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IIpenucaosmue.

[lpennaraemMas 4YMTaTeNI0O KHHUra IPEJCTAaBISIET COOOM
no00pKy MyOJIUKaIMii aBTOpa, MOCBSILEHHBIX aHAIU3Y MpodsieM
AIIEKTPOJMHAMUKHA W HMX CBSI3U C rpaBuTanveid. OCHOBY KHUTH
coctaBnser pabota [36]. B  HeEKOTOpBIX MYyHKTax OHa
CYLIECTBEHHO JIONOJIHEHA. bojee [eTalbHO  paccCMOTpPEHBI
npuMepbl, Oojee BBIMYKIO CHOpPMYIHpOBaHa poib 3dupa —
Cpelbl, 3aloJIHAIOLIEH  MHpPOBOE IPOCTPAHCTBO M BCE
MaTepuaibHble Tena. B yactHocTH, 1aHO “ddupHOE” 00bSICHEHHE
BTATUBAHUS JAUAJIEKTPUKA B KOHJIEHCATOP.

[lonsaTe auamar€HeTMKa M IApaMarHeTHKa CBSI3aHO CO
CKHMaeMocThio d3¢dupa B »THX Tenax. IlpuBeneH mpumep
MarHMTHOTO I0JIsA, U3 KOTOPOTO NapaMarHeTUKH BBITAJIIKUBAIOTCS,
a JMaMarHeTWKW BTAruBarorca. PaccmMoTpeH mnpumep, Korna
KpuBas HE OXBAaTbIBa€T TOK I[IEPEHOCA, HO LHPKYJALHA
MarHuTHOTO 1OJIA IO Hed npoucxoaut. [IpuyumHON Takoro
apdexTa SABIAIOTCA JOMOJHUTEIbHBIC CllaraéMble, KOTOpbIE
MOSIBIISIIOTCST B 000OIIEHHOW AJIEKTPOJANHAMUKE U OTCYTCTBYIOT B
KjJaccudyeckod. bomee mompoOGHO  paccMOTpeH  BOmpoc O
BBIIOJIHEHUH TpPEThero 3akoHa HploToHa B 0000IIEHHOM
anekTpoauHamuke. TpanuruonHas Gopmyina ans cuisl JlopeHua
ATOMY TpeOOBaHUIO, KAK U3BECTHO, HE Y OBIETBOPSET.

CBs3b ¢ rpaBuTanyen copMyaIupoBaHa B BUI€ HECKOIbKUX
NPWIOKEHUH, KaXJ0€ M3 KOTOPBIX MpPEACTaBIseT CcoOoi
JOTMYECKU 1mar OoT O0OOOLIEHHOM 3NEeKTPOJMHAMUKU K
rpaBUIMHAMUKE, KOoTOpas OIHCHIBAETCS YPaBHEHUSIMU
MaKCBEJUIOBCKOI'O THIIA, B KOTPBIX IEPBbIE IPOU3BOIHBIE IIO
BpEMEHH 3aMeHeHbl Ha BToOpble. lIpuimoxenue Nel mnocssmeHo
BOIIPOCAM  Pa3MEPHOCTEM  DJIEKTPOJAMHAMUYECKUX  BEJIMYUH.
[ToxazaHo, Kak MEpPEeHTH K MEXaHMYECKUM DPAa3MEPHOCTSIM STHUX
BenU4uH. [Ipyu 3TOM CTaHOBUTCS SICHO, YTO 3JIEKTPUYECKOE I10JIE —
3TO MOJIE CKOPOCTEH, a TIpaBUTALIOHHOE IOJIE€ — 3TO IoJe
yckopeHuii. C pa3sMEpHOCTSMHM TI'PaBUAMHAMUYECKOTO IO
po0JeM HE BO3HUKAET : OHO C CaMOr0 Hadaja ONMCHIBAECTCS Ha
A3blke MexaHuku. [Ipmnoxenun Ne2 mOCBSIIEHO, B OCHOBHOM,
UCCIICIOBAaHUIO HCTOPUYECKUX MPUYHH, IO KOTOPHIM OOIIas
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TEOpHUsl OTHOCUTENBHOCTH TNoOenuna B Ooppbe ¢ JApyrumu
noaxogamu. JlaHo AECKpUNITUBHOE OMMCAHME HOBOIO MOJXOJa,
CBSI3BIBAIOILIETO JIEKTPO- U TPABUIUHAMUKY .

B Ilpunoxenun Ne3 chopmynnpoBaHbl ypaBHEHHs, Ha
B3IUIAJl aBTOpa, OIMCHIBAIOUIME TIpaBHIMHAMHUYECKOE I0JIe U
HalJICHO SIBHOE BBIPAXXEHME MJI CHJIbI B3aUMOJCHCTBHUS JBYX
nBwkymuxesd wmacce. [locnennss ¢opmyna Britoyaer B ceds,
KpOME  CTaTUYECKOTO  3aKOHAa  BCEMHUPHOTO  TSATOTEHMS,
JUHAMUYECKYI0 YacTh AaHAJOTMYHO TOMY, Kak »3TO Jejaer
dbopmyna nnst cuiibl JlopeHiia B 3JIEKTpOJMHAMUKE. JTa cuja
3aBUCHUT OT CKOPOCTEH YCKOPEHHI, a TaK)Ke TPEThUX U YETBEPThIX
IIPOU3BOJHBIX OT paauyca-Bekropa. llosBieHue nuHamMu4ecKou
4acTd (QOpPMyYJbl CBS3aHO C HAIWYMEM Yy TpaBUTALlMU CBOETO
MarHMTHOTO MOJIS.

[Ipunoxenne Ne4 MOKHO cuuTaTh 3aJ€jOM Ha Oyayluee.
Jeno B ToM, YTO AJis TPaBUAMHAMUYECKOTO TOJISI CIIPABEIIUBBI
TOYHBIC AHAJIOTM 3aKOHOB COXPAHEHUs B 3JIEKTPOJAWHAMHMKE.
MaremaTtuueckum BOIUIOIIEHUEM ITHX 3aKOHOB B
AJIEKTPOAMHAMUKE, KaK BIPOYEM U B THJPO- U TEPMOJMHAMUKE,
ABJIIETCS. YpaBHEHHE HENPEPHIBHOCTH, 3aBUCSIIEE OT CKOPOCTH
nepeTeKaHuss >KMIKOCTH uepe3 moBepxHocTh. Ero, onHako,
OKa3bIBA€TCSl HEAOCTAaTOYHO JUISI MPOLECCOB  YCKOPEHHOI'O
nepeTekaHus. A HMEHHO TaKOro copra TMpoLecchl Mbl U
HaOmogaem B TpaBuauHamuke. [lpunoxxenue Ned HaszwpiBaeTcs
“BTtopoe ypaBHEHHE HENPEPBIBHOCTH U JAET BO3MOXKHOCTh
ONMCAHUS YCKOPEHHBIX IPOLECCOB.

B pamkax mnpeanmokeHHOro mOoJX0Ja aBTOp HaMepeH
IPOJODKUTh PACCMOTPEHHUE PA3IMYHBIX TNPUIOKEHUH U, B
HEPBYIO Ouepe]lb, KOCMUYECKUX MPOSBICHUN I'paBUAMHAMHKH, B
9aCTHOCTH, Y PeKTa “CKPBITON MacChl”’ B FaJTAKTHKAX.



OCHOBBI COBPEMEHHOM 3J1eKTPOAMNHAMHUKH.
IIpeaucioBre KO BTOPOMY M3IaAHUIO.

3a miecTtb JeT, MPONIEAIIME C MOMEHTa BBIXOJAa B CBET
MEPBOTO HM3JIaHUS OTOW KHHUTH, HOBas (U3MKA, IMOpPBABIIAs C
MUCTUKOM KBAaHTOBOM MEXaHUKH M peIITHBU3MA, Crenana
HECKOJIBKO CYIIECTBEHHBIX IMaroB Brepes. Oco3HaHa TiryOoKas
CBA3b MEXKAY TpaBUTAIMEl U DIEKTPUYECTBOM, B MEPBOM
W3JIaHUM TIPOSIBIIABINASICS TOJBKO B TOM, YTO JJIEKTPHUUECKHUIH
3apsi[i €CTh TMPOCTO Bpamammascs Macca. [IpenmoxeHs
KOJIMYECTBEHHBIC MOJICNIM SJEKTPOHA W TMPOTOHA, HEOOpPOBCKas
MOJENTh  aroMa  BOJOpOJAa,  COTNACylomiasics CO  Bcei
COBOKYITHOCTBIO TBEPJO YCTAHOBJICHHBIX 3KCIEPUMEHTATBHBIX
daktoB. Bo Bcex (u3MUECKHMX SBIEHUSAX CTala OYEBUIHOU
OCHOBOTIOJIATAIOIIAass  pojab 3¢upa, Cpenbl, 3aMOIHSIONICH
MIPOCTPAHCTBO.

Onnako, UIsi BKJIIOYEHHS BCEX OTHUX peE3yJbTaTOB B
MOHOTrpaduio, KOHEYHO, HEOOXOAMMa COBEpIICHHO HOBas H
3HAYUTEIILHO OOJIbINAs M0 00BEMY KHUTA. ABTOD €IIe HE MOTEPSUT
HAJEXK/bl TAKYI0 KHUTY Hamucath. OHAKO, 3TO JeN0, BO3MOKHO,
1 HeOmu3Koro Oymymiero. Mexmay TeM, OIXOJbI, Ipe/iaracMbie
B JJaHHOW KHHIe, OKa3bIBaIOTCS Bce Ooliee BOCTPEOOBAHHBIMH,
TOTJa Kak HEOONBIIOW THPaXX TIEPBOTO U3JAHHS JIABHO
pazomencs. [losromy ObUIO MPHUHITO pEIICHHE O MEepPeU3TaHHUU
MEPBOrO0 BapuWaHTa KHUTH 0€3 KaKuX-JIMOO CYIICCTBEHHBIX
U3MEHEeHWH. B HOBOM wu3MaHWHM MPOCTO OBbLTM HCHPABICHBI
3aMCUCHHBIC OICYaTKH.

C rpycThi0 BBIHYXJEH KOHCTaTUPOBATh, YTO Y>KE€ HET C
HaMU MHOTHX W3 T€X YYaCTHHUKOB ceMuHapa DuU3N4ecKkoro
Oo6mectBa Cankr-lIletepOypra, KOTOpble CBOEH KPUTUKOH H
HEMIPUMHUPUMOCTHIO TTOMOTAJIM MHE B HAMHCAHUU ITOW KHUTH B
1999r. OcoOeHHO oLIyTUMO Ui MEHS OTCyTCTBUE Brammmupa
Anexcanaposuua Porens. 15 centsops 2005t. ckoHUanach Mos
JK€Ha, COPOK JIET MOMOTaBIIasi MHE UATH MO 3TOH ku3HU. Hy uTo
K, BUIMMO, Tak yroaHo ['ocnoxy.



Cnacu6o mouM cryaentkam Caernane Murmienko u Onbre
JK6GaHOBOII 3a TO, YTO OHH B3sUIM Ha CceOS M YECTHO HECIH
HEMaJbIi Tpy3 0 HOBOMY Ha0Opy STOM KHHTH.

Ot aBTOpa AT Enromun

DTa KHUTa 3aJlyMaHa Kak BBI30B YHBUIOMY KOH(OPMHU3MY B
Hayke. BBI30B Bcerga oOpailieH, Tpexe BCEr0 K MOJIOJEKH,
3aHOBO TO3HAIOLIEH MHUP M TOTOMY TNOTEHIHUAIbHO Ooee
CKJIOHHOM K BOCIPUATHIO HECTAaHJIAPTHBIX uae. Mou cioBa K
Tebe, CTyIEeHT, acmupaHT. TBOA KHU3Hb He OyJeT MOCBAIICHA
YTOYHEHHIO COTOrO 3HAaKa M3BECTHOM KOHCTaHThL. IIpocen
dbyHIaMEeHT W 3aBallUBaeTCs 3JaHUE COBPEMEHHOW (HU3UKU.
EnuHCTBO TpUPOIBI, O KOTOPOM TOBOPWIIM JIPEBHHE, OOpeTact
ocsizaeMble Qopmbl. Tebe Oyaer, rae pa3sBEpHYThCS U HaJ YeM
nopa3MbIIUIATE. [IOHATE M CcymMeTh CQOpPMYyIHpPOBATH CBS3b
BPEMEH - YTO MOXKET OBbITh Ooniee JocToHBIM? W 4TO MOXKeT AaTh
O0onpiyt0 pamocth? S MpOXWUI KU3HB M MOTY CKas3aTh: HH
JNEHbIHU, HU BIACTh, HU JIa)Ke JIIOOOBb, HE TOBOPIO YK O BOJAKE U
HapKOTHMKAaX, HE MOIryT JaTb TOW YJIMBHUTEIBHOH, HeE
NPUTYIUIAIOMICHCS  OCTPOTHI 4YyBCTBA, KOTOPOE OXBAThIBAET
YeJIOBeKa B MOMEHT, KOTJIa 3aBajl MPOTHUBOPEUYUBHIX M Ka3aJOCh
Obl HE CBS3aHHBIX APYr C JpyroM (akToB BAPYr oOperaer
CTPOMHOCTB, MPOCTOTY, M Thl HAYWHACIIH OIIYIIaTh TAPMOHUIO
Muposnanus. Jlymaro, 4To HEYTO MOJO00HOE MOJKHA OIIYIIATh
JKEHIIIMHA, KOTJIa TOCJie TPYIHON OEpEeMEHHOCTH M HEMPOCTHIX
POZIOB OHA JEPKUT y TPyAH 3J0POBOTO OPYLIEro Majslma. Y
MY KYHMHBI K€ HET JIPYroro MyTH UCHBITaTh 3TO YYBCTBO, KpOME
KaK B TBOPUYECTBE.

Ho mowm cnoBa 1 K MacTUTBIM y4YEHBIM MOETO MOKOJICHHUS.
BbI - xpanuTenu 3HaHuil, 0€3 Bac He CO37aTh MEpPApXUH, KAaHOHA,
CTOJIb BaXHBIX JUISI HAyKH TPSAYLIETO THICSYETETHS, CTOJb
HEOOXOMUMBIX [UJII TOTO, YTOOBI HA MECTE€ Pa3HOCOPTHUIIBI
COBPEMEHHBIX 3HaHUH OblIa co3laHa "Wrpa B Oucep", Tak sIpKO
onucanHas ['epmanom ['ecce. Tak He OyneMm ke ymomoOmATbCs
MOJIMTUKAM, ¥ CTaBUTh CBOM aMOWIIMH BBIIIIC HHTEPECOB Jiena. B
BEJIMKOM HBOJIIOLIMOHHOM JBWKEHHUU ['OCroib OTBEN HaM pOJb
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Mo3ra  uejoBedecTBa. bymeM ke  JOCTOMHBI ~ 3TOTO
IpeHa3HauYCHUsI.

OTnynieHHbId MasTHUK MPOXOAUT TOYKY pPaBHOBECUS, U
YeNloBeK, I'0fl, MPOCHUIEBIINI Ha MaHHOH Kalle, NMepeKyaablBacT
nepiy B nuiy. S Toxe oTAa cede 0OTYET B BOSMOKHO U3IUIITHEH
PE3KOCTH HEKOTOpPBIX CTpaHull J3ToM KHuru. Iloatomy ¢
ONaroJapHOCThIO MPUMY JIOOYI0 KPUTHUKY U, €Cd HE CMOTY
OTBETUTD, TO U3MEHIO CBOIO TOUKY 3pEHHUSI.

[Tonb3yroch cnydaeM moOIaroAapuTh BCeX, KTO MPSIMO WIH
KOCBEHHO IIOMOraJl MHE B TpPyAHOM IyTEIIECTBUU B
coBpeMeHHy10 ¢u3uky. U, mpexae Bcero 3To otHocutces kK Mibe
BuktopoBuuy IlpoxopueBy, 0€3 MOCTOSHHOTO BHHUMaHUS H
TO0OPOXKENATeTHLHOCTH KOTOPOTrO 3Ta KHUra BOOOIIEe HE MOTiia Obl
coctosiThecs. S riayOOKO NpU3HATENEH KOJUleraM IO CEMHHapy
¢busnueckoro odbmectBa Cankt-IlerepOypra u B mepByo ouepenb
pykoBoguTento cemuHapa AnHatonuto [laBnoBuuy CMHUpPHOBY U
nepBoMy cpenu paBHbIX Bnanumupy Anekcannposuuy dorento,
KOTOpBIM MpPHUBJIEK MO€ BHHUMaHUE K JJIEKTPOAMHAMUKE H
MOCTOSIHHO TMOJAEPKUBAIl 3TOT UHTEPEC MHOTIa U MPOTUB MOETO
JKEJIaHuUs.

Kak Bcernma mpodeccruonansHo pemnrmia mnpodiemy Habopa
kauru  CBernmana beraueBa. Kak Bcerma TepmenuBa U
noOporkenarenbHa OblIa MOS JKeHa AJieHa, O JII0OBH K KOTOPOH s
X04y CKa3zaTh 3/1€Ch, IIOTOMY YTO pPEOKO JEJar 3TO YCTHO.
Cmacubo MouM  yuutensiM, mpodeccopaM  MaTeMaTHKO-
MEXaHUYeCKoro Qaxyiabrera JICHHHTPAJCKOTO YHHUBEPCUTETA,
KOTOpbl€ TMPUBWIM MHE MPHUBBIUKY K KOJUYECTBEHHBIM
pacCy X J€HUAM U, MOXET ObITb, HAaUBHYIO BEPYy B KOHEUYHYIO
nobeny uctuHbl. Ciacu0o BCEM MOUM JPY3bSIM U MPEX]IE BCETO
Anekcero HukomaeBuuy Ilpoiienko, Bcerga HaxOIUBIIEMY CHIIBI
noJJepKaTh MEHs B MouX "Oe3yMHbIX HaunHaHuUsX". Bce oHu -
COABTOPBI KHUTH.

Cnacubo u tebe, ynTarenab, UMEBUINI TEpPIEHUE AOYUTATH
JI0 KOHIIA 3Ty HEOOJBIIYIO UCTIOBE/Ib.

@espane 1999 2. A. I'. Knrowun
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BBenenue
Jlyxoenoe docmueaemcesi cMenoCmpio U RPOHUYAMENbHOCTNBIO.
Tlosmomy max ckyunbl KHUSU, NOOMEHSIOUUE UHIYUYUIO
bOeCKOHeUHbIMU KOMOUHAYUIMU
UHMEILIEKMY AIbHBIX 1e0EeHYO08.
Kombunayusmu, 6 komopwix
omcymcemesyom 08a HyCHAKA — JHCUBOE U HOBOE.
Jhyuc Opmeea,
Axademux Dropenmuiickou axademuu

Bce Hayku yCIOBHO MOXHO pa3leiauTh Ha HayKH
"muHHBIE" M Hayku "mmpoxue". IlpumepoM Hayku JUIMHHOM
MOJKET CIYXHUTh MaTeMaTHhKa: U3 HEOOJBIIOr0 YUCIIA MCXOJIHBIX
AKCHOM-TIPEANOIOKEHU OHA CTPOUT JUIMHHBIE  ILIETIOYKU
BBIBOJIOB. [IprMepoM Hayky MIUPOKOW MOXKET CIIY’KUThb UCTOPHS
WIM SKOHOMHMKA. B 3THX Haykax MMEETCs 3HAUYUTENbHOE YHCIIO
(akTOB, 4aCTO HESACHO KaK CBSI3aHHBIX JAPYT C APYTOM, a U3 TaKUX
¢akToB  Topuar  '"cBUHBIE  XBOCTHKHM"  BBIBOIOB.  Ilo
pacnpocTpaHEHHOMY MHEHHMIO (U3MKa - HayKa JJIMHHAs: BOH,
CKONIBKO W3 Hee ciaenyer. OpnHako mpu  Omkaiimem
PaccMOTPEHUH MPUXOIUIIb K BBIBOIY, UYTO COBPEMEHHas (u3nKa
KaK HayKa 3HAQUMUTENbHO OJIMKe, HalpuMep, K SKOHOMHKE, YeM K
MaTeMaTHKe. MHOro4YucIeHHOCTh " CMBICJIOBAs
pacIyIBIBYMBOCTh,  Ka3aJoCch  Obl  OCHOBHBIX  TEPMHUHOB,
WCIIOJIb30BAHNE MAaTEMaTUKM HE JUIl MPOSICHEHHsA, a Juisd
3aTEMHEHUs CYTH Jieja, JOKa3aTebCTBA METOJOM ‘CCBUIKM Ha
aBTOPUTET, - BCE 3TH POJMUMBIC MATHA “IIMPOKUX HAYK B HE
MEHbIICH, a WHOTAa W B OOJbIIEH CTENEHH XapaKTEepHbI s
¢msuku. Ilo raybokoMy yOEXKIECHHIO aBTOpa COBpPEMEHHAas
¢u3uKa TmepexHBaeT KPU3UC, KPHU3HC 3HAUUTENbHO Oolee
IyOOKWH, YeM CTO JieT Hazaa. Ero ycioBHO MOXHO Ha3BaTh
"KpuzucoMm yainHeHus". B 3TOM cMbICie MOJIE3HO IOCMOTPETH,
KAaK Takue NEPHOJbl MEpPEkKUBAIU JPYyTHE HAYKH, U B IEPBYIO
ouepeb odpasel] Ut Jpyrux HayK — MaTeMaTuKa.

