJISIPHBIX
uMITy/1bCoB (potoHa (1.6) 1 HD (2.7) oT Knaccuyeckoro UMIyJibca,
BO3HUKIIIETO B TIpeobpa3oBaHu (3.4) CBSI3aHO C TE€M, UTO KOPITYCKY/ISIPHbIE
uMITyIbChl (hoToHa (1.6) m HO (2.7) aBnsitoTCs MpOCTpaHCTBEHHBIMU
HMMITY/IbCAMU U He 3aBUCSIT OT BpeMeHH, a KJ1aCCUUeCKUM KOPMYCKY/ISIPHBIN
MMITYJIbC, BOSHUKIINI B TipeoOpa3oBanuu (3.4) sIB/sIeTCS 3aBUCSIIIUM OT
BpemeHU. [ToaTomy, Korza [11aHK U DUHILTENH MPUMEHWINA K/1aCCUYeCKUX
BesinurH ¥ TepMruHOB KMH 1 KBO p/151 onicaHust KOpITy CKYJISPHBIX
uMITybCoB poToHa (1.6) u HD (2.7), Toraa IlnaHk u DUHIITENH (paKTHYeCKU
TIPUCTYTI/IU K OTTMCAHUIO MMPOCTPAHCTBEHHBIX KOPITYCKYJISIPHBIX UMITY/IbCOB
doToHa (1.6) u H3 (2.7) npu nomolijd BpeMeHHOT0 K/IaCCUYeCKOro
uMITyJibca. Takol MeToJ, orvcaHusi, KOHeUHO, B TIOC/Ie/IIOIeM o/KHa Oblia
nopogute BKM H3 B KauecTBe COBepIIIEHHO HETTOHAATHOM MEeXaHUKH, UTO B
peasibHOCTH U CJTYYUIIOCh.

B KoHIIe HacTosiIero maparpada u3Jiokum npeodbpaszopanuio KB
BesinumHbI (2.30) niog, Bo3aericTereM (3.3):

m e (62 ) = [P ] = fmt x (iv)]

ot (3.13)

Hartire BHMMaHe TIpUBJIEK/IO TO, UTO Tioc/ie rpeobpa3oBanuu (3.13) u3
ogHoit KB Benmmumnbl (2.30) BO3HUKAIOT [iB€ Pa3HOBHUAHOCTH COOCTBEHHOTO
MOMeHTa umryabca HO:

b= [Reemi| (3.14)

L, =[m" x (—ivy)] (3.15)
[TosiBneHust e IByX COOCTBeHHbIX MOMeHTOB uMmIyJibca HI (3.14) u
(3.15) u3 oaHout KB BenmuuHbel HO (2.30) HaTOMKHY/IO HAC Ha MbIC/Ib, UTO
BO3MO>KHO MMeeT MeCTO CITIOHTAHHBIM 1epexosi MexXAy ABYMsi COOCTBeHHBIMU
MOMeHTaMu uMmIy/abca HO unmm >xe, BO3MO>XHO MMeeT MeCTO B3avMHasi repe
XOJUMOCTb MeX/y AByMsI COOCTBEHHBIMU MOMeHTaMU uMitysibca HO (3.14) u
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(3.15). MbI otmeTrM ripeobpa3oBanuio (3.13) B HaZieXxie Ha TO, UTO OHO
MO>KeT UMeTb BeCbMa Ba)KHOe TpaKTHUecKoe TIpUMeHeHue.