[Iepnon nmocnegHero kpu3uca MaTEMaTUKH, MOYKHO CUHMTATh,
Hayajcsd C MOMEHTa OCO3HAaHHUS MPOOJIEMBbl MATOTO IOCTYJara
EBknuaa Bo BTOpo# nosjoBuHE 19 Beka u 3akoHYMIICS B Havase 20
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Beka  (GopMmymupoBKoil  "akcmomarudyeckoro  Meronma" B
MareMmatuke. YTo ObLIO 0CO3HAHO B XOJ/€ 3TOT0 Kpu3uca?

Bo-nepBbIXx OBUIO 0OCO3HAHO, YTO HEBO3MOXHO BCE OIl-
penensaTh yepes Bee. [IpuxonnuTcss HEKOTOpble OHATUS OTAATh HA
OTKYIl MHTYMLIMH HccienoBatens. HanpuMmep, B mMaremMatuke He
ONpefeNseTcss MOHATUE MHOXECTBA, HO IPU ITOM HMEeTcs
Teopusi MHOXKeCTB. OHAKO TaKUX, HEOIPEAEICHHBIX TOHATHN HE
JOJDKHO OBITh MHOTO. B TpOTHBHOM ciy4ae OIHU M T€ K€
YTBEP)KACHUSI Pa3HbIMM JIIOAbMH HAayMHAIOT IIOHUMAThCS II0-
pasHomy. Jlanee, MOCTpOEHUE HOBOM TEOPUU JOJKHO HAUYMHATHCS
¢ ¢popMyIHpoBKH akcHoM. IIpu 3TOM akCMOMBI BOBCE He 00s13aHbI
ObITh  "oueBuAHBIMU HUcTUHAMHU'. K  COBOKYNHOCTH 3THX
NPEIIOJIOKEHNH,  KOHEYHO,  INPEABABIAIOTCS  HEKOTOpBIE
TpeOOBaHUS HENPOTUBOPEUYMBOCTH, MOAHOTHI W T. 1. Ho B
OCTaJIbHOM 3TH NPEATNOJIOKEHUSI MOTYT ObITh COBEPILEHHO MpO-
M3BOJIbHBIMHU.

YTo M3 3TOro MaTeMaTU4eCKOro ONbITa MOXKET B3ATh (hU3U-
Ka Hapokaaromierocsi Teicsiuenetusi? Hy mpexae Bcero Heo0Xxo-
JUMOCTh CYIECTBEHHOI'O COKPALLEHUS HEONPEIEISIEMBbIX ITOHS-
tuil. Celfuac TakuX NOHATUN B (PU3UKE JECSITKHU, €CIU HE COTHHU.
[IpoBo3riamaroT 3aKOH COXPAaHEHUS SHEPIUU M HE 3HAIOT, YTO
TaKO€ SHEPTHsI, MUIITYT MOHOTPAQHH 110 TEOPUH TIOJISA U HE 3HAIOT,
4TO Takoe rnosie. Ha3pIBalOT ypaBHEHUSIMH BCE, TZI€ CTOUT 3HAK
paBEHCTBA, XOTS MOJIOBUHA ITUX PABEHCTB - ONPEICICHUS, U T. 1.
XapaktepHblii npumep. BnepBele 00 3TOM 3aroBopui, Io-
BUIUMOMY, Jlarpanx, 4To Ha3bpIBaeTcs peOpPOM BOMPOC MOCTABHUII
Kupxropd. B Heckoiabko BOJIBHOM Iepecka3e HU3JI0XKHM CO-
oTBeTcTBYIOIME paccyxiaeHus JKromst Anpu Ilyankape B ero
JIEKIUAX 10 MexaHuke. [1].

[lyankape nuieT npuMepHo cieayrouiee. B kakom ciydae
cootHomeHue F = ma mMoxHO Ha3BaTh 3aKkOHOM? TOJIBKO B TOM
clly4ae, €CliM y Hac €CTh TPH HE3aBUCHUMBIX ONPEIEICHUS: CHUJIIBI
F, maccel m n yckopeHus a. TOJIBKO IOCJIE€ 3TOTO HEKOTOPBIN
YMHBIHN 4€JIOBEK, MOCUIEB MO/ sI0JTOHEH WIIH M0 YNHAPOM, MOYKET
npubexaTh K HaM U cKa3aTb: "BOT BBl Bce Aymallu, UTO 3TH BEILU
HUKaK MEXIy cOOOH He CBs3aHbI, a s BaM TOBOPIO, YTO 3/1€Ch
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pPaBEHCTBO, JAaBaiiTe NpoBOAWUTH omnbIThl'. Ho mnomoxeHue nen
BEJb COBEPILIEHHO HE TakoBO. C HEKOTOPOW HATSKKONW MOXHO
CKa3aTb, YTO MbI [IOHMMAEM, YTO TaKOE A, €CJIIM MIOHUMAEM, UYTO
Takoe BpEMsS U IPOCTPAHCTBO U YMEEM CUUTATh MPOU3BOJAHBIE.
Hanee Ilyankape moOKa3blBae€T, 4YTO BCE HU3BECTHBIE €MY
OTpEZIeNIEHUs] MacCchl B TOM WJIM MHOM CMbICIIe MOpOYHBL. U yx
COBCEM Mbl HE IIOHMMAaeM, 3aKaH4YMBAECT OH, YTO TaKOE CHIA.
BeiBoa: TO, 4yTO MBI Ha3blBa€éM BTOPBIM 3akOoHOM HbloToHa, B
Jy4IIEM CIy4ae - ONPEICIIEHUE CUIIbL: €CIIU CKOPOCTh JBUKCHUS
Macchl m M3MEHSAETCS BO BPEMEHU BCJEACTBUE BHEIIHUX
0OCTOATENILCTB TAK, YTO 3T MAcCa MCIBITHIBAET YCKOPEHHUE a, TO
MBI TOBOPHM, YTO Ha Maccy m JAEHCTBYET CHla ma.

Ho nonucraem yuebHuk ¢usuku nanpie. Bot 3ta e camas
Macca m HaxOAMTCA B TI'PAaBUTALlMOHHOM Iojie moTeHiuana O.
Crnenyer yxe HOBOE ONpeZeieHHEe: Ha 3Ty MPOOHYI0 Maccy Jei-
cteyer cwia F = m grad ®. TexHuuecku 3TU oOmpeaeracHUs
COBEpPLICHHO pa3inuuHbl. Ecnu B mepBoM ciydae cuia oIpe-
JIeJsIach Yyepe3 M3MEHEHHs] BO BPEMEHHM, TO 3IeChb OHa Ompeje-
JSETCSl Yepe3 U3MEHEHUs B IpocTpaHcTse. Ho HUKTO He 3aTpyn-
HSIETCSl BOIIPOCOM, KaK 3TO HOBOE OIPENEICHUE CHIIbI CBSI3aHO CO
CTapbIM. DKBUBAJICHTHBI JI1 OHH, WU B 4eM-TO pasHATcs. Hivke
Mbl paccMoTpuM cuity Jlopenna u cuimy BeOepa s anek-
TPOMAarHUTHBIX sBJICHUN. [Ipy 3TOM ONATH-TaKM HHUKTO HE 03a-
004yeH mNpoOIeMOM CBSI3U 3TUX OINpPEAENEHUN C YHNOMSHYTHIMU
BBIIIIE.

[loaToMy THOMYHBIMH Ui Y4YEOHHMKOB (DU3MKH CTalH
naccaXxu Takoro Tuma. J{onro roBoputcst 00 3JMEKTPOMAarHUTHBIX
CUJIax, ACUCTBYIOLIMX Ha 3JIEKTPOH, a TOTOM BCIOMMHAETCS: Ja,
HO CHJIA - BEJlb 3TO NPOMU3BOJHAS IO BPEMEHU OT MMITyJbCa, Ja-
BaliTe NpUpaBHSAEM A3TH BelIU. A MOYEMY ITO HE TPAJAMEHT IO-
TEHIMaja, U KTO Jaj MpaBO NPHUPABHUBATh OOBEKTHl Pa3HOTO
npoucxoxaeHusa? M KTo ckaszai, 4yTo 3JIEKTPUUECKU 3apsyKEHHOE
TEJNO pearupyer Ha CUJIy TaK K€, KaK M DJIEKTPUYECKH HEH-
TpasibHOoe? Kak MUHUMYM 3TO Hago J0JAro OOOCHOBBHIBATh.
ITockonbKy M3 JIO)KHOM IOCBUIKM MOJKET CJIE0BaTh 4TO YTOJHO,
MHOT/A MPUXOAAT U K IPaBUIIbHBIM BBIBOJAM.
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Ho Bepuemcs k kpusucy ¢uzuku. Yto npeacraBisercs nep-
BBIM U BakHeHmmM marom? KoguduuupoBaTs 1 CBECTH K MUHH-
MyMy KOJINYECTBO HEONpEAENseMbIX MOHATHA. MOoXeT ObITb,
OTPaHUYUTHCS MHTYUTHBHO SICHBIMU TMOHSATUSIMU INPOCTPAHCTBA,
BPEMEHHU, MacChl... MOXKET ObITh emle 3-4 HOHATHs. 31ech, KO-
HEYHO, OyJeT CIIOMaHO MHOTO KOMHUH, MOTOMY YTO, TMOXKAIYH,
HauOONbIIUK yuIepO, KOTOPBIH TEOpPHs OTHOCHUTEIBHOCTH Ha-
Hecna (U3MKE - ATO TMPHUBBIYKA MHOTUX 'TO-CBOMCKH" 00pa-
IaThCs C MOHATHSMM IIPOCTPAHCTBA, BPEMEHH, IyTaTh UX C CO-
OTBETCTBYIOLIMMH TOHATUSIMU B MareMmaruke. Benp ans mate-
MaTHKa METpPHUKA, TOIMOJIOTUS - 3TO MPOCTO YAOOHBIM crocol
MOCTPOCHHS €T0 JIOTHYECKUX KOHCTPYKIHH, HUKAKOTO (u3nde-
CKOT'O COZEpXaHMs OH B 3T NOHATHS HE BKJIaJbIBacT. Torma kak
(¢u3nyecKoe MPOCTPAHCTBO, B KOTOPOM MBI JKMBEM, XOTs, IO-
BUAMMOMY, U MOKET OBITh HaJlelIeHO HEKOTOPHIMH CBOICTBaMU
MaTEMaTUYECKONM METPUKH, HU C KaKUM JIOTUYECKUM OIl-
peneneHNeM He CBA3aH0. JTO HEUTO, JaHHOE HaM OT ['ocroga, Mbl
IIPOCTO HAa/IE€JEHbl HEKOTOPHIM MHCTUHKTOM OpPHUEHTHPOBAHUS B
HEM, a OJTOT MWHCTUHKT TOBOPUT HaM, 4YTO BpeMsi H
IPOCTPAHCTBEHHAs KOOpJAWHATa HUKAK HE MOIYT OBITh
npupaBHeHbl. Bpems — 3TO ckopee mammyp, Ha KOTOPBIH
HAHU3bIBACTCS “MSICO” MPOCTPAHCTBEHHBIX KoopAuHAT. [loaTomy
MBI IIOCTOSIHHO PACCMAaTpPUBAEM IPOCTPAHCTBEHHBIE KOOPANHATHI
Kak (YHKIMM BPEMEHHM M HHKOTZAa HE HAo0OpOT. DTO O3HAYaeT,
YTO €CIU MBI IOJIb3yeMCs OWIEPOBBIMH KOOPIMHATaMH, MBI
BCIOJly 00s13aHbl BBIYMCIATH MOJHYIO MPOU3BOIHYIO IO BPEMEHH.
Ee KOHBEKTHBHas 4acThb ONMIIET HAaM CBsI3b NPOCTPAHCTBA H
BpeMEHH. A B Takoll CBA3M OOBIMHO U 3aKIOYEHa CYTh
POOIIEMBI.

NMeHHO B 3TOM NYHKTE, MO-BUJIUMOMY, M CIOTKHYJACh
cerofHAHAA opunmanbHas Qusnka. Benp eciau Obl Hamencs
HEJICHUBBIN YEJIOBEK, KOTOPBIA ObI AJIEKTPOJMHAMUKY IMEPETrcal
B JlarpamxeBbIX KOOpJIMHATax, CXoay Obl pa3BalIUIOCh
HaJyMaHHOE 4eTbhlpexMeprue MMHBKOBCKOTO, a ¢ KPUKOM 3TOIO
HeTyxa CrHHYyJI0 Obl M UyJuIle peasITHUBU3MA. Mexay TeM yike
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HAXOZATCs JTIOOUTENN paccMaTpuBaTh (pU3MUEecKoe MPOCTPAHCTBO
KakK 00IIIee U TaXKe pacCIOSHHOE TOTIOJIOTHIECKOe.

Wrak, mepBas 3ajada - BBIIEIUTh U JIOTOBOPUTHCS 00 HH-
TYUTHBHOM CMBICJIC (YHIaMEHTAIBHBIX TIOHATHH B (DU3HKE.
Bropbim mrarom crana O0bl (pOpPMYIHpPOBKA OCHOBHBIX AKCHOM.
TpeGoBanuii K MaTeMaTHUYECKUM aKchuoOMaM Ui (pU3nYecKux
aKCHOM, KOHEYHO, Maslo. Mbl JOJKHBI MOTPeOoBaTh, YTOOBI BbI-
BOJIbI U3 3TUX aKCHMOM MOJTBEPKAAIMCH ONMBITOM. Bompoc o Tom,
KaKoW OMBIT HAJI0 MPU3HABATh KOPPEKTHBIM, a TJIaBHOE, KaK €ro
WHTEPIPETUPOBATH, KOHEYHO, TPEOYET elle JA0ITUX AUCKYCCUU U
BBISICHCHHUH.

31ech TOJIBKO OTMETHM, YTO BO3MOXKHOCTb I TEOPUHU
OOBSCHUTH OMNBIT €le HU B KOEH Mepe HE MOXKET CIyKHUThb
INPUYMHON AJIs MPOBO3TJIAlIEeHUsT Teopun npaBuiabHOU. 2000 ner
HKCIIEPUMEHTAJIbHO TMOATBEPKAaIach NTOJIOMEEBCKas TeopUs
JIBIDKCHUS TUTAHET W apUCTOTEJeBa BEpa, 4YTO JBHXKCHHE C
MOCTOSTHHOM CKOPOCTBIO JOJKHO TMOAJIEPKUBATHCA HEKOTOPBIMU
MMOCTOPOHHUMU BO3/IeUCTBUSIMU. OTHAKO HBIHE MBI OTKA3aJIUCh OT
storo. Iloutm cTOo I5eT MHOTHME OSKCIEpUMEHTaJbHbIe (aKThI
paccMaTpuBaIuCh KakK MTOATBEPKICHNE TEOPHUH
OTHOCHUTEIBHOCTH, TOIJa KaKk HBIHE OHH HaxogAT CBOE
OOBSICHEHHE B paMKax JApPYTrUX TEOpUl, OOBICHSIOIIMX OJHO-
BPEMEHHO [IECATKU JPYTuX (PakToB, KOTOpPbIE HE MOTYT OBITh
O0OBSICHEHBI B PAMKaX TEOPUU OTHOCUTEIHHOCTH U J0 MOCIEAHETO
BpPEMEHH, UK ke 00bacHATUCH ad hoc mim xe BooOIIe HUKaK He
OOBSACHSIHCh. MEXIy TeM, MBI TIOCTOSIHHO HAOIIOgaeM, Kak
0IHOOOKHE TEOPUH, OOBICHUBIINE JIECATOK IKCIEPUMEHTAIbHBIX
($akToB, OOBABISAIOTCS BEYHOM HMCTUHOM H  TOJABISIOT
albTepHATUBHBIE  TOYKKM  3peHHs. Tak 4To  mpoliieMa
TEOPETUYEeCKOW (PH3UKM HE B KOJUYECTBE SKCIICPUMEHTOB (HUX
94acTo ObIBAET BIIOJHE JOCTATOYHO), @ B €CTECTBEHHOM M BHATHOM
uX 00bsicHeHWH. J[ymaercs, 4To aHTJIMACKHIA KOPEHb B (DH3HKE,
MIPOBO3TIIAIAIOIIHIA npuMar HKCIIEPUMEHTA, CJINILIKOM
MPEeBAIMPYET B COBPEMEHHOW HayKe W IMOAABIISICT KOPeHb (hpaH-
I[y3CKUMN, TpeOyIomuili Mpo3payHoON JIOTUKH U 3JIETAHTHOCTH TIO-
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cTpoeHuil B Teopun. Pusuke Oyaymiero, Mo-BUIUMOMY, Mpea-
CTOMUT KaK-TO TAPMOHU3HPOBATH 3TH Hayaa.

Tak kak e JOJKHBI BBITVIANETh (pu3nueckue akcuombl? Ta-
KUMH aKCHMOMaMH, I0-BUIUMOMY, JIOJDKHBI CTaTh ypaBHEHUS
dbyHnaMeHTanbHbIX Toned. Takas Tpamuius B (U3UKE yKe, KO-
HEYHO, ecTh. HO Teopembl, T. €. CIeACTBUS U3 STUX ypaBHEHUH,
CTPOSITCS. B HACTOSIIEE BPEMS COBEPIICHHO HEYIOBICTBOPH-
TEIBHO, C MCIOJB30BAaHMEM COBEPIICHHO HEBHITHBIX U 3apaHee
HE omnpeneneHHbIX moHsATui. [losTomy mpencraBnsercs, YTO
pa3BuTHe (QU3UKH B OJMDKAWIINE TOJBI JOHKHO BBITIISIETH Clie-
OyromuM oOpazoMm. BeimuchiBaloTcs ypaBHEeHUs (pyHIaMeHTalb-
HBIX mojei. Hampumep, 3meKTpOMarHuTHOrO, TPaBUTAIMOHHOTO
U TepMoauHamuyeckoro. IIpocMaTpuBaroTCsi Bce SKCIIEPUMEH-
TaJabHbIE (PAKThI, KOTOPHIE MOTYT OBITH OOBSICHEHBI KaK CICACTBUS
THX ypaBHEHM. BwiAcHseTcs, moueMy HEKOTOpble (akThl He
yAAaeTCsl MOHATh KakK CIEICTBMs ATUX ypaBHeHMi. llocie 3toro
WIK Ke 0000IIalTCcs MCXOAHBIE YPaBHEHHUS WU K€ BBOASTCA
HOBBIC AaKCHOMBI-YPaBHEHUS.
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§ 1. ACTOPHUYECKHWI OB30P
SJEKTPOJJUHAMUYECKUX TEOPUI

DneKTpoAMHAMHKA CIPABEUIMBO CUUTAETCS OOpa3LoM JUIs
IpYTUX pa3fenoB (U3MKU, KAK B OTHOIIEHUHU €€ JIOTUYECKUX OC-
HOB, TaK WU B OTHOLIICHUU €€ BKCHepHMCHTaHBHOﬁ IMPOBCPKHU.
lopsat nammouku B AoMax, pabOTarOT 3JIEKTPOCTAHIMH, MbI 00-
nraeMcs 1o HHTepHety. Yero Obl Kazanoch erie?

Opnako mpu OnuxKailieM pacCMOTPEHUM BBISCHSETCS, YTO
BCC I'JIaAKO TOJIBKO JIA OTACIIbHBIX YaCTHBIX CJIIYy4acB BPOAC IMa-
paJIJIENbHBIX MPOBOJIOB C TOKOM. M yke HbIHEITHee 00BbsICHEHHE
HHAYKIOWH BbI3BIBACT PAL B03pa)K€HI/II\/JI, O KOTOPBIX MBI 3ICCHh
TONIBKO ynoMsHeM. VX moapoOHbIit pa3dop MOXKHO HaWTH B CTa-
The JlokTOpOBHMYa [2]. MHOrHe, ecinu HE BCE, MPOOJIEMBI dJIEK-
TPOJUHAMHKY MOPOKJIEHBI TEM, YTO B COBPEMEHHOM BUJIE TEOPHS
chopMupoBaliaCh B pe3yJIbTaTe BBIABMKCHHS HWHOTJA BEChbMa
pa3IMyYHBIX TOAXOAOB K sBIeHUsAM. [loaxomoB, KoOTOpkIe
BITOCJICJICTBUM CHJIOBBIM 00Opa3oM IMOATOHSUIUCH JAPYT K APYTY.
Jlorudeckue sxe MpoOENbl 3aMONHSAINCh UCKYCCTBEHHBIMH, MHO-
r1a O4YE€BUAHBIM 06pa30M HCCUMMCTPUYHBIMU OIPCACIICHHUAMMU.
OTMeTHM 371eCh OCHOBHBIE 3Tambl ()OPMUPOBAHUS B3TJISA0B HA
DJIEKTPOAUHAMUKY, M3JIaraeéMbIX B HACTOSAIIEE BpPEMs B yHUBEP-
CUTETCKUX Kypcax.

HaGmromaemoe ¢ apeBHUX BpEeMEH MPUTATHBAHUE HadJICK-
TPU30BaHHBIX MPEIMETOB O(OPMUIOCH B MAaTEMAaTUYECKU CTpPO-
roe omnpezeneHue B Buje 3akoHa Kynona: cuia B3auMonaencTBus
JIBYX 3JIEKTPUYECKUX 3apsAa0B q, 1 ( ,

9.9,
F)y=————r, (1.1)

4me 1
JlaBaiiTe BoQymMaeMcsi B 3TO COOTHOIIEHUE. YTO OHO HaM TOBOPUT?
Bo-nepssix, cuna F,, - Bexrop, u coorHomenue(l.1) ykasbiBaer

HaIpaBJICHUC STOM CHUJIBI. CcHJIa paaralibHa U HalpaBJICHA BAOJIb
pagumyca OT 3apsga 2 k 3apsamgy 1 . OO0 sToM TroBOpHT ee
IPONOPIMOHATBHOCTL PaJnyCy-BEKTOPY I',, OT 3apsna 2 K 3aps-
ny 1. B 3HameHarene ApoOu CTOUT BEIHYWHA T, MOAYJh paanyca
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BEeKTOpa I,,. Mbl B pganbHeimeM OyneM IOJNb30BaThCs
TPEXMEpPHOW MPSMOYTOJBbHON JAEKAPTOBOW CHUCTEMOW KOOpIMHAT,
TOYKM KOTOpOH Oyznem oOo3HauaTh 4epe3 X = (X,.,X,,X;). 31eCh

X; ,1=1,2,3 - mpoekuuu 3T0i TOUKH HAa OCU KOOpAUHAT. Tak BOT

B IIPSIMOYTOJIBHOM TPEXMEPHOU JEKAPTOBOM CUCTEME KOOPAUHAT,
1 2 1 2 1 2
ry = ((x; —x7),(X; —X3),(X5 —X3)) (1.2)

1 25N\2 1 25N\2 1 25N\2
== x2) (- x2) +(xi - x2) (1.3)
Bepxaumu uHAEKCaMu 3/1eCh 0003HAYEHBI HOMEpa 3apsIOB.
1 2
Tak 4T0, Hanpumep (Xl —X] ), 0003HaYaeT pacCTOSHUE MEKIY
NEPBLIM U BTOPBIM 3apsaoM 10 ocu X, . IIpu 3TOM mpeamnosara-

€TCsl, 4YTO pa3Mep CaMHX 3apsIOB MPEHEOPEKUMO Masl TIO0 CpPaB-
HeHulo ¢ r . Eciu He OoroBOpeHO MPOTHUBHOE, BCIOY HHKE MBI
Oyznem sto mpeanonarate. B (1.1) B uncnuTene npodu cTOUT cam
paanyc-BeKTOp, B 3HaMeHaTelle - KyO ero BelIMYuHBbL. 3HAYUT,
BeJIMYMHA CHJIBI YObIBaeT Kak KBaapaT paccrosiHusi. Kpome pac-
crosiHusi B cootHomieHuu (1.1) ¢urypupyror eme HEKOTOpbIE
BEJIMYUHBI.

Bo-nepBeix, 3apsaabl q,, (2. CoBpeMeHHblE Yy4YEeOHHUKH

paccMaTpuBaIOT AJIEKTPUYECKUN 3aps] Kak HEKYyI0 IepBOHa-
qaJbHYy10 cylHOCTh. Huxke, B mpuiioskennn Ne 1. Mbl BepHEMCS K
BOIPOCY O (PU3MUECKOM CMBICIIE 3apsijia, 31eCh Ke COXPaHUM ITY
TPAAUIIMOHHYIO TOYKY 3PEHHS, OTMETUB TOJIbKO, YTO B CHUCTEME
CH, B xoTOpO#1 MBI OyzemM paboTaTh, CAMHUIICH 3apsaa MPUHSITO
cuntath Kynon. M yxe Ha 3TOM 3Tame Mbl CTaJKUBaeMCs C
HEKOTOPOU MPOoOJIEMOIT KOPPEKTHBIX OTPEICTICHH.
EctecTBeHHBIM OBLT OBI, MO-BHAUMOMY, CICAYIONIMHA TOMI-
Xxol. Mbl, KOHEYHO, HE TOHHMMAaeM TOYHOTO CMbIC]Ia TEPMHHA
3apsj, HO Mbl YBEPEHBI, UTO CYLIECTBYIOT YAaCTHULIbI, COAEPIKAIIHE
MUHUMAaJIbHOE KOJHYECTBO 3TOTO CBOMCTBA. Torga 3a eIuHUILY
3apsiia MOKHO OBLTO ObI IPUHATH 3apsifl AIEKTPOHA WM MPOTOHA
WJIM K€ HEKOTOPOE KOJIMYECTBO TaKUX 3apsaoB. Hampumep, 6,25 o
10"%, rue e 3apsl 3JIEKTpOHA. B HEKOTOpPOM cMbICE TaK U TO-
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crynatoT. Ho He ompenensror eIMHHULy 3apsja, KOTopas B CHUC-
teMe CHU paBHa BBIMCAHHOMY KOJMYECTBY 3JIEMEHTApHBIX 3a-
psanoB U HaspiBaeTca KylloH, a omnpenensioT BHadajae CKOPOCTb
M3MEHEHUs 3apsJia, KyJIOH B CEKYHIy. DTy BEJIIMYMHY Ha3bIBaIOT
aMIlep U ONPEACIIOT €€ KaK CUIIy HEU3MEHSIOLIErocs TOKa, KO-
TOPBIMA, MPOXOAS IO JBYM IapaJUICIbHBIM MPSIMOJUHEHHBIM
IPOBOJHUKAM OECKOHEYHON UIMHBI U HUYTOKHO MAaJlOro Kpyro-
BOI'O CEYEHUs, PACHOJIOKEHHBIM HAa pacCTOSHUM | M OIMH OT
JIpyroro B BaKyyMe€, BbI3BIBACT MEXKIY OTHUMH IPOBOJHHUKAMU

cuty, pasayto 2 - 107 HbIOTOHA Ha KaX bl METP.

UYro 316Ch MHTEPECHO AJI HALIEro pasroBopa? A To, 4TO U
€IMHULLY 3apsiia U CHIIy TOKA CTPEMSITCS ONpEeAeTUTh Yepe3 CUily,
a He Hao0OpOT: TAKOMY-TO KOJHMYECTBY MOKOSIIUXCS WIH
JIBUKYIIUXCA 3apsiioB COOTBETCTBYET Takasf-TO cuia. Takwue
"CHUJIOBEIC onpeneneHus" MPEICTaBIISIOTCS, KOHEYHO,
HUCTOPUYECKH €CTeCTBEHHbIMU. Benp u 10 cux mop Bce
AIIEKTPUYECKUE TPUOOPHI, U3MEPSIONINE SIEKTPOIUHAMHYECKHE
BEJIMYMHBI, U3MEPSIOT Ha CaMOM JIeJie CHIIy WJIM MOMEHT CHJIBI.
Ho mpexne, 4yem mepelTH K pa3roBopy 00 OCHOBHBIX 3Tamax
pa3BUTHUS MOHITUN AJIEKTPOJAUHAMUKH, OTMETUM, 4TO B (popmyJie
(1.1) nmeercs eme oxHa BEIUYMHA £,. OJTO IIOCTOSHHALA, €€

0OBIYHO Ha3BIBAIOT DJIEKTPUUYECKOM MTOCTOSHHOM.
OHa xapakTepu3yeT B3ahUMOJICHCTBHE 3apsiOB B BaKyyMe.
Ee onpenenstor U3 3KCIepUMEHTa!

2
_ | KyJIoH™ (1.4)
419 -10° HBIOTOH M>

OTta KOHCTaHTa IMOKa3bIBAET, 4TO cuja
B3aUMOJICHCTBYIOIIMX 3apsIOB HE MPOCTO paBHA, a TOJIBKO
MPOIMOPIIMOHANIbHA ~ TPOM3BEJCHUIO  3apsioB M 0OpaTHO
MPOMOPLMOHANIbHA ~ KBaApaTy pacCTOsiHHMS. JTa KOHCTaHTa
nosBisgeTcs Tojbko B cucreme eauaul; CHU. B cucteme CGSE ee
CUMTAIOT PAaBHOW €JMHHUIIE, COOTBETCTBECHHO M3MCHSISI BEJIMUUHY U
Pa3MEpHOCTh IJICKTPUUYECKOTO 3apsiaa. XOTs 3TO MHOTIA yI0OHO
Opyu  pacdyerax, Mbl YBHIUM, YTO OTO CHJIBHO 3aTEMHSET
(GU3HYECKUN CMBICIT AJICKTPOAMHAMHYECKUX COOTHOIICHUH, TOT /1A

€

-17 -



kak &) umeer rIybOKOE MEXaHMYECKOE COJAEPKAHME (CM.
[Tpunoxenue 1).

Wrak, x cepenune 40 romoB 19 Beka ¢usuka 3Hama 2
(yHIAMEHTAJIbHBIX 3aKOHA: 33aKOH BCEMMPHOIO TATOTEHUS U
3akoH Kynona. OGa oHM mpesicKa3bIBalIU MOSIBICHUE PauaTIbHON
CHJIbI B3aUMOJEHUCTBUS MEXY JIByMsl 3apsJaMH, CUJIbI, BEIMYHHA
KOTOpOM cmajaer, Kak KBaapaT pacctosHus. B 1846 rony
Buibrensm Bebep mpemioxun ob6obmenne 3akoHa Kyiona Ha
Clly4ail ABMXKYLIMXCS 3apsiioB, KOIZIa IACCUBHBIN 3apsii UMEET
eMHUYHYI0 BeIuYuMHy. BennumHa mnaccuBHOro 3apsjga Obuia
B3iTa BebepoMm eqMHUYHOM, CyAs IO BCEMy, MPOCTO JUIs
ynooctBa. O1HaKo, KaK Mbl YBUJMM, B JaJIbHEHIIEM 3TO B 00IIEM
HECYIIECTBEHHOE  yMpolIleHHe craino  (QyHIaMeHToM  JUis
OIpEIeIIEHHON UE0JIOTUH, BOIIE/IIEH B COBPEMEHHbIE YUEOHUKU
¢u3uku. OHO (akTHYeCKH JajJ0 OCHOBY  YIIPOIIEHHOMY
MOHUMAHMIO JICKTPUYECKOI0 IMOJIS KAaK CHJIBbL, JEHCTBYOIIEH Ha
npoOHsIii 3apsia. Ho Bce o nmopsaxy.

®dopmyna Bebepa nist cimyyast AByX 3apsiioB UMEET BH/]T

2

N Tk PLE TR UL PLE S| dr L TLPLET] giE (1.5)
21 — 4 3 8 3 2 4 2.2 d 2
TE T TE I C eI C t

dt

rae = = x2) 2 H(xh - x2) H(x, - x2)? (1.6)

Cnencep u llamoii [3] Obuto nmokasano, 4yro (1.5) skBuBa-
neHTHa hopmyie

F, = q9,9,1 i 49,9, {(vl—vz)z-(l—%coszé"tﬂ—

dne v’ 8me,rc’

q:9,1y,
— 12221 I3 —a |cosO (1.7)
4n80r202<l ! 2| 5)

3mecb  V,V,,a,,a,- CKOPOCTH M YCKOPCHMs B3aMMOJECT-
BYIOILHX 3apsiioB g, U q,,0, - yroi Mexay paguycoM-BEeKTOPOM
r, u(v,—v,), 0, - yron Mmexmy r,, u(a; —a).

OTMmeTuM creayrouiee.
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1. Cuna (1.5) paguansHa. Ilcuxonoruueckd 5TO MOHSTHO,
T. K. K MOMEHTY €€ HalMCaHWs BCE M3BECTHbIC (pyHIaMEHTab-
HBIE CUJIBI OBUTH paJiiaIbHBIL.

2. Cuna, NONOJHUTENbHAS K KyJIOHOBOM, 3aBUCUT OT OT-
HOCHUTEJIbHBIX CKOPOCTEH U yCKOpEHUH 3apsioB, T. €. (hopmyna
(1.5) mpeacka3piBaeT HaIU4He OTOJHUTEIBHOM K KYJIOHOBOM
CWJIBI, TayK€ €CNHM OAWH W3 3apsioB, HalpUMep, MPOOHBIN enu-
HUYHBIN 3aps)l (], , HTOKOUTCH.

3. ®opmyna (1.5) ynoBneTBopsieT TpeTbeMmy 3akoHy Hrblo-
TOHA: CWJa, C KOTOPBIM 3apsn 2 NedcTByeT Ha MpOOHBIN, paBHA
[0 BEJIMYMHE U MPOTUBOIOJOKHA IO HAIPABJICHUIO CHUJIE, C KO
TOpoM 3apsan | neiicTByer Ha 3apsin 2.

4. ®opmyna (1.5) roBopsT O B3aMMOJCUCTBUH 3apsOB,
HUYET0 HEe TOBOPS O MEXaHU3Me Iepelayd TaKoro B3auMOCii-
CTBUS 4epe3 MPOCTPAHCTBO.

[Tocnennee 06CTOATENBCTBO CHIIBHO CMYIIAJIO (PU3UKOB Ce-
PEAMHBI TPOILJIOro BEKa, T. K. B MEXAHUKE - LIapHIle TOTalIHEH
HayKH, B3aUMOJICHCTBUE HOCWIIO "KOHTAKTHBIN Xapakrep'.

BnpoueM, 3T0 00CTOATENBCTBO MPOJOJIKAET CMYLIATh yye-
HBIX U JIO CHX TIOpP.

Jnst mpeoponeHuss TpyaHOCTEH nanpHOAeucTBUst B 1782 T.
Jlartac mpeAsioKua OTKAa3aThCS OT SBHOM (POpMyJbl ISl CHI
JAIbHOACUCTBUS B 3aKOHE BCeMUPHOro TArOTEHUS U 3aMEHUTD €€
Ha auddepeHnanbHOe ypaBHEHUE ANl HEKOTOPOW BETUYMHBI,
Ha3BaHHOU moneM. Ilpu TakoM MOAXOJAE MOKHO CUHMTaTh, YTO
muddepeHIManbHOe YpPaBHEHHE OMUCBHIBAET B3aMMO/ICICTBHE
MEXJy COCEIHMMM 3JEMEHTaMu Nojsi. BBeneHue sToro mosis
MOAMEHSET 3aJady O 'NaJbHOACUCTBUU" MEXAY peaJbHbIMU
3apsiaMu 3amaded o "'Onm3KojeicTByromeM" B3aUMOJCHCTBUU
MEXIy COCEIHUMH OONACTSIMH MPOCTPAHCTBA, 3aJIUTOTO HEKO-
TOPBIM HUCKYCCTBEHHO IpHAyMaHHbIM mojeM. Jlaruacy mbl 00s-
3aHbl HWJIeell BBEICHMs YpPaBHEHWH Ui TMOJIA, YpaBHEHUH, KOTO-
pble AEMCTBYIOT BCIOJy BHE T€X TOUYEK, B KOTOPBIX, COCPENOTO-
YEeHBI CaMH 3apsiJIbl.