3. KMH, CTO u OTO 3unmrenna, kak BIl ¢opmbl MakpocKonuueckon
KIIM

Temneps, KOrja Craso U3BeCTHO, YTO CYLLIeCTBYIOT 3aMKHYThIe
(BHempocTpaHcTBeHHbIe) KB ¢dorona (1.11)...(1.13) u HO (2.11)...(2.14), a
II0TOMY, BO3HHKaeT MbIC/Ib O TOM, UYTO OCHOBaHHbIe Ha BIT kiaccruueckux
KOPIYCKYJ/ISIPHBIX U BOJIHOBBIX BesinurHax KMH, CTO u OTO DuHiuTeliHa
Ha CaMOM Jiejie MOT'YT ObITh BCeTo /vl BIT MaKpoCKoImuecKUMHU
MexXaHWKaMU U HapsAy C HUMU MOJXKeT CylljecTBoBaTh aHasior BKM H3
Makpockonmueckor KITM MO. Takas MbIC/Ib TIpejrosaraeT, 4To Macca
YEpHOU JBIPHI C € MPOCTPAaHCTBEeHHbIM MapaMeTpoM obpa3syeT
MakKpOCKOMnMuecKyro 3aMKHyTy10 KII BesiurHy, a B C/iydae 3Be3/bl, eC/iv He
YUWTBIBaTh U3/1yUeHHIO 3Be3/ibl, TOT/la Haroj00ve YEpHOU JbIphl K Maccy
3Be3/bl C eé IIPOCTPaHCTBEHHBIM ITapaMeTPOM MOKHO CUUTATh
Makpockonuuyeckou 3aMkHyTou KIT BesimunHoM. C y4éTOM [@HHOTO
00CTOATeNHCTBA, MBI IMOKaXKeM, KaK BBIT/ISIAATE MaKPOCKOTMUeCKre
3aMKHYThIe (BHenpocTpaHcTBeHHbIe) KIT BemrurHbl MO ¥ Kak BBIT/ISIAUTD
OCHOBaHHasA Ha HUX Makpockomnuueckas KIIM, a Takxke, ykakeM, KaKk
Makpockorueckuit KITM moskeT 6b1Th cBsizana ¢ KMH, CTO u OTO
OWHIITelHa, KOTOpbIe OyAyun ocHOBaHHBIMU Ha BIT kiaccuueckux
KOPITyCKYJ/ISIPHBIX U BOJIHOBBIX BeJIMUMHaX AB/AAOTCA BII MexaHukamu.

711 3TOrO MepBbIM JiejioM, B KaueCTBe aHa/IoroB 3aMKHYThIX KB BeinuvH
HD3 (2.11)...(2.14) onpegenum KII Benurn MO:

*

m* = mr 4.1)
P* = (m'v) (4.2)
x, 2
B =5 (4.3)
U =m0’ (4.4)

rae, m —macca MO, v — ckopocts MO, r — paguyc-sektop MO co
HarpaBJieHHbI CO cKopocThio MO.