[Ipumensist uaeo o moie K 3ajgadyaM 3JIEKTPOJUHAMHUKU U
000011251 B TOJIEBBIX TEPMUHAX PE3YJNbTAaThl SKCIIEPUMEHTOB B
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nepByto ouepenb Papanes, Makcseml NpeaaoXuil CBOKO 3HaMe-
HUTYI0 CHCTEMY YPaBHEHHMW I dJEKTPOMArHMTHOro moss. Mx

MBI CEH4ac U BBIMTUIIIEM.
divE = % (1.8)

_—0B
rotE = At (1.9)
divB =0 (1.10)
2 _ i/ LoE
c’rotB %0 + ét (1.11)
snech K u B — mons, Ha3BaHHBIC DJIEKTPUYCCKHMM W MarHHT-

HBIM, P - IUIOTHOCTH JJICKTPUYECKHX 3apsloB, j=pPV - IUIOT-
HOCTb DJIEKTPUYECKOI'0 TOKa, T. €. JIBUKEHUE CO CKOPOCTBIO V
3apAJ0B IUIOTHOCTH P,E, - YK€ YINOMHHABHIAACA HAMHU DJIEK-

TpHUYECKasl OCTOSTHHAS.
B yem, ogHako, ¢pusndeckuii cmpica noed E u B ?
YacTUuHBIN OTBET HAa 3TOT BOMPOC JAa€T UHTETPUPOBAHUE IO
o0wvemy mrapa paauyca T B cootHomeHuu (1.8) npu ycinoBuu, 4yto
(1.9) umeer Bua

rot E=0 (1.92)
[IpoBenst 3TO HHTErPUPOBAHUE, TTOTYIUM, YTO
E-—12 (1.12)
4ne,r

IZle (p- KOJMYECTBO 3apsia B O0ObEME HHTETPUPOBaHUS, a I-
panuyc-BeKTOp OT 3apsiia 2 B TOUKY HaOIoAeHus. 3aMeTUM Bce
e, 4TO, TOJIy4YHB BeKTOpHYIO (yHKmmio (1.12) u3 ckamsipHOTO
cooTHomeHus (1.8), Mbl coBepiiaeM MaTeMaTHUYECKHH IMOJUIOT,
CTPOrO JIOTMYECKM HaM 3TOr0 HE MOIy4YuTh. B yueOHMKax K
TOMY MPUXOJAT, MPUTOBApUBas “Beskue Gpunueckue ciona”. He
uMesl BBUJy CIIELIMAaJIbHO OCTAaHABIMBATHCA HAa HAJIE)KHOCTH TaKUX
“mpuUroBapvBaHUN”’, TMPEAJIOKUM JTIOOO3HATETLHOMY YHUTATEIIO
nocyntath nuBeprennuio ¢ynkumu (1.12). [oporoit uurarens,
HOJYYHJI M Thl HONb ? HO BepHEMCS K M3JI0KEHHMIO HBIHEITHUX
B3TJISI0B HA (PUBHKY.
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CootHomenue (1.12), KOHEYHO, OYEHb MOXOXKE HA 3aKOH
Kynona (1.1), mpocto B 3akoHe Kyiiona B Touke HaOJIIOACHUS Ha-
xoauTces 3apsa q,.Msl nonyunm cuiny u3 cootHomenus (1 .12),
eclIM JOMHOXHM €ro Ha 3apsan q, , T. €. Eq, ects cuma c
KOTOpPOIl B CTaTW4YecKOM ciydae 3apsii 2 JCWCTBYeT Ha
cratudyeckuid 3apsg 1. Ognako B ypaBHenusix (1.8) - (1.11) eme
uMeeTcss MarHuTHoe mnosne B, koTopoe TOXe IOKHO Kak-TO
BIMATH HAa TNpOOHBIM 3apsan (. Ilo-Buammomy, Xesucaimy
NEpPBOMY IpHILIa B rojioBy (opMyJia, Ha3BaHHAs BIOCJEICTBUU
dopmyoit Jlopenua. Ota popmyna 11t cuiIbl

F, =qE, +q,v, xB,, (1.13)
C KOTOPOM JBVIKYILUICS 3apsij (, AEHCTBYET Ha JIBMKYLIMHCS
3apAaf . 31ech MPOOHBIN, MACCUBHBIN 3aps (, GUTypUpYET B
SBHOM BHJIE, AeiicTBHE XKe 3apana q ynpstano Bnonst E, u B,

KOTOpbIe OH co3aaeTt. Kak xe BeIrmsaaaT 3Tu noss? YToosl
OTBETHUTH HA ITOT BOMPOC HAM HAJ0 peuruTh ypaBHeHus (1.8) -
(1.11) nnst q; m moncraButh 31U perieHus B (1.13). Ho B oOmem
Cllydae pelleHnui ypaBHeHU MakcBenia Mbl He 3HaeM. Mx
yJaeTcsl HAaTH B HEKOTOPBIX YACTHBIX CITydasXx.

OnHuM U3 TakuX CIy4daeB SBISETCA Cilay4yad JJIMHHOIO
My4Ka JBMKYIIUXCS 3JEKTPOHOB. JIJIst 3TOTO cilyd4asi MarHUTHOE
nosne

_ Lxry,

B (1.14)

2 2.2
2ng,Ccr
rae I, - Tok, T. e. KOIMUECTBO 3apANOB, IPOXOAAIIEE Yepe3 Ho-

NEpEeYHOE CEYECHHUE MydKa B CEKYH]Ly, @ C - CKOPOCTbh cBeTa. BbI-
paxenue (1.14) MoxxHO TpeoOpa3oBaTh, UCIOIB3YS B IBHOM BHJIE
CKOPOCTb 3apsJI0B B ITyuke V,. Toraa

Ay (v, xr
Bzz—z( 2 gl) (1.15)
2ng,Ccr
rae A, - IMHeHHas IIOTHOCTB 3apsiioB B my4ke. (1 .13) s pac-

CMaTpPUBAEMOTO Clly4as IPUOOPETAET BUA
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q,A,ry q,A,
F, = + v, x(v, xr =
2 27[801'2 21‘[801‘2C2[ : ( : 2 )]

Ziizol;ﬂz; + 27[310/61'221’2 [Vz (r21 vy )_ I (Vl *V, )] (116)
CpaBHuM 3TO BhIpakeHue ¢ cuiioit Bebepa (1.7.)
1. Cumna (1.16) uMmeer HE TOJNBKO paauaIbHYI0, HO BOOOIIE
rOBOPS HEPAJNAIIbHYIO KOMIIOHETY V, (I, -V,

2. Cuna, 1ONOJHUTENbHAs K KYJIOHOBOW, 3aBUCHUT OT IPOU3-
BeJICHUs1 aOCOIOTHBIX CKOpocTel 3apsinoB. [loatomy, ecian oauH
U3 3apsI0B TOKOUTCS, BCS JIOTIOJIHUTENbHAsI CHJIa CTaHOBHTCS
PaBHOM HYJIIO.

3. ®opmyna (1.16) He ynoBineTBOpsieT TpeTheMy 3aKoHy Hrblo-
toHa. Eciiu Hanpumep, ¢y, || v, L v,, v, Lv, Te.

Vz(r21 -Vl)¢ 0, 1'21(V1 -Vz) =0, TO, mOMEHAB MecTaMH
MHJICKCHl U TOJIyYHB BBIPQKCHHE I CHJIbI HPOTHBOACHCTBHS,
MIMeeM: Vl(r12 -V2)= 0, r, (V1 . V2)= OT. e. B 3TOM Ciydae

3apsaa 2 Oyzaer neiicTBoBaTh Ha 3apsia 1, Torna kak 3apsa 1 Ha
3apAan 2 HeT.

4. B dopmyne (1.13) MexaHw3M B3aWMOICHCTBHS 3apsjioB
OOBSICHAETCS TEM, YTO 3apsf (p CO3AeT B OKPY’>KaOLIEM IpO-
crpanctee nona E, u B,. IIpu stom E, neiicteyer Ha "cratu-

4eCcKyr0 4acTh IpoOHoro 3apsaa”, a B, - Ha komnoHeHTy, 3aBU-
CSILIYI0O OT CKOPOCTHU. 3aMETUM, YTO P 3TOM NPOOHBIH 3apan (,

Kak Obl JIMIIEH CBOEro moiisd. BHemHue mons IeHCTBYIOT He-
nmocpencTBeHHO Ha Hero. OaHako yxe B hopmye (1.16), kotopas
skBuBasieHTHa (1.13), 310 "Onu3KoAeiicTBUE" ponaaaer. Tak uTo
BCTaeT BOIPOC: a HE MOPOXKACHBI JIU HALIM BOMPOCHI O JalibHEe- U
OJM3KOIEHCTBUU MPOCTO HAIIEH JIOKHOW MHTYyHLme? meror mu
OHH CMBbICIT?

5. ®opmyna (1.16) He npeacka3pIBaCT NOSIBJICHUS CUJIBI 32 CUET
YCKOpeHUu# 3apsaoB, Torna kak cwibl (1.5) u (1.7) oT yckopeHuit
3apsJI0B 3aBUCST.

Hakonen, momuyepkHeMm emie pa3, 4TO CMBICT (OPMYJIBI
(1.16) cocTtout B TOM, YTOOBI 110 M3BECTHBIM IIOJISIM, CO3aHHBIM
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3apAJOM (2 U U3BECTHBIM XapaKTEpUCTUKAM MPOOHOro 3apsja q;,

ONPEAEINTD CUITy UX B3aUMOACUCTBHS.

OpHako TPYIHOCTH HaXOXKJEHUS PEIICHUH ypaBHEHUU
MakcBesuia npuBean K TOMY, YTO B CTaHAAPTHBIX YHUBEPCUTET-
CKUX yuyeOHHMKax cuTyauuio oOpamiatoT. IlpuBeneM xapaxkrtepHoe
paccyxaenue J. Ilapcemna [4 crp. 182] B bepkieeBckoMm Kypce
¢usuku. BemmcaB  wHame  pasenctBo  (1.13), Ilapcemn

npofomkaer: "...mbpl cuutaer Gopmyny (1.13) ompenenenuem
JNEKTPUYECKOTO0 M MArHUTHOTO IIOJIEKW B OTOM  TOYKE
MpocTpaHcTBa".

Jlpyrumu ciioBaMu, IpeyiaraeTcsi He CHITy B3aMMOICHCTBHS
OIpeNieNATh uepe3 MoJisl, YTO OBLIO 3aI0)KEHO B MEPBOHAYATILHON
uznee GopMyiel, a, cantasi GOpMyITy YHHBEPCAIBHOM, ONIPEIENIATh
HOJIS 110 3aMepeHHOM cuite. OHaKO Takasl MOMbITKa BCTpEeYaeTcs
C PSAIOM TPYAHOCTEM. YKaKEM HEKOTOPBIE U3 HUX.

1. B onnom cootHomenuu (1.13) ¢urypupyer BooOIe ro-
BOpsi 4 HEW3BECTHBIX MEPEMEHHBIX. Bo-TIepBHIX BeMUYMHA U
CKOpOCTh NMPOOHOTro 3apsaa. M3 3Toil TpyAHOCTH HAXOASAT BBIXOJ,
npezrnonaras 3apsj eAMHUYHBIM, 8 €T0 CKOPOCTh W3BECTHOH.

2. Bo-Bropbix HewsBecTHol ot E, u B,, coznannsie 3a-

PSAAOM Qp.

[Tapcenn numet: "Mbl qoKaszanu, 4To cujia, NEUCTBYIOIIAsS
Ha TPOOHBIN 3apsi/i, COBEPUICHHO HE 3aBUCUT OT €ro CKOPOCTH,
€CJIM OCTaJIbHBIE 3apsA/bl HEMOJABM)XHBI. DTO 3HAYHUT, YTO ypaB-
Henue (1.13) cnpasennuso Bcroay npu B,=0".

Ho naxe ecnu mpuHSTH 3TO J10Ka3aTEIbCTBO, YTO COBCEM
HEOUYEBUIHO, T. K. OHO COJAEPKHUT psi BEChbMa HEECTECTBEHHBIX
MPEANONOKEHUM, TakK BOT, [Jaxe €Clid NPUHATh  93TO
JI0Ka3aTeNbCTBO, B TOM TO M JIEN0, YTO paBeHCTBO (1.13) momkHo
MMETh MECTO M B TOM ciyuae, korna B,z 0. Benp Torma u E;
MeHsieTcs. Toraa kak JUisl CpaBeIMBOCTH MEPBOTO CJIaraeMoro
HEMOABMKHOCTh 3apsiia (2 T.e. ycinoBue B,=0, sBusercs
HEOOXOMUMBIM ycloBUeM 1o Mbiciau camoro Ilapcemna. Ho,
MoXKaJlyd, caMoe TJIaBHO€ BO BCEM O3TOM , TaK 3TO TO, 4YTO
dopmyna (1. 13) HeynuBepcanpHa. [loaTomy, onpenensst momns ¢
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ee IIOMOLIbIO, MBI TEPAEM PsAL BAXKHBIX YaCTHBIX CIIy4acs,
3QJI0)KEHHBIX B ypaBHEHUsAX MakcBesa.
Ha mpaktuke Bce 3T0 mpuBoguT K ToMy, 4ro E, monn-

MaeTcs Kak IoJIe CTaTUYECKOro 3apsaa gz , T. €. PaCCMaTPUBACTCS
yacTHbIM ciyuait (1.9a), a He oOmwmit cioyyait (1.9). Unu to xe
caMmoe mo-zApyromy: u3 BblpakeHus anst E, wuckmouaercs po-

TOpHAasi U COXPAHSAETCS TOJBKO JMBEpPreHTHas cocTamistomias. 1
KaK HaM TOTJa MMOHUMAaTh 3JIEKTPUUECKOe 1ose (OTOHA, KOTOPBIN
BOOOIIIEe HE 3apsiKeH ?

Taxkum oOpaszom (opmyna JlopeHiia HE MOXKET 3aMEHUTh
HaM ypaBHeHHWH MakcBenia, a aCUMMETPHUYHBIE OIpeaeIeHMs,
npe/yiaraeMple B y4yeOHWKaxX, ONUCATh JJIEKTPHUYECKOEe U
MarHMTHOE TOJISl, KOTOPbIE MBI JOJKHBI OBLITM OBl MOTYYUTh Kak
peuieHuss cucteMbl ypaBHeHMH Makcsemta. Iloatomy wacto
CTpeMATCA TOJIYYUTh IMPEJICTaBICHHE O CHJIe, MaHUIYIUPYS
HENOCPEACTBEHHO C cucteMoil ypaBHenuit (1.8) - (1.11), B
YACTHOCTH, HWHTETPUPYS HUX MO 00beMy U TOBEPXHOCTSIM,
COJICPIKAIITUM ITOT OOBEM.

Opnako naBaiiTe BIymMaemcsi B MaTEeMaTHUYECKHH CMBICI
cuctemsl (1.8) - (1.11).

Ecnu sT0 ypaBHeHUsI, TO OTHOCUTENHHO Yero? OOBIYHO CUu-
TaeTcsi, 4TO IJIOTHOCTHb 3apsJ0B M TOKOB Hu3BecTHa. [loaTomMy
OTBET BpojAe Obl OJHO3HAUHBIN: 3TO CHUCTEMa YpaBHEHHIl OTHO-
curennbio E u B. DTu nBa BekTopa SBISIOTCS HEM3BECTHBIMU.
Ho mnst oThickanus OByX BeKTOp-(QYHKUMN HEOOXOAMMO M JIOC-
TaTOYHO MMETh JBa BEKTOpHbIX ypaBHeHus (1.9) m (1.11). A B
cucteme (1.8)-(1.11) umeeTcs emie ABa CKaTSPHBIX YpaBHEHHS.
Tak 4T0, 3HAUUT CUCTEMA IIepeorpeieeHa?

Kak Hu cTpaHHO, enMHCTBEHHAs: MOHOTpadusi, B KOTOPOH s
HaIlleJl 033JJau€HHOCTh 3TUM (DaKTOM - MpeKpacHas MOHorpadus
JI. 1. CenoBa [5] mo MexaHMKe CIUIOMIHOM cpeabl. B ocTanbHBIX
M3BECTHBIX ~ MHE  KHHTaX, BKJIIOYas  MaTeMaTU4ecKHe,
3aTparvMBaoIlye 3TOT BOMPOC, TAKOW CTpaHHBIA (DaKT HUKOTO HE
yauBisieT. 3aberas BIeped CKaXXeM, UYTO TMPU KOPPEKTHOM
0006menun cuctemsl (1.8) —(1.11) craHOBHUTCS COBEPIICHHO
SCHO, YTO ypaBHEHHSMH, T. €. PAaBEHCTBAMH, CIPABEIJIUBBIMU
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TOJIBKO IIPU HEKOTOPBIX 3HAYEHUAX HEHU3BECTHBIX, SBIIAIOTCS
TOJIbKO BeKTOpHble cooTHoweHus (1.9) u (1.11). PaBencrBa xe
(1.8) u (1.10) mpocto 3amarOT HayaldbHBIE YCIOBUS JUISI ATHX
3apsAA0B, T. €, SBISAIOTCS OINPEAEICHUSAMH, WIH, €CIH YTOJHO,
TOXKJIECTBAMHU.

OTmeTHM, YTO MOCJIENOBATEIbHOE IPOBEACHUE B JKU3Hb
ATON TOYKH 3PEHUS BCTpEYaeT OJHY TPYAHOCTSH : B IIPABOi 4acTH
JTUBEPreHTHBIX COOTHOLIEHHUH JOJDKHO  CTOSITh ~ ONUCAHHE
“sapokaeHus 3apsiaa’ W3 yacTull 3gupa. MaTemMaTuyeckud 5TO
03HAYAET, YTO B MIPABBIX YACTAX AUBEPreHTHBIX PABEHCTB JOJDKHA
CTOSATh YIJIOBasi CKOPOCTb BpallleHHs YyacTUL 3pupa, CO3AAI0LINX
3apsa. ABTOp cjenal MOMbBITKY IOCTPOEHHS] TaKOM TEOpUM B
pabotax [17] u [37]. OTo mpuBeno K HEOOXOTUMOCTH OMHUCKHIBATH
noJjii B TepMUHAX (PyHKUMH KOMIUIEKCHOM mnepeMeHHoOH. Ilpu
3TOM OKa3aJloCh, YTO JHEPrUs IOJSA OJMHAKOBO PpacIpelelcHa
MEXy BEIIECTBEHHOM W MHUMOW dacTsiMu (GyHKuuid. VIMeHHO

II03TOMY 3HEPTHUs 3JEMEHTAPHBIX YaCTHIl paBHA mc?, a HE Emcz.

bblno  mONlydeHO  HECKOIBKO  CIEACTBUM,  KacCarOLIUXCS
KOHCTpYyKIuu ¢GoToHa. [IpomomkeHne 3TUX HCCIEIOBaHUM, T0-
BUJUMOMY, MOMET IHpPUBECTH M K JPYT'MM IOJE3HBIM
pesynbratam. Ho 310 moTpedyeT nocTpoeHus: COBEPILIEHHO HOBOM
TEOpUH.

3/1€ech xKe Mbl OTPAHUYUMCS CIIy4aeM TOJIbKO BEIIECTBEHHbIX
¢byHkuui. [l HUX BO3MOXHO U Clelytolliee MOHUMaHUe CUCTEM
(1.8)-(1.11). Ilo usBecTHOM Teopeme ['enbMroibia BCSKOE IOJIE
COCTOMT M3 JIBYX 4acTed : AUBEPr€HTHOW U POTOpHOM. Tak 4yTo
ckansipHble cooTHoweHus (1.8), (1.10) 3amar0T AMBEPreHTHYIO
yacTh (pyHKIMii, a BektopHble (1.9) u (1.11) — porophyto. Yike
YIOMHUHAJIOCh, YTO 3[€Chb BO3HUKAECT YHMCTO MaTeMaTH4ecKas
npobiemMa : Kak C MOMOIIbI0 CKaISIPHBIX YPABHEHUH MOIYyYHUTh
BEKTOPHYIO (DYHKIHUIO : TUBEPTeHTHYIO YacTh 1mouisl. B yueOHmKax
3Ta mpobieMa MM OOXOAMTCS BOOOIIE, MM K€ peIIaercs ¢
MOMOIIbIO CJIOB 00 OYEBUJIHOCTU pe3ysibTaTa. OKOHUYATENIbHO Ke
NOJy4YaeM, 4TO U3 CKaJSIPHOTO PaBEHCTBA J0OBIBAIOT BEKTOPHOE,
KOTOpPO€ B HyJIE HE ONPEIEICHO, XOTSA IHUBEpreHuus, T.e.
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HCXOJIHOE CKAJISIPHOE COOTHOILEHHE, B HyJI€ ONpEIeNIeHO, eClld
BOCIIOJIb30BaThCS IEPBOHAYAIBHBIM OIPEIECICHUEM AUBEPTEHIIMH
KaKk T[pefena COOTHOLIEHHWsS TIOTOKAa IO dYepe3 Mallylo
3aMKHYTYI0 TIOBEPXHOCTb, OKPY’KAIOLIyI0 TOYKY, K 0O0BeEMYy,
OrPaHUYMBAIOLIEMY 3Ty MOBEPXHOCTb. COOCTBEHHO, 3TO OAHA U3
IJIABHBIX MPHUYUH, MOYEMY aBTOpP CUMTAET OOJee €CTECTBEHHBIM
paccMatpuBaTh CKalspHble cooTHolieHus B cucteme (1.8)-(1.11)
KaK HayalbHbIE YCI0BUs U1l BekTop-QyHkiuii E u B.

[TpuBenem Juisl CIPAaBOK HECKOJBKO JPYrux (Gopmyn uis
AIIEKTPOMArHUTHOW CHJIbI, TPEUIOKEHHBIX B pa3HOE BpeMs yde-
HbIMH, MMEHA KOTOPBIX 3aKOHOMEPHO CBS3BIBAIOT CO CTaHOBIIE-
HUEM 3JICKTPOIUHAMUKH Kak Hayku. Bce 3t hopmynel omnpene-
JSIIOT CHJIy B3aUMOJCHCTBHS MEXAYy TOKOBBIMHM 3JIEMEHTaMH.
YroObl 007€TYUTH CpaBHEHHE ITHUX (DOPMYII C MpeTaracMbIMH B
naparpagax HUXe, 3alHIlIeM UX B TEpPMUHAX OTJENIbHBIX 3aps/I0B,
a HE TOKOBBIX 3JIEMEHTOB, UCTIOB3Yysl 0003HAUCHUs maparpada 2.