Ecnu HauanbHast KIT Beinurina MO (4.1) sBasieTCs pea/ii30BaHHBIM B
[Tpupoge, Torpa corsacHo npaBoy yactu KII Benmmunnael MO (4.1) macca
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3Be3/Ibl M U eé TIPOCTPAHCTBEHHBIN MapameTp I I0/DKHBI ObITh
B3aMMOCBSI3aHHBIMU BeJIMYMHAMHU, a I0TOMY, KOI'/la YBeJIMUMBAeTCs Macca
3Be3/bl M , TOrJja MPOCTPAHCTBO 3Be3/bI JOJDKHA CKUMaThCA. B cuny Toro,
YTO Ha MPAKTHKE C YBeJTMUYEHUEM MacCChl 3Be3/ibl eUCTBUTE/TbHO TTPOUCXOUT
CKUMaHUe e€ MpOCTPaHCTBA M 3Be3/la MpeBpallaeTcs B YEPHYIO AbIPY, a
TOTOMY, ZIAHHOE 00CTOATETbCTBO SIBJISIETCS I0KA3aTeTbCTBOM
peanu3oBaHHOCTH B [Ipupope nonydyenHbix Hamu KIT Benmunn MO (4.1)...
(4.4). Tlpu sTOM, B CHJly TOTO, UTO 3B€3/a BMECTe CO CBOUM MPOCTPAaHCTBOM
sByisieTcst 3aMKHYThIM KIT 00beKTOM, a TToTOMy, 3Be3/ja He W3/Tydarolijasi CBeT,
TO eCTb, UépPHas JIbIpa SBISETCS He JOCTYIHBIM HabJTIOJEHUIO CO CTOPOHBI
BHeIITHero Hab/o/iaTesist U eé BO3MOYKHO 0OHAPY KUTh JIUIIIh KOCBEHHO,
bukcupys orubaroliyro eé cBeTa Apyroi 3Be3/pl. Kak BUaUM, 1oiyyeHHbIe
Hamu KIT BeimuriHbel MO (4.1)...(4.4) 1103BOJISIOT XapaKTepr30BaTh YEPHYHO
IBIPY B BUJIe 3aMKHYTOT'0 HeBUIUMOT0 00bekTa nmojooHo OTO DiiHiiTeliHa.
Ho B otimunm ot OTO SiiniuTetina KII senmvuvnsl MO (4.1)...(4.4)
paccMaTpuBaeT 3Be3y BMecTe C eé mpoctpaHcTBoM B BUjie KIT o6bekTa, B TO
Bpemsi Kak OTO JOHHIITelHa pacCMaTpUBaeT B3aMMOCBSI3aHHOCTh MaCChI
3Be3/bl C e6 TIPOCTPaHCTBOM, He Mpezriosiaras, YTo Macca 3Be3/bl C eé
TIPOCTPAaHCTBOM 00pa3ytor etré oaHy KII BenmurHy 3Be3/bl, TO €CTh,
(hakTHUeCKU NoJUépKUBArOILasi B3aMMOCBSI3aHHOCTA MaCChl U MPOCTPaHCTBA
3Be37pl OTO DiHIITeliHa HAXOAWIOChH B I11are OT OTKPBITUS
Makpockorueckoi KITM, 1060 mocTaTouHo ObIIO TIpe/Io/iararb, YtTo Macca
Y TIPOCTPAHCTBEHHBIM MapaMmeTp 3Be3/ibl 00pa3yroT KII BesnvuuHy 3Be3bl. Ho
HMCTOPUYECKH, TaK He CITYUWJIOCh U Terepb, Mbl yCTaHaB/MBast (hakTa
B3anmocBs3aHHOCTH OTO DuHIITeHa ¢ Makpockonrueckor KITM, tem
caMMM, yKa3biBaeM Ha To, Kak OTO BuHiuTeliHa cootHOCcuTCI K BKM H3,
TouHee, K KBM HDO.

Takum 00pa3oM, 0OCHOBaHHBIM Ha BHenpocTpaHCTBeHHBIX KIT BemunHax
MO (4.1)...(4.4) makpockormmueckuii KITM MO oxBaTbIBaeT 3Be3ly C eé
MacCOUW U MPOCTPAaHCTBOM B BHJie oAHOro 3aMkHyToro KIT MO, a OTO
OUHILTelHa OMUChIBAeT, KAK B3aMMOCBSI3aHbl MacCa U MPOMTPAHCTBO 3Be3/bl
He TIpe/irioJiarasi, UTo Macca v MpOCTPaHCTBEHHBIU MapaMeTp 3Be3/bl
obpazytot oaHy KII BenmuriHy. COOTBETCTBEHHO, €C/TH IMPOCTPAHCTBA
BcenenHoii OyzieM cunTaTth 6a3MCHBIM IPOCTPAHCTBOM, TOT/IA T10
OTHOIIIeHUIO K 0a3rCHOMY TTpoCTpaHCTBa BcesleHHOI Macca 3Be3fibl U eé
TIPOCTPAHCTBEHHBIN MMapaMeTp MO3BOJISIET paCCMaTpPUBaTh 3Be3/ly B KaueCTBe
3aMKHyTOr0 KIT 06BekTa, a 3Be3y, kKak KIT o6bekTa Oy 1yT XapakTepru30BaTh
3aMKHYTble Makpockornnueckue KIT Benuunnel (4.1)...(4.4). B Takom ciyuae,
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aHanorom guddepenimansHoro oneparopa (1.13) 6yzeT, nmprMeHsieMoe B
KMH oneparijus quddepeHiipoBaHue:

d

| sl
dr (4.5)

B cBoto ouepeb, KIT Beiurbabl MO (4.1)...(4.4) nos Bo3aencTBUEM
ornepaiuu auddepeHiipoBanus (4.5) mpeobpa3yroTcs MO aHAJIOTHUN C
npeobpa3oBanusimMu (2.15)...(2.18):

dm® dr
— —=m—=m
dr mar (4.6)
dP
—— = (mv); 93 — (mrw) = P13 — Py
dr a (4.7)
dE; (m_fvz) B ((m*wv)) B (P*w)
dr 2 /123 2 4 2/ (4.8)
dU* . i
v — (m1)2)11213 — (m wv)4 — (P ’lU)(] (4 9)
rze, HWKHUe uHeKChl 1,2,3,4,0 COOTBETCTBYIOT IATU U3MEPEHUSIM
nsATHMepHOro 6a3ucHoro nmpocrpaHcTBa Kietina-I'opaoHa (1.18).
Bo3HuKIIHe B MpaBbIX YacTsax npeobpa3oBanmuii (4.6)...(4.9),
KOMIIOHEHTBI, COOTBETCTBYIOIIIE TPEXMEPHOMY M3MepeHHI0 0a3HuCHOTr0
nATMepHoro npocrpaHcTBa KieriHa-I"opzaoHa (1.18) u ecTb U3BeCTHBIE CO
BpeméH . HeroTOHA Kitaccuueckre KOPIycKyJisspHele BesiurHbl KMH:
Macca: m (4.10)
HMITYJIbC: P =y (4.11)
B _ muv?
KUHeTUYeCKasi SHeprus: P (4.12)
KopryckynspHasi sHeprus: U = mv? (4.13)

rie, KOpIycKy/isipHasi sHeprus (4.13) mo nosisienusi KMH Obla v3BecTHa B

BHUaE >KUBOH SHepruu u Obl/Ia UCK/TIOUeHA U3 O6I/IXO,Z[a 10 MHUIIKMaTHBEe
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[TyaccoHa noce nosisyieHys qud@epeHIraTbHOIO ¥ UHTErpaibHOro
VICUUC/IEHUS.
[ns nonyuenus 3BomoLUOHHBIX (hopmyJt KIT Beiunn MO (4.1)...(4.4)

BOCIIOb3yeMcs AuddepeHIiupoBaHrieM no Bpemenu 3 KMH:

4
dt (4.14)

B cBoto ouepenp, KIT Beiuriabl MO (4.1)...(4.4) nop Bo3fenCTBUEM
(4.14) mo3BOMSIOT T0/TyYaTh IMpeobpa3oBaHUIA:

dm* dr
—=m—=mv =P
dt dt (4.15)
L md(rv) = (Pv) — (m*'a) =U — F*
gt a (4.16)
dE; md(rv®) Pv® F'v P'a
d 2 dt = 2 2 2
(4.17)
§ 2
bl = md(r’u ) — Pv? — F*v — P*a
dt dt (4.18)