®opmyna Heitmana [11]

Fp =+ ¢ (v,.v,) (1.16a)
4re,cr
®opmyna ['paccmana [12]
F, = _4ql—q223[vz(r21 V) =1y (v, 'Vz)] (1.16b)
TENCT
®opmyna Ammnepa [13]
F, :4%—9225[3(1_21 'Vl)'(rzl 'Vz)_z(vl "V, )rz]l.21 (1.16¢c)
mENCT

dopmyna Yurakepa [14]
F, = s [viles v )+ v, () =1 (v - v,)] (1 16d)

o 2
4rg,c’r’

OpHako BepHEMCS K TOMY, KakuM 00pa3oM H A 0ObsiCHeE-
HUS KaKuX sBJICHUH ucrnonb3yetcs cuctema (1.8)-(1.11). Ilpexne
Bcero, ypaBHenue (1.9) ucnombiyercs ansi OOBSICHEHHS WH-
nykiud. [Ipy 5TOM UCTIONB3YIOT OOBIYHO HHTETPATbHYIO (popMy
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[EdI= —%”Bds (1.96)
L S

3nece L - HEKOTOpBI KOHTYp, @ S - NpOM3BOJIbHAS IIO-
BEPXHOCTb, HAaTsAHyTast Ha L .

K coxanenuto, HaM MpUIETCS OCTAaHOBHUTHCS M HA MaTeMa-
TUYECKOW CTOPOHE TaKMX MHTETPAIBHBIX TMPeoOpa3oBaHUM.
YroObl HEe Meperpyx arb Hall Pa3roBOP OTBJICKAIOMIMMU JeTas-
MU, He OyZeM MPHUBOJUTH COOTBETCTBYIOUIMX (OpMYI AJS MPO-
CTPAHCTBEHHBIX MHTETPAJIOB, UX MOKHO HAaWTH B JIOOBIX yueO-
HUKax MO0 MaTeMaTH4ecKoMy aHanuzy U ¢usmke. OcTaHOBUMCH
TOJILKO Ha BElIaX, KOTOpbIe 0OBIYHO OCTAIOTCS 3a KaapoM. Jleno B
TOM, YTO NPU SKBUBAJIEHTHBIX MPEe0Opa3OBaHUSAX Mbl, BOOOIIE
roBopsi, He UMeeM MpaBa AuddepeHInpoBaTh UM HHTETPUPOBATH
ypaBHEHHSI.

Hampumep, ypaBaenune 2x+1=0 sBisieTcss mpou3BOAHOM OT
YpaBHEHUSA X*+x+5=0. OIHAKO MaJIO KTO OCMEJIHTCS CKa3aTh, 4TO
9TH YPaBHEHHS SKBUBAJICHTHBI.

OyHKIMOHANBHBIE ~ ypaBHEHUS  Mbl ~ HUMEeM  IpaBo
TuQepeHIMPOBaTh UM UHTETPUPOBATH TOJIBKO MOCIIE TOTO, KakK
MOJICTaBWJIM B HUX pEUIeHHE, T. €, 00paTH/IM UX B TOXIECTBO.
[Toaromy nns mepexona ot (1.8) x (1.12) HaM He HY)KHO HUKAKUX
JOTIOJTHUTEIIFHBIX TMPEINOI0KEHUNH: 3TO KpPaeBoe YCIOBHUE, T. €.
yke ToxnaectBo. A BoT g mepexoga oT (1.9) k (1.90) nam
HY’KHO TIPEATIOJIOKUTh, YTO MBI YKE UMEEM TOXKIECTBO, T. €. UTO
B (1.90) ¢urypupyror yxe pemenust cuctemsl (1.8)-(1.11). dnua
oonpinoii sickoctu E u B B (1.90) cnemoBano Obl OTMETUTH
KaKoW-HUOYIb 3BE3/I0OYKON, UTOOBI MOAYEPKHYTh, YTO 3TO YKe
HEKOTOpbhIe KOHKPETHBIC, M3BECTHbIE (YHKIWH, B OTIMYHE OT
cootHomenust (1.9) rne E u B - HeuwsBecTHble (yHKIMH,
KOTOpBIE HAJI0 HAWUTH.

Bce 310 roBopuUTCS 1Sl TOTO, YTOOBI MOAYEPKHYTh, uToO E 1
B B (1.90) - HekoTOpbIE KOHKPETHBIC (YHKIMH, ONPEICIsieMbIe
JIAHHOU TUTOTHOCTBIO 3apsI0B U JIaHHOH TUIOTHOCTBIO ToKa j. To,
KaK Ha Takue IOJIA PEearupyroT APYTHE 3apsiibl U IpyTrHe TOJ,
JOJKHO ONPENENAThCs CleuuanbHol (HopMysol, Hampumep,
dopmyioit Jloperna minu Gopmyrnoir Bebepa. Kak Mbl yBumamM,
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00e 3Tu (popMyJIbl HEJOCTATOUHO YHUBEPCAIbHBI, U TPeOyeTCs UX
00001IUTh, HO B MPUHIMUIE OHM UIPAIOT HMMEHHO 3Ty pOJIb
IpaBuiIa, IO KOTOPOMY B3aUMOJICHCTBYIOT MOJIS, HOPOXKIECHHbIE
JIBYMS Pa3TUYHBIMU pacrpeaeieHusMU 3apsaaoB. OTHAKO BBUIY
TOTO, YTO 3TU (HOPMYJIBI HE OXBATHIBAIOT HEKOTOPBIX MpPAaKTHYe-
CKM BaXHBIX CITy4aeB, BO3HHKJIA WJES HMCIIOJIB30BATh TOXKIECTBO
(1.96) nyis HaxoXIEHUS CHIIBI B3aMMOJAEHCTBHUS MEXAY ABYyMS
Pa3NMYHBIMH pacTpe/ieICHUsIMI 3apsAI0B, TaK Ha3bIBaeMoOeE Ipa-
BUJIO MOTOKA.

CaMo 3TO PaBUJIO OMMCAHO BO BCEX yueOHMKaX (PU3HUKH, MBI
He OyzaeM TpaTuTh Ha Hero Bpems. OTMETUM TOJBKO, YTO OHO
CyIsi TO BCEMY, BO3HUKJIO TPHU TIOMBITKE OIUCAHHUS TOKOB,
HOSABISIONIMXCS B NPOBOJMAIIEH pamMKe B Cilydae, KOrja pamka
JBIDKETCSI B TIOCTOSTHHOM MarHUTHOM II0JI€ HMJTM K€ MOKOUTCS B
nepeMeHHoM. [Ipu 3ToM neBas yacTh paBeHcTBa (1.90) cunraercs
OTHOCSIIEHCS K 3apsaM B paMKe, a MpaBasi 4acTb - K BHEIIHUM
3apsiiaM, CO3JalollMM BHeEIIHee MarHuTHoe nose. [Topropum ere
pa3: makoe pazoenenue noxeU  NPOMUEOPEUUN.  CMBICIY
pasencmea (1.96), KOTOpoe TMPOCTO TOBOPUT O TOXKICCTBE
UPKYJISAIAN AJIEKTPHUECKOTO TONS M MPOU3BOIHONW OT IMOTOKA
MarHUTHOTO TOJIsl, CO3AHHBIX OOHUM U MeM Jice pacnpeoeneHuem
3aps008.

Ho ecnmum cuna mnpu ABWKEHHMM pPAMKU B TOCTOSHHOM
MarHuTHOM TIOJIE XOpOIIO OMNHuChIBajgach Qopmynon Jlopenma
(1.13), To mpu onucaHUM CHUJIBI, ACHCTBYIOMIEH Ha MOKOSIIYIOCS
pamMKy B IEpEMEHHOM MarHUTHOM MoJje, cootHoeHue (1.13) yxe
He palortano, Toraa kak paBeHCTBO (1.90) naBasio Hy’KHBIN
pe3yabTaT TPH YIOMSHYTOM BBIIIE TEPENPHITUBAHUU Yepes
Joruyeckue Oapbepbl. DKCIEPUMEHTAIbHBIA (DaKT OOBSICHSICS,
HO YYBCTBO HEYJIOBJIETBOPEHHOCTH y BIIyMUHBOTO HCCIICAOBATEIS
0CTaBaJIOCh.

IIpuBenem xapaktepHoe paccyxnaeHue P. deilinmana [6
ctp.53]: "/IBe BO3MOKHOCTM - "KOHTYyp ABWXeTcs" Wiau '"mose
MeHsieTcs1" - Hepa3NIu4uMbl B (OPMYJIHPOBKE TpaBwia. Tem He
MeHee Ul OOBACHEHMs MpaBWia B 3TUX [JBYX CIIydasx Mbl
HOJTB30BAINCH ABYMsI COBEPIICHHO pPa3HBIMH 3aKOHaMu: V x B
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o "ABMKylIerocss  KOHTypa' H rotEZ—GB/ ot s

"Menstomerocss nong". Mbl He 3HaeM B (DU3MKE HU OJHOTO
Jpyroro Takoro mpumepa, Korjga Obl MPOCTON M TOYHBIN 00Ul
3aKOH TpeOOBaj AJIi CBOETO HACTOSIIEr0 NOHUMaHMs aHalIM3a B
TEPMHHAX JBYX pa3HbIX sBJIeHUN. OOBIYHO CTOJIb KpPacHUBOE
0000111eHHEe OKa3bIBaeTCsd HUCXOJAIIMM U3 €IUHOro TIIyO0OoKOoro
OCHOBoNoJjararouero npuHuna. Ho B a3Tom citydae kakoro-in6o
0c000 TrIyOOKOro NpUHIMNA HE BHUIAHO. MBI  JIOJKHBI
BOCIIPUHUMATh TIPAaBWJIO KaK COBMECTHBIH 3(QeKT nByx
COBEPILEHHO PA3JIMYHBIX SIBICHUI".

[a, sBieHus AEWCTBUTENBHO COBEPIIEHHO Pa3JIMYHbI, TEM
Oosiee, 4TO, HaMpUMep, KPUBOJIMHEHHBIN MHTErpal OT 3JIEKTPU-
YeCcKOro Mo Aake He MMeeT pa3MmepHocTu cuibl. [louemy on-
Hako cooTHomeHue (1.96) tak ynauHo 3amoiHser "mpoOenbr”
¢dopmyibl Jlopenna (1.13)? Kak Mbl yBUIUM HUXKE, IOTOMY YTO
00o00mieHHas GopMyiia JUIsl CHIIbI B3aUMOJIEHCTBUS ABYX 3apsiioB
B CJIy4yae MEHSIOIIUXCS MOJIeH MPUBOJUT K COOTHOLLEHUIO, OUEHb
noxoxemy Ha (1.9), HO TONBKO IS JOBYX pa3iIM4YHBIX pacrl-
peaeneHuil 3apsao0B.

He umest nenu cnennanbHO TOBOPUTH O BekTope IToMHTHH-
ra, ynoMsHEeM O HEM, Kak O NpHUMEpe B HEKOTOPOM CMBICIIE
CUMMETpHUYHOH joruyeckoit omuoku. [Ipu BeiBosie hopMyIbl 1iist
Bektopa IloitHTHTa Mcnonbs3yercs dopmyna Jloperma [6, cTp.
289], koTopasi, KaKk Mbl YK€ TOBOPWJIM, TPAKTYET BONPOC O
B3aMMOJCHCTBUM TOJIEH, MNOPOXKIACHHBIX JBYMS pa3IMYHBIMU
pacripeneneHusiMu 3apsifoB. [Ipu BbiBoge ke caMoil (opMyJibl
9TH TOJSI OTOXKAECTBIsAIOTCA. [103TOMY HCIONIb30BaHKME BEKTOpa
[ToliHTHHra ¥ IPUBOAUT BO MHOTHX CIy4asX K BECbMa CTPaHHBIM
BBIBOJIaM.

Bekrop IloiiHTHHra ObUT BBIBEJEH ISl ONMMCAHUS BEKTOpa
IUIOTHOCTHU MOTOKA SHEPTUU 3JIEKTPOMAarHUTHON BOJIHBIL. U TaM OoH
paOoTaeT BIOJIHE YJOBJIETBOPUTENIbHO, IOTOMY YTO CBSI3bIBAET
DIIEKTPUYECKOE W MarHuTHoe Tonie ¢oroHa. KoHeyHo oOH
OPUMEHUM M K IOJISIM, CO3JIaHHBIM OTJIENBHBIM 3apsjoM WU
COBOKYITHOCTBbIO 3apsa1oB. Ho OH He NpUMEHHMM K OINHCaHUIO
B3aUMOJICHCTBUS TOJIEH, CO3/JaHHBIX PA3JIUYHBIMU 3apsIaMH.
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Takomy omnucaHuio OyJeT MOCBSIIEH §2 U OHO, IOBTOPUMCS €IIIe
pa3, TpeOyeT OTAeNbHOW akcuomMaTuku. [lo3TOMY CTpaHHBIMU
KKYTCS OTOPUYEHHUSI CIELMAIUCTOB, KOT/Ia OHU YJIUBIIAIOTCS, YTO
BekTOop lloMHTMHIra HE OnWChIBaeT, HaNpUMEpP, CTaTUYECKUH
ciayyail. OH 1 HE MOXKET 3TOr0 OMHCATh, IOTOMY YTO YMHOXaTh
KYJIOHOBO TIOJI€ HY»KHO HE Ha CTOPOHHEE MarHUTHOE ToJie, a Ha
T0JIE, CO3/IaHHOE TEM K€ 3apsAJIOM, YTO CO3/1aj]l CTATUYECKOE TOJIE.
A 0HO, TOHATHO, paBHO HyJt0. CO3/1aTh K€ €ro MOXET TOJBKO
yOSXKICHHBI  pPENSITHBUCT, HAmpumep, IMoberaB  BOKpPYT
craTrueckoro 3apsna. OmHako AOOUTHCS HEHYJICBOTO 3HAYCHHUS
11 BekTopa IIoMHTMHra CTaTMYecKOro 3apsiia Jake TakKue
KamJiaHus, 00t0ch, He cMoryT. [ToaTomy HenpaB deitHMaH, Koraa
MPUXOIUT K BBIBONY [6, ¢Tp.289], uyTO A MPOBOJHHMKA C TOKOM
BekTop [loiiHTHHra HampaBJieH U3BHE B IPOBOJ] U MPEICKA3bIBACT
MPUTOK PHEPTHH B MPOBOJ OT AANEKUX AIEKTPOHOB. A ommmlka B
TOM, YTO MPHU BBIYKUCICHUU BekTopa [loMHTHHra OH MCMOIB3yeT
ANEKTPUUECKOE MOJE, TOJKAIOIIEE 3JEKTPOHBI MO MPOBOJHUKY.
Ho »T10 — BHemmHee mosie, KOTOPOE€ HE JOJKHO BXOIUTH B
BbIpakeHre i Bekrtopa lloitHTMHra. B cooTBeTcTBYytOLIEE
MPOU3BEJICHNE JIOJDKHO BXOJUTH II0JIE CaMUX JJIEKTPOHOB. B
JJAHHOM citydae 3To nosie KynoHa, HanpaBieHHOE BJOJIb pajnyca
oT mpoBoaHuKa. [[OCKOIBKY MarHMTHOE TOJIE ATHUX DJIEKTPOHOB
JIEMCTBUTENILHO HAMPABIICHO MO KACATEIbHON K OKPY>KHOCTSM, TO
nojiy4aeM, 4to BekTop [IoMHTHMHIra B JaHHOM CiIy4yae HallpaBieH
BJIOJIb TPOBOJHUKA, Kak M mnojacka3zbiBaer OeilHMaHy ero
UHTY U

Eme oauH cTpaHHBII BBIBOJ JI€JAETCS M3 COOTHOILEHHUS
(1.96), korma cuwWTaercs, YTO M3 HEro CleayeT 'mepekadyka
SHEPIUM B CBETOBOM BOJHE" OT DJEKTPUUYECKOrO TMONs B
MarHMUTHOE U 00paTHO, YeM SIKOOBI M TIOJIICPIKUBACTCS BPAIICHHE
MIOJIEBBIX BEKTOPOB B CBETOBOM BousiHE. [Ipuxoaurcs 3asaBUTh, 4ToO,
€CJIM B CBETOBOM BOJIHE Takas MepeKkavyka U UMEET MECTO, OHA HE
MOJKET cJeloBaTh U3 ToxaectBa (1.96), KoTopoe ITOIKHO UMETh
MECTO BO BCSIKMA MOMEHT BpPEMEHHM BO BCEX TOYKax
npoctpaHcTBa, rae E u B onpenenexsl.
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Eme ogna MaremaTtnueckas ommOka crana (yHIaMEHTOM
JUISL TEOPHUM 3aIla3AbIBAIONIMX MOTCHIMAIOB. AKKypaTHOE H3JI0-
JKEHUE BCEX OOCTOATENHCTB TEOPUH 3aHAJO ObI CIHUIIKOM MHOTO
JUIs HAIIMX Jiekuuid mecta. [loaTtoMy 37€Ch MBI YKa)XeM Ha camy
OIMOKY, MPEIOCTaBUB CIEIHAIUCTaM JIelaTh OCTalbHBIE BHIBO-
npl. Teopus 3ama3apIBarOlUX NOTEHIUMAIOB CTPEMHTCS Y4YeCThb
TOT (PaKT, YTO CBETOBOMY CUTHAIy TpeOyeTcs HEKOTOpoe Bpems,
YTOOBI JOMTH OT UCTOYHHUKA IO MPUEMHUKA, U UHOTJA yYeT 3TOr0
BPEMEHHU OKa3bIBAETCA CylIeCTBEHHbIM. HO y>ke HaBCKUAKY SICHO,
YTO TAKOM Y4YeT OKa3bIBACTCS CYILECTBEHHBIM TOJIBKO JUISl KAKHX-
TO OY€Hb OBICTPO MEHSIOUIMXCS TMPOIECCOB HIM K€ BechbMa
yIaJCHHBIX OOBEKTOB, XOTS M ISl HUX HE Bceraa. Teopus ke
3ama3JplBalOlIMX IOTEHUUAJIOB JEKIApUPYET CYLIECTBEHHBIE
pe3yabTaThl Uil Bcex ciaydaes. [1o3ToMy cpa3dy Bcraer Bompoc: a
HEe OwmuOOYHBI JM O3TU paccyxnaeHusa? Takas ommOka
JIEUCTBUTENBHO HaxoauTcs. [IpomeMoHCTpHpyeM 3TO Ha OJHOM
npumepe u3 yueOnuka eiinmana [6. ctp.153, yp-us 21.20 u
21.22].

deltHMaH paccMaTpuBaeT CKOPOCTb WU3MEHEHUs
JUMOJIBHOTO MOMEHTa P HE B TEKyIIMH MOMEHT t , a B

MpEIIIeCTBYIOIUNA MOMEHT (t-r/c), T/Ae T paccTOsSHHE OT

[.2 2 2
HUCTOYHUKA T =4/X~ + Yy~ +Z" , a c - cKOpocTh cBeTa. EMy nanee

HAJ0 HAWTH MPOU3BOAHYIO OT P (t-1/C) MO MPOCTPaHCTBEHHOM
KOOPJHMHATE y , YTO OH M MPOJICIBIBACT CIEAYIOINM 00pa3om

%gt ~1fe) = ~LE (- x/e) (1.17)

riae p - mpou3BOAHAas OT P Mo BpemMeHU. Ho 3TO ke HeBepHO.