[TosyueHHble HaMu nipeobpasoBanwus (4.15)...(4.18) B rosiHOM 06bEMe
otHOCsTCst K KITM MO. A nipeobpa3oBanue (4.15) siByisieTcsi hopMyJioit
nepBoro 3akoHa Hbl0TOHa, Tak Kak, MMITy/bC P, BOZHUKIINI B IPaBOW YaCTH
nipeoOpa3oBanuu (4.15) ¥ eCTh TOT KJIaCCUUECKHN KOPITYCKYISIPHBIN
MMITyJ/IbC, KOTOPbIY (hUryprpyeTt Bo BTopoM 3akoHe HrtoToHa (3.1). B cBsizu c
TosiB/ieHreM Tipeobpa3oBaHuu (4.15) B KauecTBe (hOpMyJIbI IEPBOTO 3aKOHA
HbioToHa 00paTHM BHUMaHHe Ha TO, UYTO UCTOPUUECKH, caMuM M. HeioToHOM
nepBbIi 3aKkoH HeloTOHA 6b1710 ChopMyIMpPOBaHO B CI0BeCHOM (hopme, B Hell
KJIaCCUYECKUW KOPITYCKYJISIPHBIN UMITYJ/IbC P, GUrypupYyIOLIKiA BO BTOPOM
3akoHe HptoToHa (3.1), BBogU/ICS B 00MX0/l aKCMOMaTUUECKUM MY TEM.
Temeps, 1ocne o6Hapy»keHus ripeobpa3zoBannu (4.15) B KauecTBe hOpMYJIbI
repBoro 3akoHa HbroToHa BbIICHU/ICS (DakT 0 ToM, uTo caM U. HbroToH
C/I0BeCHO c(hOpMy/IMPOBaB MepBoro 3akoHa HeloTOHa, TeM caMuM, Tipu
TIOMOIIIY 9TOW aKCHOMaTUUeCKOM CI0BeCHOM (hOpMYJ/IMPOBKH OTCeKall
nepBoro 3akoHa HetoToHa oT npeobpa3oBanuu (4.15), urobsl caenath KMH
000c00/1eHHOM, OT/Ie/TbHOM KOPITYCKY/IIPHOU ME@XaHUKOU, TO €CTh, eC/TH ObI
He orceub KMH nipu rnomotiiy c/1oBeCcHOUM (pOpMyUPOBKU IePBOT0 3aKOHa
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HreloTOHa, TOrja CTAaHOBUTCSI OUEBU/IHBIM (DaKT CyILL|eCTBOBaHUS
npeoOpa3oBanuu (4.15), a mpeobpa3zopanue (4.15) moTpeOyeT BBeieHHE B
obuxog 3amkHyThIX KII BesinunH MO (4.1)...(4.4). Kak BuzmMm, B TO Bpems,
Korza cam V. HeroTOH c/ioBecHO cpopMyvpoBas nepBoro 3akoHa HeloToHa,
TOT/a 3a CJIOBECHO CPOPMY/IMPOBAHHBIM MePBbIM 3aKOHOM HbroTOHa
ocTasuch rpeobpa3oBanus (4.15)...(4.18). Ilpu sTom, x0T camum .
HeroToHoM co3panHoe um KMH paccMmaTtpuBasics HemocpeCTBeHHO B
paMKax 0a3uCHOro TPEXMEPHOIo MPOCTpaHCcTBa EBK/K/a v BpeMeHH t , TeM
He MHee, Kor/ia 51 ObUT CTyleHTOM (haky/bTeTa (PU3MKH, TOTIa B
YHUBEPCHUTETCKUX KypcaX He ObIIO OTMEUEHO, UTO K/IaCCHUeCKHe
KOPIYCKYJISIpHbIe BeinurHbI (4.10)...(4.13) sBrstoTtcs uncto BI1
BeJIMYMHAMHM, a ocHoBaHHas Ha HUX KMH gsnsiercsa uricto BIT MexaHUKOI.