[Tpryem ommMOOYHOCTH BHIHA Cpa3y: YEJIOBEK BBIUMCIIAET 4YacT-
HYI0 IIPOU3BOJHYIO IO MPOCTPAHCTBEHHOW KOOPAMHATE, a MOJIy-
YaeT MPOW3BOAHYIO MO BpeMeHH. Tak Morio ObITh, eciu Obl
BpeMs ObUIO (YHKIMEH MPOCTPAHCTBEHHBIX KOOPAMHAT, U Mbl
BBIUUCISUIH OBl TIOJNIHYIO TIPOM3BOAHYIO. [IpaBMIIBHO XK€ s
JAHHOTO ciy4ast OyeT
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9 bit-1fc) = - Y 91O (1.18)
0 r Or

Benp npu BeIUKMCIEHMU YAaCTHOW MPOU3BOJHOM BCE OCTallb-

HBbIE MEPEMEHHBIE JOKHBI ObITh (PUKCHPOBAHBI. DTO OCOOEHHO

OYEBUJIHO, €CIM HCIOJIb30BaTh IEPBOHAYAIBHOE OMNPEICIICHUE

YacTHOM NPOM3BOAHOM. 3aQUKCHPYEM MOMEHT BPEMEHHU t, , IPO-

CTPaHCTBCHHBIC KOOpAWHATHI X, U Z,, TOr'la YacTHOH npous-

BOJIHOW MO y OT p OyJAeT mpejes OTHOIICHHUS:

lim Pty —yx0 + (v +Ap) +22 /)= plt, 52 + y2 +22 /) (1.19)
Ay —0 Ay '

SIcHO, YTO HUKaKOW MPOW3BOAHOM BO BpPEMEHU 37ECh
MOSIBUTHCSI HY HUKAK HE MOXKET. YKa3aHHas OMIMOKA TUITHMYHA IS
BCEX  M3BECTHBIX  HCCJENOBAaHUII MO  3ama3/bIBaIOIIUM
noteHimanam. Ilouemy, oaHako, Teopus 3ama3/IbIBAIOIIUX
MOTEHLMAJIOB paboTaeT BO MHOTUX ciydasx? Mbl OTBETHUM:
notomy uto B (1.17) Ha caMOM Jene BBIYHCISETCS HEKOTOPbBIN
cypporat TOJHOW MpPOU3BOJHOM IO BPEMEHHM, a Takas
MpOU3BOAHAs, Kak Mbl YBUAUM, BECbMa CYyIIECTBEHHA s
OMMCAaHUA BJIEKTPOAUHAMHUYECKUX sBieHui. [IpocTto 3HaueHus
GyHKIUMI B 3ama3[IbIBaIONIMX MPOCTPAHCTBEHHBIX KOppIUHATAX
OOBIYHO MaJI0 OTJIMYAIOTCS OT 3HAUEHUH B TEKYIIHUX, TaK YTO
MpPOU3BOAHAS OT 3ama3/bIBAIONIMX KOOPJAMHAT UIPAET POJb
KOHBEKTUBHOW MpOM3BOAHON. KcTat O 4yacTHOW MPOU3BOAHOMN
1o Bpemenu B popmyuie (1.96).

B Hell nHamucana 4dacTHasi MPOM3BOJHAsS, MOTOMY YTO TaK
TpeOyeTCsl COTJIACHO MPUHSATHIM HBIHE BO33PEHUSIM, KOTOPBIC MBI
311eck Bocnpou3BoauM. [Ipu peasibHOM ke BBIBOJIE HA CAMOM JIeJie
MIPUXOJUTCS MUCATh NMPOU3BOJAHYIO MOJIHYI0. Mynpsiii deitHMaH
BBIXOJMUT U3 ATOrO 3aTPyIHEHUS OYEHb MPOCTO: KOE-IJA€ MUIIET
MOJIHY10, @ KO€-T/I€ YaCTHYIO MPOU3BOJHYI0, HUYETO HE MOSICHSS U
MPEIOCTaBIIAS YUTATENI0 CaMOMY JOAYMBIBaThCS: TO JH 3TO
oreyaTka HabOPIIKKa, a TO JIK OIKOKa aBTOpa.

[Ipssmonuneitneii [lapcenn B cBoeM yueOHuke [4] memaet
3TO OoJiee OTKPOBEHHO. BHavane oH mpuxoauT K cBoer popmyiie
29 na ctp. 233, Kotopas coBmagaer ¢ Hamel Gopmynoi (1.96),
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HO BMECTO 4YacTHOW TNPOM3BOJHOM 10 BPEMEHU Yy HEro
¢urypupyer nosHas. Jlagee OH MUIIET JOCIOBHO CIEAYIOIIEE:
"Tak kak B MoxeT 3aBHCeTh OT MOJIOKEHHS U OT BPEMEHH, TO MbI

HaIlAIIEeM —]? BMECTO —]?". N Bce, HUKAKUX MOACHEHUI
6ompine. Kazanoce 661 HA000POT, Belb OYKBATLHO HECKOIBKUMH
CTPOKaMH  paHbIlle  YEJIIOBEK  BBINUCHIBACT  PA3IMYHBIC
KOMOHMHAIIUM YaCTHBIX MPOU3BOJHBIX MO MPOCTPAHCTBEHHBIM
KOOpAMHATaM. 37ech JK€ OH IMpeajaraeT HUCKIIOYUTh U3
pPaccMOTpEeHHsI BCE ATH KOOPAUHATHI M OCTaBUTh TOJIBKO BpeMms,
KOTOPOE B MPEABIAYIIEM aHAN3e Jake He (UTYPUPOBAIIO SBHO, U
MMEHHO Ha TOM OCHOBaHHMH, YTO 3aBHCHUMOCTb OT KOOpAHMHAT
umeetcs. K cokaneHuro, 3T0 TUITMYHO: KeJaHUE MOAOTHATh pac-
CY’KJIEHHE TOJl M3BECTHBI 3apaHee OTBET, 3aCTaBJISIET HACHJIO-
BaTh JIOTHKY U HE TOJBKO CTY/ICHTOB.

3akaHuMBas 3Ty UCTOPUYECKYIO YacTh, CIEAYET HECKOJIBKO
CIIOB CKa3aTh O TEOPUU OTHOCUTEIBHOCTH, IOCKOJBKY B Ha-
CTOSIIIICE BPEMsSI OHA TOCIOJICTBYeT B (pu3uMKe M 0OCYKIaeMble
HAMU pe3yJbTaThl OYIyT CPAaBHUBATKLCS C ee Mpeckasanusmu. He
OyzneMm 37ech Hu3Naratb BCE JOBOJBHO HEBHSTHBIC, JIOTUYECKU
yiiepOHbIe U MapajoKcaibHbIe COOOpaKEHUs, JeKallie B OCHOBE
JTOU TEOPHH.

Sl pemrych mpOCTO BBICKa3aTh CBOIO TIYOOKYyHO YyOeXIeH-
HOCTh B TOM, 4YTO "KOpPOJb royi" WU OTMETHTh, YTO DS BeChbMa
cepbe3nbix yueHbix CIIIA, Poccum u apyrux crpaH ykas3blBaioT
Ha JIOTHYECKYIO MPOTUBOPECYMBOCTH ITOW TEOPUU W HAPYIICHHE
(dbyHIaMEHTaIbHBIX 3aKOHOB COXpaHeHus B Heil. OTMeTuM, 4To
MPSIMBIE 3KCTICPUMEHTBI TI0 TIPOBEPKE TJIABHBIX IMPEAMIOIOKCHHIMA
TEOPUU:  COKpPALICHMH BPEMEHHBIX M  MPOCTPAHCTBEHHBIX
OTPE3KOB B HANPABICHUM JBIDKCHUS, Jalld OTPHUIATCIbHBIC
pesynbtatel [7, 8]. Ho KOHEYHO Teopus OTHOCHUTEIHHOCTH HE
Morja Obl CYIIECTBOBATH TaK JIOJITO, €CIIM Obl HEKOTOPBIC BEIIH
HE TPOTHO3UPOBAIIUCH €l XOTs Obl MPUOTU3UTENBHO MPABUIBHO.
3nmech, TOXKaMyH, CIEAyeT HANOMHHTh, YTO ITOJIOMEEBCKAsS
ACTPOHOMHS, OCHOBaHHAasT Ha UAEE O CEMU XPYCTAIbHBIX
HeOecHBIX cdepax, MPOCyIIeCTBOBAIA MOYTH JIBA ThICAUYECTHS (1
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U3BECTHO C KakUM TpPYyAOM, HEOXOTOM M JKEpTBaMU OHa
OTMHpana), KOHEYHO JK€ IOTOMYy, UYTO MHOIO€ OHa
IIPOrHO3MpOBaJIa NPABWIBHO. JI€HCTBUTENBHO, YK€ CKa3alu CBOE
cinoBo Konepuuk u T'anunelt, yxe ObulM U3BECTHBI TPU 3aKOHA
Kennepa, a OOJNBIIMHCTBO AacTPOHOMOB €IIE€ CYMTAIM IO
IItonomero. Y mosrydanu, KCTaTu TOBOPS, Jy4YLIME PE3YJIBTATHI,
yem y Kennepa.

[Togsenem utor ucTtopuueckoro 00630pa.

1. McTopuyecku mpeiarajluch U ONPaBIbIBAIACH B 3KCIIE-
PUMEHTE CYIIECTBEHHO HE COBNAJAOIIKE JAPYyr C JApyrom
bopMybl Ul 3JIEKTPOJIMHAMUYECKUX CUII. Bbllne nmpuBoauiuck
(GopMyIIbl ISl CUIIBI, TIPEAJIOKEHHBIE B pa3HOE BpeMsi AMIIEpOM,
I'paccmanoM, YutakepoM u p. X 0630p MOKHO HalTH B CTaThe
Mapunosa [9, ctp.186].Tak moxkeT ObITH 00mIast hopmyna s
cui1 OyieT MX OObETMHEHUEM B TOM WJIM HHOM CMBbIcIIe?

2. Jlornyecku HeONpaB/iaHa CUJIOBas MHTEpIpETalys ypaB-
HeHuii MakcBemna. [loaTromy mnoBHcaloT MojeBble OOBSICHEHUS
MHAYKIHMH, TOBHCAET "NpaBUJIO MOTOKA", caMO OIpeJeIeHNe
noss. [lo-BuauMomy, Mosst JOKHBI UCTIONB30BaThCs B (hopMyiie
JUISL CUJIBL, a yXe M3 (QopMyJbl Uil CUibl OyIOyT CleIoBaTh
U3BECTHBIE (DAKTBHI.

3. Teopust Bektopa lloiiHTHHra, 3ama3apIBAIONIUX TMOTEH
[[MAJIOB OCHOBaHbl Ha JIOTMYECKUX OIIMOKAX, HENpaBUIIbHBIX
BBIUHCIICHUSX WJIM, KaK B CIy4yae C TEOpPUEW OTHOCUTEIBHOCTH,
Ha HEBHATHBIX MCXOJHBIX OINpeAeieHusAX (yHIaMEHTaIbHbIX
noHsTuid. OgHAKO BCE OHM YJA4YHO MPEJCKa3bIBAIOT HEKOTOPHIE
JKCIepUMeHTanbHble (akThl. Teopus, mpeTeHayrolas Ha HX
3aMEHy, JOJDKHA OOBSCHATH 3TH (DAaKThI, a TaKXke psija APYTux,
HBbIHE 00BsCHsAeMBIX ad hoc nnn e HUKaK He OOBSICHSIEMBbIX.
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§ 2. UTO MOXHO CAEJIATB?
Kax cnedyem nam oopawamocs
C YPABHEHUAMU MameMamuyeckol guzuxu?
Jondichbl 1u Mbl R POCMO 8bIBOOUNMb U3 HUX ECE CAEOCBUS
U paccmampusams ux Kaxk Heouwgyuaemvle peaibHocmu?
Hem, oanexo ne maxk. I nasnvim obpazom
OHU QOJINHCHBL YUUMb HAC MOMY, YO MONCHO
U 4mo ciedyem 8 HUX U3MEeHsIMb.
Tonvko maxkum obpazom
Mbl MONCEM U36/IeUb U3 HUX YMO-MO NOAE3HOoe.

A.Ilyankape

B sTom pazgene mpemoKuM OIUH TOAXOJH, KOTODBIA, Ha
B3Il aBTOpA, MPEOAOJIEBAET HEIOCTATKM COBPEMEHHOM 3JIeK-
TPOAMHAMUKH, OTMEYCHHBIE B UCTOPUIECKOM 0030pe

[TycTe B TpeXMEpHOM €BKJIHMIOBOM IPOCTPAHCTBE BbIOpaHa
JIeKapToBa MpaBas TPOMKa KOOpAUHAT, TOYKM KOTOpPOHl Oyaem
obo3Hayath yepes X = (X,,X,,X3), a Bpems uyepe3 t. OpTel 2TOM

cucreMbl Oyznem obo3HauaTh uepes i, j, k. Yepes q,,q, 0003Ha-

YUM DJIEKTPUYECKUE 3apsiabl, KOTOPHIC JUIS ONpEACICHHOCTH,
€CJIM HE OTOBOPEHO MPOTHBHOE, OyIEM CUATATh PABHOMEPHO
pacrpezie/leHHbIMU B 1Iape paauyca I, . I[lycts v ,v,,a,,a,
CKOpOCTH U yckopeHus 3tux 3apanoB, E ,E, ,B,,B,- nHamnps-
KCHHOCTH JJIEKTPUYECKUX W MAarHUTHBIX IOJIEH, MOPOXKIaeMble
ATUMH 3apsiaMd B OKPYKArOLEM MpPOCTpaHCTBE. JIBOMHOW WH-
JIeKC CHU3Y OyJIeT 03Ha4aTh HANPSDKEHHOCTH TOJIS, CO31aBaeMOr0
3apsI0M, HOMEpP KOTOPOTO CTOMT IMEPBBIM, B MECTOHAXOXICHUU
3apsga, HOMEpP KOTOpOro CTOMT  BTOphIM.  Hampuwmep,

E, 03nauaer HanpsukeHHOCT 2IEKTPUYECKOTO OIS, CO3AHHOTO
BTOPBIM 3apsiioM B MECTOHAXOXJIeHHu nepsoro. Ilycts I, -
pazMyc-BEKTOp OT 3apaja 2 K 3apany 1, r- ero Monyns, r>>1,, a

€ - DJICKTpHUYCCKaA IOCTOsIHHAS.

-35-



Ob6obwennasn ¢opmyna Jlopenya. Co cTOpOHBI 3apsia 2 Ha
3apsan 1 melicTByeT cuma:

F, = —grad[47taocr3 (Blz -Ezl)]+%[4n80cr3 (Blz 'le)] 2.1)

3nech, Kak W BCiofy Hibke, ¢ =c,[ixj]-k, rae cy- cko-

pOCTh CcBeTa. DTy BEIMUYMHY OYyJEeM Ha3bIBaTh INCEBJIOCKAISIPHOM
CKOPOCTBIO CBETA.

B coBpemeHnHO# (hr3uKe UCTIONB3YIOTCS JIBa TIPEICTABICHUS
o cuie: uaymee or HerotoHa u [lekapra mpeacraBieHUe Kak O
MPOU3BOAHON OT MMITyJIbca M uayiee ot ['tolirenca u JleitOHmIa
IIPEJICTaBICHUE KaK O IpaJueHTe dHepruu. B HacTosiee BpeMms
CUMTAETCs, 4YTO OTHU OIpeAeNeHUs] SKBUBAJIEHTHBL. W 3TO
JNENCTBUTENBHO TaK, €CIM UMETh BBUIY ABM)KEHHE OTAEIBHOTO
Tela TMOCTOSHHOM Macchl, Kak JTO ObLJIO, Hampumep, B
o0Cy>KaBIIeMcs BbIIIE TIPUMEpPE CO BTOPHIM 3aKOHOM HproToHa.
Mpbl mpUIIIM TOTa K 3aKJIIOUEHHUIO, YTO 3TO HE MOXKET OBITh
3aKOHOM, a CKOpEE OIPEIEICHUEM CUIIbl. Ternepb Mbl BBIHYK/IEHBI
3asBUTb, YTO TAKOE OTNPEEIICHUE CHIIbI HEYAOBIETBOPUTEIBHO IO
Py IPUYUH.

Opna U3 HUX cieayIoulas : camo MOHITHE CUJIbI BKIIIOYAET B
cebd uIer0 B3aUMOACWUCTBUS KaK MUHHUMYM MEXAy ABYMs
o0ObekTaMu. Mbl HE CMOXEM OIUCaTh CTOJIKHOBEHHE [BYX
aBTOMOOWJICH, OTPAHUYUBIINCH XaAPAKTEPUCTUKAMH JIBHKEHUS
onHoro u3 Hux. llosToMy ompezeneHusi Cuibl B CTaTUYECKOM
3aKOHE IPaBUTALIUHU, I/I€ B3aUMOJECHCTBYIOT IBE€ MACChl, UJIU KE B
3akoHe KyioHa, rie B3auMoJIeHCTBYIOT J1Ba 3apsija, Mbl JIOJKHBI
paclieHUTh KaK €CTECTBEHHbIE M NOHATHBIE. 110 3T0il ke mpruynHe
oTpefieNieHue CHJIbI C MOMOIIbI0 BTOPOTO 3akoHa HbioTOHA MBI
JOJDKHBI TIPU3HATH HEYIOBJIETBOPUTEIBHBIM. BO3MOXHO cam
HploTOH 3TO 4YyBCTBOBaj, W MOITOMY J100aBUJI KO BTOPOMY
3aKOHY TPETHi, BKIIFOUAIONIUH IBa 00BEKTA.

Cwmpicn dopmynsl (2.1) crnemyromuii. Kaxnprit u3 3apsiioB
JBIDKETCSI B OKPYXKAroIlleM TpocTpaHCcTBe (3¢upe), co3naBas
nosis. Kaxkoe U3 3Tux mosield 3aBUCUT OT BEIMUYMHBI 3apsja, €ro
CKOPOCTH M pajuyca-BeKTOpa. AHAIUTUYECKUI BUJ 3TUX MOJEH,
KaK Mbl CYHMTAae€M, MOXET ObITh TOJy4YeH B BHUJE pEUICHUI
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HEKOTOPOW  CHUCTEMBbl  ypaBHEHUU  (HAmpuUMep, CHUCTEMBI
MaxkcBemna).  Mbl  KOHCTpyUpyeM  SHEPIUI0 U HUMITYJIbC
B3aMMOJICHCTBUSI B BHUAEC HEKOTOPOH KOMOWHAIMU TIOJEH,
MOPOKJEHHBIX JBM)KEHHEM KaXIOoro M3 3apsaoB. Takas
KOMOHMHAIIUA 3aBUCHUT YXE€ OT BEJIMYMH JABYX 3apsioB, OT
CKOPOCTEH ATHX 3apsAJ0B U PAcCTOSHUS MEXAY HUMHU (pa3HOCTU
UX PaJILyCOB-BEKTOPOB).

I'panueHT »HEpruM B3aUMOACWUCTBUSA JA€T HAM  CHILY
B3auMoOJieicTBUSl MO ['loiireHcy, a mnoJjiHasg NOpPOU3BOAHAS IO
BPEMEHH OT UMITYJIbCA B3aUMOJEUCTBUS — CHILy B3aUMOJEUCTBUS
no HpI0TOHY, yXe BKIIOUAIONIyI0 B ce0s €ro TPeTUH 3aKOH.
[Tocnennee yrBep:xaeHue 0omnee moapodHo pazdoupaercs B §10.

Opnnako cunbl ['tolireHca u HproTOHA, MOTyYEHHBIE TaKUM
00pa3oM, OKa3bIBAIOTCS HE COBMNAJAIONIMMM U OINKCHIBAIOT J1Ba
Pa3HbIX THMA B3aUMOJEHCTBUS MEXY 3apsIaMu.