Takum obpa3om, co BpeméH WM. HploTOHA BIUIOTH [J0 HAILIUX JHEH
KJlaccuuecKre KopmyckyssipHbie BenuurHbl KMH (4.10)...(4.13) 66111
M3BECTHBI B KaUeCTBe Hauasia Bcel (DU3UKH YeI0BeueCKOW LIMBUIM3ALUH.
Teneps ke, BBIICHAIOCH (PAKT O TOM, YTO 3a Hauajamu Bcer (QHU3UKU
yesioBeyecKor nyBuau3auu cogepkarcs KIT senmnunnel MO (4.1)...(4.4), a
TaK)Ke, X MPOCTPaHCTBeHHbIe Tpeobpa3oBanus (4.6)...(4.9), u ux
nipeobpa3oBanusi 110 BpeMeHU (4.15)...(4.18), To eCTh, BBIAICHUIOCH (DAKT O
TOM, UYTO KJacCcuuyeckre KopnyckysipHble BenmnunHbl KMH (4.10)...(4.13) Ha
camoM /Jiejie He SIB/ISUTUCh HauajlaMu BCel (DU3MKU uesioBeueCcKou
L[MBUJTM3ALIUU, XOTSI TAKOBBIMU U CUMTA/IMCh B TEUEHUU TPUCTA MSAThAECSIT
net. A obHapy>keHHe 3a KIacCUUeCKUMU KOPITYCKY/ISIPHbIMU BeJIMUMHAMU
KMH (4.10)...(4.13) BaenpocTpaHcTBeHHBIX KIT Besinura MO (4.1)...(4.4)
CBUJETEBCTBYET O TOM, YTO C CaMOr0 Hayasa, TO eCTb, CO BpeMéH .
HrroToHa BCA u3KKa yenoBeyeCKoOW [IUBUIM3aLMK Hayalach C YaCTHOTO
c/lyyasi, KAKUMM SBsTUCh BIT K/laccrueckrie KOpPIyCKY/IsIpHbIE BeTUMUMHbI
KMH (4.10)...(4.13).

[TosTomMy, Korjja B Hauasie BajLaToro Beka [lnaHk u DUHIITeNH
TIPUMEHU/U Kilaccuueckux BesinuuH U TepMuHOB KMH 1 KBO f1a onvcanus
KB cBoiictB 1 KB/ dboToHa, Torga [11aHK 1 OWHILNITENH He 3Ha/IA TOTO, UTO
K/accuueckue BennurHbl v TepMudbl KMH 1 KBO, 6yayun BIT
CTPYKTYypaMH, SIBJISFOTCS HeJOCTaTOUYHbIMU J/1s1 ONTMCaHUS
BHenpocTpaHCcTBeHHbIX KB cBotictB u KB/l doToHa.

TakuMm 00pa3oM, COTIaCHO BBILLIEM3/I0KEHHBIM pe3yJibTaTaM,
nanbHeniM passutvuem OTO DiiHIITelHA SIB/sIeTCSl, OCHOBaHHAs Ha
3aMKHYTBIX (BHEMIPOCTPAaHCTBEHHBIX) Makpockonnueckux KII BenrurHax
MO (4.1)...(4.4), makpockoruueckass KITM MO. Tlpu 3ToM, MbI TTOKa3au,
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Kak 13 BHerpocTpaHcTBeHHbIX KIT Besinurn MO (4.1)...(4.4) niox
BO3/leiicTBHEeM orepaiiuii AuddepeHiipoBanus (4.5) Bo3HuKaroT BIT
KJIaCCUUeCcKre KopryckyJisspHble BeninurHbl KMH (4.10)...(4.13) u kak nocsie
npeobpa3oBanuu (4.15) BO3HUKaeT 3aBUCSIIANA OT BpeMeHH KlaCCUUeCKui
umnynbC P, durypupytonmii B ypaBHenuu fisvkenruss KMH (3.1). I1pu sTowm,
KaK CTaji0 OUeBUAHBIM, camo ypaBHeHue ABkeHrss KMH (3.1) He Bo3HMKaeT
13 rpeobpa3oBanuii (4.6)...(4.9) u (4.15)...(4.18). OOBSACHSIETCSA 3TO TEM, UTO
rocsie mpeobpa3oBanmii (4.6)...(4.9) BO3HUKAIOT Te KaCcCUUeCKre
KopnycKyJisipHble BesinunHbl KMH, koTtopble B camoit KMH BBOAUTCS B
00MXO0Z, PH TIOMOIIIY C/IOBECHO C(hOPMYTMPOBAaHHOTO ITEPBOrO 3aKOHA
HrroToHa. A mocsie ripeoOpa3oBaHuu (4.15) BO3HMKaeT TOT K/1aCCUUeCKUM
KOPIyCKYJ/ISIPHBIM UMITYy/IbC, KOTOPbIA (PUTYPHUPYET B YPaBHEHUU [IBXKEHUSI
KMH (3.1). Kak BuuMm, nepBbiii 3akoH Hbl0TOHA SIBIsIETCS CBSI3aHHBIM C
npeo6pa3zoBanusaMH (4.6)...(4.9) u (4.15)...(4.18), a moToMy, ypaBHeHUe
newxeHnst KMH (3.1) He Bo3HHKaeT 13 ripeobpa3oBanuii (4.6)...(4.9) u
(4.15)...(4.18).

Teneps, BeCh BOMPOC B TOM, Uero >Ke HaM AacT oOHapy»kKeHHe 3aMKHYThIX
Makpockornuueckux KIT Besiunn MO (4.1)...(4.4)? IToka Mbl yoegummich
JUILIB B TOM, UTO Gs1aroziapsi 06Hapy KeH!I0 3aMKHYThIX MaKPOCKOTTMUeCKUX
KIT Bemmunriz MO (4.1)...(4.4) u ux ripeobpa3oBanutii (4.6)...(4.9) u (4.15)...
(4.18) ypanoce onpenevuTh KIaCCUYECKUX KOPITyCKYJIIpHbIX BenmnunH KMH
(4.10)...(4.13) B kauectBe umucto BII BemuuH, a camoro KMH B kauecTBe
yricto BIT mexanuku. Takxke, yanock 00HapyuTtb, uto Hapsiay ¢ KMH u
co3naHHble DiHIITeHOM CTO u OTO, Takxke, ssBnstoTcsa BIT MmexaHuKaMu.
Ho paccmoTpeHHble HaMu Oa3rCHBIe TTpocTpaHcTBa EBKiMa, MUHKOBCKOTO
1 KneitHa-I'op/ioHa SIB/IS/TMCE HarboJsiee TIPOCTeUIITUMEI 6a3UCHBIMHU
IIPOCTPAHCTBaMH, a IO0TOMY, MpejriojaraeM, 4yTo B cjiyvyae, Korja
oOHapy>keHHble HaMu 3aMKHYThie KB u KII BenuuvHbl OyyT
npeobpa3oBaHbl B paMKax MpoCTpaHCTB Pumana, ['aMuibToHa, TOrAA
BO3HUKHYT Te BII CTPYKTypbI, KOTOpBIE peann3yrTCsd BO BHYyTPU UEPHOU
AbIPBI ¥ BO BHYTPA MUKPOYAaCTHL].

B KoHLIe HacTosLero Tpyza OTMeTUM, MakKpOCKONMMYeCcKuM aHasnorom KB
BesmmunHbI (2.30) 6yaer KIT penmruriaa MO:

m® 7] (4.19)

B cBoro ouepenb, BesmunHa (4.19) nog Bo3zericteueM (4.14)
nipeobpa3yeTcs BBUE:
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dm* x r |

= =[P sori | =" 5wy

(4.20)

[MTosiBnenue B mipaBoi uacTtH (4.20) AByX pa3HOBUJHOCTEN COOCTBEHHOTO
MOMeHTa umIyJibca MO CBUIeTe/TbCTBYET O TOM, UTO BO3MOXKHO MeeT
MeCTO CTIOHTaHHBIN TIePeX0/i MEXKIY 3TUMU ABYMS Pa3HOBUHOCTSIMH
coOCTBEHHOT'0 MOMEHTa UMITy/IbCa. E.C/TH TaKO# CTIOHTAHHBIN TIePexXof
uMmeetcs B [Ipypojie, Torma BO3MOYKHO ObIJIO ObI €€ peann30BaTh IS
nieTaTenbHBIX arapaToB, KOTOPbie OyAyT criocOOHbI 6e3 OTAauu B3/eTaTh U
MEHSITh HarpaBjieHue 1oJiéta. Ho 3To Bcero /vilb TeopeTHyeckoe
TIpe/ITI0J/I0’KeHHe, a KaK 00CTOUT ZIeJio Ha CaMOM /iefie, MOYKET OTBETHUT TOJBKO
SKCTIeprMeHTaTbHast TIPOBepKa.
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