@opmyna (2.1) obvenunsier 3TH ABa noaxoxa. CkasipHoe
MPOM3BEIEHNE MAarHUTHOTO TOJIS IEPBOTr0 (MMACCUBHOTO) 3apsiia U
AIIEKTPUYECKOTO TOJIsI BTOPOTrO (aKTUBHOTO) 3apsifia ONpeneisieT
IUIOTHOCTh JHEPruM B3auMojelcTBusa. OHa QUrypupyer mon
3HaKOM TpajuenTa B (2.1). BektropHoe npousBeeHNEe MarHUTHBIX
MOJIEH, TOPOKACHHBIX JBUKEHHUEM IMEPBOTO M BTOPOIrO 3apsiJIOB,
3aJal0T MMITYyJIbC B3aUMOJEHCTBUSI, BUJ KOTOPOTO BBIIUCAH B
KBaJIpAaTHBIX CKOOKax TMOJ 3HAKOM IIOJIHOM MPOU3BOJHONM TIO
BpPEMEHH.

YroObl peann3oBaTh MPEJIOKEHHBIN MOAXO0J, HaM HyXHa
HEKOTOpas CHUCTEMa YypaBHEHHWH, M3 KOTOpPOM MBI OBl CMOTJIH
MOJIYYUTh AHAJUTUYECKUWA BUJ TOJIEW [Jis TOJCTAaHOBKU B
dopmyny g cuibl (2.1). B TpagumnuoHHON 351€KTpoIMHAMUKE
TaKOM CUCTEMOU sBJIsIeTCs cuctema Makcesesuta. Ham ee, ognako,
npuaeTcs MOAU(UIMPOBATh, YTOOBI COTJIACOBaTh C (OpMYJION
(2.1).

Obo6wennvie ypasnenus Makceenna. INEKTPUUECKUN 3apsi]
g, pacmpelneseHHbII B MPOCTPAHCTBE C IUIOTHOCTBIO [, MO-

POXAACT HAIIPS)KCHHOCTU 3JICKTPUYCCKOIO U MAarHUTHOI'O noneﬁ,
SABJIIIOIHECS PCIICHHUEM CJ'ICIIYIOH_ICﬁ CHCTCMbI ypaBHeHPIfII
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dWE:Eé) (2.2)

-—dB
rotE =~ B/ 2.3)
dWBz—?/ (2.4)
cg,
2 _dE
crotB = At (2.5)
[osicHenue 3THX ypaBHEHUH HaYHeM cC (2.5).
dE JE
—=(v-grad JE+—, 2.6
= (vgrad)E+— (26)

TJ€ V - CKOPOCTh JBMKEHUS 3apsA/I0B. bysieM B nanbpHeilem
CUUuTaTh, 4YTO CKOPOCTH HC 3aBUCUT OT HNPOCTPAHCTBCHHLIX
KOOpJIMHAT, a sBiseTcs (yHKIued Toibko BpemeHH. [lepBoe
cmaraemoe cmpaBa B (2.6) 0000maer TMOHATHE TOKa B
KJIACCUYECKOM TEOpUM M CBOJAUTCS K Hemy, eciu E
YAOBJICTBOPSACT HCKOTOPLIM  JOIMOJHUTCIbHBIM Tpe6OBaHI/ISIM.
JleticTBUTENBHO, C yueToM (2.2)

(v . grad)E = vdivE + rot(E X v) - rot(E X v) (2.6a)
)

TJ€ j - INIOTHOCTh TOKA, j= pV

Takum oOpaszoMm, mpaBas 4acTh paBeHCTBa (2.5) MOMHUMO
KJIACCMYECKHUX COJEPKUT HEKOTOPOE POTOPHOE cllaraemMoe, Mpo-
SBIISIIONIEECS,, HANpHMEp, B CO3MAHWU CHJIOBBIX JIMHUH, HE
OXBAaTBHIBAIOIINX TOKOB WM LUPKYJISLUWW MArHUTHOTO TOJNSA Y
HE3apsHKEHHOTO (POTOHA.

CootHomienue (2.4) o3HayaeT, 4YTO B ypaBHeHHsX (2.2) -
(2.5) oboOmIaeTcst MOHATHE MarHUTHOTO TOJSL. MarHuTHOE ToJie
B, sBnsromeecs permenueM ypaBHeHuit (2.3) - (2.5), umeer He
TOJILKO POTOPHYIO, HO ¥ TUBEPTCHTHYIO COCTABIISIOILYO.

JluBepreHTHyt0  cocTaBisifomytro moiast B co3maer
NICEBIOCKAIISIPHBIN 3JIEKTPUUECKUN 3apsil (3JEKTPUUECKUN 3apsij
B KJIACCHUYECKOM CMBICIE, JCNEHHBIH Ha TICEBAOCKAISPHYIO
ckopocTh cBeTa). [Ipu 3Tom B Oka3bIBaeTcst ICEBIOBEKTOPOM, KaK
U B KJIACCUUYECKOI TEOpUHU.

-38 -



[IpaBas  wacte  paBeHctBa (2.4) ngomxkHa  OBITH
TMICEB/IOCKAIISIPOM T10 YHCTO MaTeMaTHYECKUM coobOpaskeHusiM. Ho
KaKoB (PM3UYECKUI CMBICIT Y 3TOT0 TpeOoBaHus ?

B IIpunoxennn 1 Oyaer moka3aHo, YTO IUAIIEKTPHUYECKAs
IOCTOSIHHASL &, UMEET CMBICII MAaCCOBO MJIOTHOCTH, & MAaTHUTHAs
IOCTOSIHHAsL 44, - C)KHUMaeMOCTH cBoOogHOro sdupa. bynem

FOBOPUTH IIOTOMY HE TOJIBKO O CKOPOCTH CBE€TA, HO O BCEM

1
MHOXHTEIe ——, T.6 00 uMmenance cBoOomHoro 3¢upa. M3

e
COOTHOLIEHUS ¢~ = MBI BMECTO —— MOXKEM HalucaTh
&0 My &¢
o Tak o JAUBEPreHIUS] MarHUTHOTO TIOJIS  TIPSIMO
&
0

NPONOPLHUOHATIFHA UMIIEJAHCY CBOOOAHOTO 3(Hpa, B OTIUYHE OT
JIUBEPreHIMN  JJIEKTPUYECKOr0  MOJsl, KoTopas  oOpaTHO
IPONOPIMOHATbHA £, U HE 3aBUCUT OT L. IlceBaockanspHOCTh

koadurmenTa o O3HA4YaeT, 4YTO, H3BJICKass KOPEHb, MBI

€
JIOJIKHBI B ITPaBOW 4acTu paBeHCTBA (2.4) BHIOMpATh 3HAK MUHYC,
€ClIU TOJIb3yeMCsl MpaBoi TPOMKON KOOpAMHAT, M 3HAK IUTIOC B
IIPOTUBHOM CITy4ae.

EnuHcTBEeHHOE OOBSICHEHHE 3TOMY COCTOMT, MO-BHIUMOMY
B TOM, YTO IIPH PACIPOCTPAHEHUN MarHUTHOTO TOJISI POSIBIISIETCA
nojsipuzanus 3pupa, CoCToANIas B HEPABHOIIPABHOCTHU JIEBOTO U
[IPABOro BpPALIEHUs NPU JBUKEHUM MArHUTHOrO MOJs. A BOT Ha
JBIDKEHUHM  DJIEKTPUYECKOro IMOJs  3Ta  MOJApU3alMs He
CKa3bIBaETCl.

Tem He MeHee MpaByl0 uacTb paBeHCTBa (2.4) MOXKHO
paccMaTpuBaTh MPOCTO Kak "IPYTyl0 HUIIOCTACh AJIEKTPUUYECKOTO
3apsiia"v He BBOJUTH HOBBIX MOHATHI. [Ipu xenaHuu oxHako ee
MOXHO TIOHUMaTh W Kak '"MarHuTHbIA 3apsn”. Ho, BBemeHHBIN
TakuM oOpa3oM, OH He coBmaaaer ¢ '"MoHomoinem Jlupaka'.
YKaxeM HEKOTOPBIE U3 OTIIMYU.
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1. BBeneHHblld "MarHUTHBIM 3apsa’ - ICEBAOCKAIAP, T.€.
€ro 3HAaK MEHSETCA IPU NEePEX0e OT IPaBOM TPOMKH KOOpPAMHAT
K JIEBOM.

2. OH B C pa3 MEHbIIIE ATEKTPUUECKOTO 3apsiaa, TEM CaMbIM
€ro pa3MEepHOCTb OTJIMYAETCS OT Pa3MEPHOCTH SJIEKTPUUYECKOTO
3apsija Ha pa3MEPHOCTh CKOPOCTH.

3. Hakonen, u3 ¢opmynsl (2.1) ciemyer, 4To MEeXKAY ABYMS
CTaTUYECKUMH "MarHUTHBIMU 3apsigaMu’ OTCYTCTBYET B3aMMO-
JeiicTBue, T.e. AN HUX OTCYTCTBYET CHJIA, aHAJIOTHYHAs KyJlo-
HOBCKOM.

Jeno B Tom, 4uTOo BTOpOoe crnaraemoe B (opmyne (2.1),
OTBEYAIoLIee 3a B3aMMOJCHCTBME MATHUTHBIX IIOJIEM, PAaBHO HY-
JI0, €CJIM HU OJIHO U3 MarHUTHBIX IOJIEH HE U3MEHsETCs BO Bpe-
MeHH (3aKOH COXpaHEHHUSI UMITYJIbca). XOTeNIoCh OBl OJYEPKHYTh
TOT MYHKT, TMOTOMY 4YTO "TPaJAMLUMOHHBIA  (U3NUECKUI
MEHTAJIUTET" HE pa3jinyaeT MoJe U CHUIy, U TOBTOPUTD, MOXKaIYi,
IJaBHYI0O  MBICIb  MpEAjaraeMoro  MOAXOJa:  YypaBHEHUS
Makcgemia camu 1o cebe e1ie He ONPEACIITIOT B3auMOICHCTBUE
nojged u 3apsanoB. Takoe B3aMMOAEHCTBHE  ONMCHIBAETCS
JOTIOJTHUTEIHHON (POPMYIIOii.

PacnuchiBast oyiHy10 MPOU3BOAHYIO OT B 110 t, momydymnm:
Qz (V‘grad)B+6—B (2.7)
dt ot

Takum o6paszom, cooTHouieHue (2.3), B OTJIMYUE OT KJIACCH-
YeCKOro, BKJIIOYAeT B ce0si KOHBEKTUBHYIO NPOM3BOAHYI0 oT B,
3aJJaBaéMyl0 JIBUJKEHUEM DJIEKTPUUYECKUX (a, CIIEA0BaTENbHO, U
MarHUTHBIX) 3aps/I0B CO CKOPOCTBIO V. 3aMETHM, YTO HUMEHHO C
TaKUM JBW)KCHHEM KJIACCHUUYECKas TEOpHUsl CBS3BIBAET IMOSBICHHUE
MarHUTHOTO IIOJISl, OJHAKO HE BKJIIOYAET 3TO IOpPOXKIarolee
JIBIDKEHHUE 3apsnoB B ypaBHeHue (2.3). VYpasHenue (2.2)
COBIAJAET C KJIIACCUYECKHUM.

E u B B ypaBHeHusix (2.2) - (2.5) MOXXHO ONpeAenuTh U Yepes
HNOTEHIUAJIBL.

[lycte A - BEKTOpHBIA, a () - CKAJSPHBIA MOTCHIHAIBI

QJICKTPUYICCKOTO ITOJIAA, YAOBJICTBOPAIONINEC YPABHCHUAM:
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1 d’A

divgradA — — =0 2.8
g 2 4 (2.8)
; __P
divgradp = —— (2.9)
€
[TpumeM ciieyrole COOTHONICHUS KaTMOPOBKH:
. 1 do
divA=———7=0 2.10
¢’ dt (10

(2.10) o3navaeT, 4TO A SBISETCS POTOPOM HEKOTOPOM
GyHKIMK, a (0 HE 3aBUCHT OT BPeMEHHU. Eciam (¢ mpencTaBuUTh

cebe Kak TUIOTHOCTh HEKOTOPOH "IIEKTpUYECKOH KUAKOCTU", U
A 1pu 3TOM OmnpeNeNisieT CKOPOCTh BIKCHUSI ITOM KUAKOCTH, TO
nepBoe u3 cooTtHomeHud (2.10) oka3pIBaeTCs ypaBHEHUEM
HEMPEPHIBHOCTH U1 (P, a BTOPOE - YCIOBUEM HECKHMAEMOCTH

A Q.
Ecnu Tenepp nmonoxum
B = +gradop/c + rotA (2.11)
E = —gradp —dA /dt (2.12)

TO ypaBHeHus (2.8) - (2.10) nepeiinyT B ypaBHeHus (2.2) -(2.5).

Tenepp Ham mpuAETCA 3aHATHCA BOINPOCOM, KOTOPOMY
coBpeMeHHass (u3uka npugaer Oonblioe 3HaueHHe : 00
WHBAapPHAHTHOCTH CHUCTEMBI (2.2)-(2.5) OTHOCHUTEIILHO
npeoOpaszoBanuii ['anunes u Jlopenua.

IIpeoOpazoBanus ["anusest BEIISAAAT CIEAYIOMNUM 00pa3oM

r'=r—ut,t' =t (2.13)

1€ r — paadyc-BeKTOp M3 Hauyajga KOOpJIMHAT B TOUKY
HaOmoeHns, t — Bpems, r' © ¢ - paaMyc-BEKTOp H BpeMs
HAOIO/IEHUST TOW K€ TOYKH, OJTHAKO B CHUCTEME, CIBUHYTOW U3
IIEPBOHAYAJIBHOTO COCTOSIHMS 3a CUET IBMIKEHUS CO CKOPOCTBIO U.

3a CcYeT Yero Takou CABUT MOXKET MpOU30UTH ? TUNHUYHBIM
ClIy4aeM B TMAPOAMHAMUKE SIBIISECTCA CIy4dall IBHKEHUS CPEIBI :
paHblie Mbl Ha0JII0JaJIi YaCTHUYKY BOJIBI B 03€pe (B HEMOABIKHON
Cpelie), a Temnepb CTPEMUMCS IOJIYYUTh Ty K€ KapTUHY B pEKe,
r7ie BOJa JBMXKETCS CO CKOPOCTHIO U. MBI MOXeM HaOIoaTh HE
3a BOJIOM, a HAIIpUMED, 3a NIECYMHKAMHU, KOTOPBIE 3Ta BOJA HECET.
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Torga u OymeT CKOpPOCTBbIO OTHOCHUTENBHO Oepera MecurHOK B
BOJI€, @ HE CKOPOCTBIO TEUEHUS BOJIBI.

Kak runponnnamuka yuutbiBaer 3T Bemm ?  Korma
ONHMCaHUE JBIKCHUSI TPOUCXOJUT B SUIEPOBBIX KOOPAMHATAX,
YTO KMEET MEeCTO M B DJJCKTPOAHMHAMHKE, BMECTO YACTHOU
MIPOU3BOAHOM O BPEMEHM BBIYHCIAIOT TMOJHYIO MPOU3BOJIHYIO,
BUJ KOTOpOM naercsi paBeHCTBOM (2.6). CKOpPOCTH V 31€Ch MBI
MIPUTITUCATM CMBICTT CKOPOCTH 3apsA/I0B B HEIMOABUKHOM cpeje
(o¢upe). A uro, ecnu nBUKETCS U caM 3(UP CO CKOPOCThIO U ?
Torna 3apsin OyIeT ABUTATHCS CO CKOPOCTHIO V + U

[Mpubnuzutenbno ner 3a 10 mo Toro, kak JlopeHn
MPEAJIOKIII CBOM TPeoOpa3oBaHusi B dJEKTpoAuHamuke, Dort
[26] mpenoxKuI MaTeMaTHUECKH T€ YK€ camble IPeo0pa30BaHUs B
TUAPOANHAMUKE.

Bepuemcst k ommcaHuio JBUKEHHS BOABI B peke. Bmecto
TOTO, YTOOBI BBIYHCIATH MOJHYIO MPOU3BOJIHYIO IO BPEMEHH,
@dorT npeaaraet NeperuT K HOBOM CUCTEME OTCYETA, CBI3aHHOU
He ¢ Oeperom, a C TEUEHHUEM BOJIbI B peke. JlelicTBUTENbHO, eclu
MBI OyieM J1efaTh 3aMephl ¢ TUI0Ta, ABMKYIIETOCS CO CKOPOTHIO
BOJAbl B PEKE, MBI MOXXEM OTPaHUYHUTHCS TOJIBKO YaCTHOU
npousBogHON. [loHATHO, YTO cKa3aHHOE B TOW JK€ CTEINEeHH
OTHOCHUTCS Y K JIBIKCHHIO IMIECYMHOK : B BOJIC 03epa y HUX Oyzer
CKOPOCTh V OTHOCHUTENFHO BOJIbI U Oepera, a B peKke CKOpPOCTh V +
U OTHOCUTEIILHO Oepera U Vv OTHOCUTEIIBHO BOJIBI.

Ho uto Oyner Bunets HabmogaTens Ha Oepery ? A TO, 4TO
Tak TOJIPOOHO KOMMEHTHpYETCS B y4eOHWMKax (HU3UKH, KOoraa
pedb uaetr o mpeodpazoBanusax JlopeHma : emy OyneT KaszaTbcs,
YTO pa3Mepbl MPEIMETOB B JBWXKYIIEHCA CUCTEME KOOpPIAUHAT
CXKMMAIOTCSl B HAMpPABIICHWU JBIDKEHUS, a BpeMs 3aMenssieTcs.
Koneuno, Hu 0JJHOMY THAPOJAMHAMHUKY B TPE3BOM yME U TBEPAOH
namsTH HE TMPHUAET B TOJIOBY, YTO JIIOAW, CHAAIIUE HA IUIOTY,
MOXYJEIH, @ MOMEHT MX CMEPTH OTOJBHMHYJCS. SICHO, 4TO 3TO
“MaTreMaTUYeCcKUil MUpax .

Crenuanucram mo 3JeKTPOIMHAMHUKE OJHAKO TaKas Ujes He
TOJIBKO HE KakeTcs 0e3yMHON, HO OHU OOBSABISIOT O0€3yMHBIMH
TeX, KTO ¢ HeH He cornaceH. Cnacu, ['ocnioiu, ux pasym.
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[TosToMy BepHEMcCS K YypaBHEHUSIM HJIEKTPOJMHAMUKHU.
Cucrema (1.8)-(1.11) otHocutensHO npeoOpazoBaHuil [anunes
(2.13) He wuHBapuaHTHa. Bce wu3BecTHbIE aBTOpPY Y4EOHUKHU
¢u3uKu 3TOT (PaKT NEKIAPHPYIOT, HO HU OJMH HE TOSICHSET €ro.
[ToaTOMY CKa)keM Mapy NOSCHSIOUIUX CIIOB.

Bo Bpemena MakcBemia MarHMTHOE TIOJIE CBSI3BIBAJIU
TOJIBKO C JBW)KEHHEM D3JIEKTpUYECKUX 3apsiioB. llo-Buapumomy
TOJIEKO M3 YHCTO MaTEMaTHYECKUX COOOpakeHU MakcBeIut BBE
YaCTHYI0 MPOU3BOJHYIO [0 BPEMEHH B MPABYIO YacCTh YPAaBHEHUS
(1.11). /[IBuxeHue 3apaaoB K€ BBOJWIOCH ‘“‘pyKaMu” U3
HKCIIEPUMEHTATIBHBIX COoOOpaxeHuil. CBA3b TaKOTO ABMKEHUS C
KOHBEKTHMBHOMW YaCThIO MOJHOM MPOU3BOJHON HE Oblia OCO3HAHA.
B ypaBuenun xe (1.9) Hukakoro Toka BOOOIIE HE BBOIMIOCH,
MIOCKOJIBKY ~Y€ro-To, YTO MOXKHO OBUIO HCTOJKOBaTh Kak
MarHuTHBIM 3apsA]l, B SKCHEPUMEHTaX TOrO BpPEMEHU HE
HaOmoganock.  CyliecTBOBaHME  TakKUX — 3apsIoB  BOOOIIE
OTPUIANIOCH, YTO M HAIJIO OTpakeHue B cooTHomeHusx (1.9) u
(1.10). Heynmauynass mnombiTka Jlupaka BBECTH TaKuU€ 3apsiibl
OKOHYATeJIbHO MTOXOPOHMIIA ATy HUJIEIO.

IlogBoas UTOT, MOXKHO CKa3aTh, YTO MaKCBEII BEIBEI CBOU
ypaBHEHHS Ui HEMOJABMXKHOrO 3dupa, BBeAI B HUX
AIIEKTPUUYECKHE TOKH “‘CHIIOBBIM 00pa3om”. [ToaTomy, kKorma Obun
MPOBEJCHBI SKCIIEPUMEHTHI, KOTOPbIE MOKHO OBIJIO MCTOJIKOBATH
KaK JIBIKEHHE d(upa, BCTaJI Bompoc 00 0000ImeHnn ypaBHEHUI
MaxkcBemna. BmepBeie 00 »TOoM 3amymancs [epn, BBens B
YPaBHEHUS TOJIHYIO IPOU3BOJHYIO BMECTO YacTHOH. 3aMeTHM,
YTO HEOOXOJUMOCTH TMOJIHOM MPOM3BOJAHONH OH AaCCOIMHPOBAI
TONBKO C JBmwkeHneM »s¢wupa. I[losTomMmy emy mnpunuioch
mpeanonaratb HEKOTOphle CBoiicTBa 3¢upa. B wactHOCTH, OH
npejmnoarai, 4ro Jboe JBukeHne 3(gupa JOHKHO TPUBOIUTH K
AIIEKTPOIMHAMUYECKUM SIBICHUSAM, BeAb TOTJa 3(Up CBI3bIBAIU
TOJIBKO C  JJIEKTPOJAMHAMUKOM M  Jake Ha3bplBaId  €ro
“CBETOHOCHBIM™ : Cpelloil, B KOTOPOH pPAaCHpPOCTPAHSIETCS CBET
TonpKko Tenepb MBI HAYMHAEM TOHHMATh, 4TO 3(PHp Onpenenser
OOJBIIMHCTBO IPaBU- U TEPMOJAUHAMUYECKUX SIBICHUN TaKXKe.
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OToN uaee, OJHAKO, HE MOBE3J0. Bckope mocie paHHen
cmeptu l'epma OiixenBanpn [27],[28],[29] mocTaBun  OIMBIT,
KOTOPBIN, KaK OH CUMTal, MoKa3aji, 4yTo 3Gup HE ABWXKETCA, U3
Yero OH CieJiall BBIBOJ B IOJIb3Yy TEOPHUHM HEMOJBUYKHOTO 3¢upa
Jlopenna. K camum omnbiTaM OiixeHBajibAa Mbl BepHEMCS B §8,
3[IECh K€ TOJIbKO OTMETHM, YTO T€ COOOpa)XKEHHUs, KOTOPHIE MBI
BBICKQ)KEM TaM, MO-BHAMMOMY, MOT Obl BbICKa3aTh U cam [epil,
HO PaHHSS CMEPTh MTOMEIIaJIa €My ONPaBAaThCs, U TIOBTOPUM YKe
CKAa3aHHOE BBIIIE : TOJIHBIE NPOU3BOJHBIE TIOJIE3HBI HaM HeE
TOJILKO KaK CIIOCOO OmMMCaHUs IBMXKyHIerocs 3(upa, oHH Ham
HY>XHbI, [IOTOMY YTO €CTECTBEHHO BBOJSAT B PAaCCMOTPEHHUE TOK
IIPOBOJMMOCTH WM HOBBIM BHUXPEBOM TOK, CYIIECTBYIOIIMK U B
HenoJBWKHOM 3¢upe. Takke Mbl yBUAMM, YTO BUXPEBOHl TOK
JaeT HaM BO3MOXHOCTh OOBSICHUTH MHOTHE OIIMOKH U
HEJIOTUYHOCTH COBPEMEHHOM AIIEKTPOJIUHAMUKH.

Ho, takx wim wHaye, umes O TMOJHBIX TPOU3BOJHBIX B
ypaBHEHHSX MakcBensia Obula MOXOPOHEHa U BOCTOPKECTBOBAI
PENATUBUCTCKUN  ToaxoA. Bwipaxasich TUApOIUHAMUYECKH,
BMECTO KOHBEKTMBHOW YacTH MOJHON MNPOU3BOJHOM JABUKEHUE
YacTULl B Cpele U caMOW Cpelpl CTalld YYUTBIBATH METOJOM
Qdorra : NEpPeXogOM K JABMXKYILEWUCS CHCTEME KOOpIUHAT.
Cka3aHHOE J1a€T HaM BO3MOXHOCTb MEPENTH K MaTeMaTU4eCKOU
cropoHe aena. Cnenaem sto cinenyst Gunmcy [25].

Cucrema (1.8)-(1.11) nennBapuanTHa no ["anuiero noromy,
YTO YacTHAasi MPOM3BOAHAS IO BpeMeHHU B cooTHoIIeHuu (2.13) He
COXpaHsieT I H I', HO COXpaHSeT CKOPOCTh u. IlosTomy st
JIBUXKYIIECHCS Cpeapl HEBO3MOXKHO JOOUTHCS pPAaBEHCTBA B
cootHoweHusix (1.9) m (1.11), u TpeOyeTcss NMPUMEHATH METOJ]
@dorra-JlopeHna, KOTOpbIM W JAaeT HYXHBIM peE3yabTaT, TakK
CKazarb, “70cTaBas JI€BOE yXO MPaBOi pyKou™.

[Tokaxem, uyto cucrema (2.2)-(2.5) wuHBapuaHTHa TIO
["anuneto (1, KOHEUHO ke, HenHBapuaHTHa 1o Jlopeniy). [Ipexne
BCEro, 4ToObl HE 3a0bITh, OTMETHM, 4TO cuctema (2.2)-(2.5)
HEeJMHEWHA, TaK 4TO JUIs Hee, BOOOIIE TOBOps, HE BBINOJIHIETCS
npuHLIUI cynepno3unuu. OgHako Mbl He OyaeM yriayOnsTbes B
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9TOT BOIIPOC, OTJIOXKUB €ro 10 OTACIBHOI'O pa3roBopa. HepeﬁﬂeM
K MaTE€MAaTUYCCKUM BBIKJIaIKaM.
SHGKTpH‘{eCKOC 1 MaramMTHOC I10JIs1
E =E(x,,x,,x;,t) (2.14)

B =B(x,x,,x;,t) (2.15)
SBIISIIOTCSL  (DYHKIUSMHU  TPOCTPAHCTBEHHBIX  KOOPJIWUHAT U
BPEMCHH.

[MocMoTpum KaK CBSI3aHBI IITPUXOBAHHAS u
HEIITPUXOBAHHAS CHUCTEMBI, ©CJIH BBIMOIHICTCS COOTHOIICHHE
(2.13). MBI XOTHM TIOKa3aTh, YTO

, d d
grad'=grad , — =—+(u- grad) (2.16)
dt' dt
JleiCTBUTENBbHO, MO MTPABHITY BBIYUCICHHS TTOJHOW MPOU3BOTHOM
uMeeM
i_di{i_i_dx;d_i_dx;d_'_d_t'i_i
dx, dx, dx; dx, dx, dx dx; dx, dt' dx|
[ToBTOpSIS IpOIIEAYPY AJISL OCTATBHBIX KOOPIAUHAT, MOIYIHM

(2.162)

grad' = grad , (2.17)
eciu BoeITioHsAeTcs (2.13).
AHaJIOTUYHO MTOCKOJIBKY X, =X, —U 1, 71 =—-u,_ UT.H,
1 t 1
MOy YUM
o 0 0
—=——(u-grad"y=——(u- grad 2.18
atat,(g)at,(g) (2.18)

Tpamuunonnas cucrema MaxkcBemna (1.8)-(1.11) He
UHBapuaHTHa 1Mo [lanuiero MOTOMYy, YTO JOMOJHHUTEIbHOE
cnaraemoe (u-grad) TOSBISETCS B MpPaBOM YacTH paBeHCTBA

(1.9), xorma Mbl mepexoauM K Jpyroil MHEpLMAIbHOH cucteme,
JBHKYIICHCS CO CKOPOCTBIO U OTHOCUTEIBHO MCXOJHOM, M 3TO
claraeMoe He KommeHcupyercs B JjeBod uactu (1.9). B
COBpPEMEHHON  (Qu3uke mnpodiieMy pemuiad ¢  OMOIIBIO
npeoOpaszoBanuii Jlopenua (Porra).
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Opnako B cucreme (2.2)-(2.5) srta mpoOnema perraercs
ABTOMATHYECKH : ciaraemMoe —(U - grad ) B3aMMHO YHUYTOXKACTCS
co ciaraeMbIM +(u-grad), TOSBISIONIMMCS B KOHBEKTHBHOMN
YaCTH MOJHOM MPOU3BOIHOM IO BPEMEHH
daE =((u+v)-grad)E—(u-grad)E + %E =(v-grad)E + %k (2.19)
dt ot ot

Crnaraemple 3a CcYeT JABIDKEHHS  CpEObl  B3aWMHO

YHUYTOXKHIIUCH, a CKOpPOCTb 3apsA 0B \4 OTHOCHTCIIbHO
IMOKOSIIEICS Cp€abl COXpaHUJIACh.
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§ 3. PEHIEHUS YPABHEHUI MAKCBEJLJIA

B mpennaraemoit dopmanuzanuu ypaBHeHus (2.2) - (2.5)
3a7a10T B AuQdepeHnnaip-Hoi Gopme HanpshHkeHHOCTH mosiei E u
B, nopoxaaembie IBHKYIIUMCS 3apaaoM. MIMEHHO 3Ty Mo HaM
TpeOyroTcs, 9TOOBI BOCIIONB30BaThCs (hopmyon (2.1).

C MaTeMaTH4ecKOi TOUKM 3peHHsl cCUCTeMa ypaBHEHHH (2.2)
- (2.5) pacnamaercs Ha nBe rpymmbl: ypaBHeHus (2.3) u (2.5)
3anatot nonsg E u B, sBnstonuecs ux penieHusMy; ypaBHEHHs ke
(2.2) u (2.4) ompenensitoTr HavyayibHbIE ycioBus. [lomyueHHbie
TtakuM oOpaszoMm ¢yHkuuu E u B onpenensior ctaTHuecKyIo 4acThb
HANPSDKEHHOCTH TOJIHOTO MOJIsl, TUHAMHUYECKasl 4acTh KOTOPOIo
3amaeTcs ypaBHeHueM (2.3) u (2.5).

OtMetuMm crenytomiee: U3 ypaBHenuit (2.2) u (2.5) cuenyer,
YTO €CJIM V HE 3aBUCUT OT IMPOCTPAHCTBEHHBIX KOOPAMUHAT, TO
%=@+V-gradp=0 (3.1)
dt ot
OTO COOTHOLIEHHE MO>KHO MCTOJKOBATh KAK YCHUJIEHHBIA 3a-
KOH COXpaHEHMs 3apsja: 3apsii HE TOJIBKO COXpaHSAETCs, HO U
BelleT cels1 Kak HeC)KMMaemasi KUIKOCTh. PaccMoTpum ciyuai,
KOTJla P HE 3aBUCHT SIBHO OT t, T.€. KOrja

op
—=0 3.2
Py (3.2)
Torna u3 (3.1) B cuity IpOU3BOIBHOCTH V TIOJTYYHM:
gradp =0 3.3)

3apsiapl, paBHOMEPHO paclpeieiieHHbIE B IIape paamyca
I, <<I', OYEBHMJHO YAOBIETBOPAIOT TpeboBanusam (3.2) u (3.3).

OtHOCUTENBHO V OyAeM MpearnosiaraTh, YTO OHA HE 3aBUCHUT SIB-
HO OT MPOCTPAHCTBEHHBIX KOOPAWHAT W SIBISICTCS (PYyHKIMEH
TOJIbKO BPEMEHHU .
V=1V (1) 3.4)
IIpu ycmoBusix (3.1) - (3.4) MOKHO yKa3aTb OJJHO YacTHOE
pereHue cuctemsi (2.2) - (2.5).
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E=L|:—M+r} (3.5)

3g, C
B:-L[M +r} (3.6)
3e,cl

r7ie ' - paauyc-BeKTOp OT 3apsaa B TOUKY HaOmroaeHus. [Ipsmoit
MOJICTAaHOBKOW mpoBepuM, uto (3.5) u (3.6) meiicTBUTEIHHO
ABIIAIOTCS PEHICHUSAMH MOAU(PHUIMPOBAHHBIX YypaBHEeHUI Mak-
ceema (2.2)-(2.5):

e L e B
3¢, c 3¢, c €,

Ananornuno, divB = — P
€0C

Boruricnum Teneps JieBble U paBble YaCTH paBeHCTBa (2.3) .
d ldp{rxv r} p{vxv rxa }
B=——— +— + +v|=

g, — = —_—— =
" dt 3dt| c| 3c| c c

:_ﬂ[ranrv}
3c| ¢

B nanpneitmem OyaeM paccMaTpuBaTh Ciydail, Korjaa
MEpPBOE ClaraeéMoe CIpaBa IOCJE IMOCJIEIHEr0 3HaKa paBeHCTBA
paBHO HYJIO, T.€. MBI CUMTaeM, YTO WU PAJAUYC — BEKTOP
NEPIEHIUKYJISPEH YCKOPEHHUIO a4, WU K€ A PaBHO HYJIO, T.C.
CKOPOCTh NOCTOSIHHA. OKOHYATEIBHO MOJIy4aeM

dg__ PV

dt 3ce,
C npyroii CTOpOHBI,

sorotE:l gradgx[— rxy +r}+
2 3 c

+ 3£ [— (v-grad)r + (r-grad)v — (divv)r + (divr)v]} = +?
c c

AHaNOrM4HO NMpOBEPSETCs PaBEHCTBO (2.5).
311ech Mbl IPUHSIN ONPEEICHUE BUXPS KaK OJHON BTOpPOU
COOTBETCTBYIOLIUX KOMOWHAIHHA [IPOU3BOJHBIX. Takoe
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ompeneneHue JaHo B Maremaruueckod sHUMKIonenuu [34].
Ecnm ke ucxomuTh U3 TOXKE 4acTO MCIOJIB3YEMOTO ONpeaeICHUs
0e3 OJHOW BTOPOH, TO TPU BEKTOPHBIX MPOU3BEACHUSIX B

byukmmsx (3.5) u (3.6) nosBuTCsa KodPuImeHT % o cux mop

aBTOP HE CTOJIKHYJICSI C TaKOW HEOOXOIWMOCTBIO, T.€ (HhOPMYJIbI
(3.5) u (3.6) paboTaroT BIOJIHE HOPMATHHO.
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§ 4. OKOHYATEJIBHOE COOTHOILIEHHE
BrimumeM Teneps B SIBHOM BHUJE ClIaraéMble€, BXOJSIINE B

dbopmyny (2.1):

r, XV r,, XV
. B,=- q, . [ 12 1+r12]: q, . [ 21 1_|_r21]
dre,ric” ¢ drg,ric ¢
. q, I XV,
> Ey T4ze it ¢ +r21]
0

Haitgem rpagueHT CKalsipHOTO MPOU3BEACHUS ITHX IOJEH,
Oepss  COOTBETCTBYIOIIME TPOM3BOAHBIE IO  KOOPAMHATAM
MMacCUBHOTO moiad 1.

9,9 (ry xv)-(r; xvy) 5
3 -B,-E, = 167[2150;,,60[ 21 1 > 21 2) _, ]
— grad[4re,r’c(B,, - E, )] =

4 _ 914 [l‘ _ 30, ((ry, X v,) - (ry; XV,)) N
C dget
0

7"2C2
N vV, X(ry XV,)+V, x(Iy xvl)]

2
C

Haiinem teneps BTopoe ciaraemoe B (1.1)

5 B —_ q; XV,
. 21 — 3
dreyric ¢

r, XV
6. Bj,= 4 3 [ = +r21]
dre,ric

+1y]

47r<90r30(B12 xB,) =
7. 949, (rzlxvz)x(rzlxvl)+r xr2lx(vl_v2)]
- 4 3 2 21
e, e c c
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[IponsBogHbIE OT pagnyca-BEKTOpa

2
dr,, dry,
—==V,—V,, S-=a, —a,.
dt dt
Ecnu Bpewmst 3ana3iplBaHus CHTHaJIa HECYIIECTBEHHO 10 yC-
JJOBUSAM 3aJa4Hu, TO HpOI/I3BOIlHBIe BBIYUCIIAKOTCA B OUH U TOT XKE
MOMEHT BpeMeHHU t. Ecii e 3TO CyIIEeCTBEHHO, TO CKOPOCTh U

YCKOPCHHUE aKTHUBHOT'O 3apsAga BBIYUCIIACTCA B HpeI[HIGCTBYIOHII/Iﬁ

r
MOMCHT BpEMCHU 7 =f——.

€y

Btopoe cnaraemoe B (1.1) Oynmer BBIMISACTH CICAYIOIMINM
obpa3zom:

8.
1[4@ rie(B,, xB,, )] =
dt 0 12 21
= Liz{_[(vl —V,) X (ry X (v, —V,))] -

dre,ric

_%Lzl_vz)[rzl X (ry X (Vv = v, )]+
r

+ 1y X[y x(a, —a,)]+ (Vs x V) X[y X ¥,) = (ry X V,)] -

C
n [(ry, xv,)x(ry xa;)—(ry xv,)x(r, xa,)] _
C
3y, (V= V) [y xv,) x(1ry, XV1)]}
]"ZC

OKOHYATENBHO MOJYYUM: CHJIa, C KOTOPOM BTOPOW 3apsii
JICUCTBYET Ha NEPBBIA, UIMEET BUJ:
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F, = r, +
. 47&901’3 "
q.9
+ : 23 2{[Vl><(r21><V2)+V2><(r21><V1)—
4re,rc
3r,,
5 (g x v ) (g X VD] H[(V =V )X (1 X (v, —V,)] -
r (4.1)

_w'[rzl X (1 X (Vy = V)] + [y x(ry x(a; —a,))]+
r

+(V1 XV, )x[(ry x v )= (ry, sz)]+

C
+[(r21 XV, )X (ry xa,) = (ry Xv,)x(ry, Xaz)]_
C
_3r21 (V=) [y x v ) x(ry, sz)]}
I”ZC

PacniceiBas nBOMHBIE BEKTOPHBIE IPOU3BEACHUS, TIOIYYUM
JIPyroe BBIPaXCHHUE ISl 9TOU K€ CHUIIBIL:

F, = 9.9, r. + 919,

21
dre,r’ dre,r’c

‘ {[I'ZI(Vl Vo) = V(g V) =V, (1, V) +

+ oy ((ry - vy) - (ry - vy))]+

Pt .

+[ry (v, - V2)2 — (Vi = V) (g - (v, = V)] -

_M[rzl(rzl (Vi = V) = (v =V, ]+
-

+[ry (ry - (a, —a,))—(a, _az)r2]+

+ (Vo = vy, - (V, XV,)) N

C
n r21[(1'21 sz)'al _(r21 X Vl)'az n
c
n 3r21[r21 '(Vl _Vz)]'[rzl '(Vl X Vz)]}
rie (4.2)

BriBenem emnie ogun Bua dopmyisl (4.2), BBeAs SIBHBIM 00-
pa3oMm yriibl MeKay Bektopamu. [1ycth
0, - yros Mexny Iy ¥ vy
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0, - yrosi Mexny Iz 4 v,

0, - yron Mexy Vi 1 vy

0, - yron Mexay r21 1 (vi - v2)

0 - yron Mexny rz; 1 (a;— az)

0, - yron Mexay ryu (v, xXv,)

0, - yroa mexny (r,, XVv,) U a;

6, - yron mexay (ry,, xv,) u a,
Torma popmyna (4.2) npuHUMAET BUI:
F, = 9.4, 9.4,

r, + :
21
Are,r dre,rc’

-{—[vzverOSH +vv,rCosb, +
+1,,v,v,(Cos0, +3Cos0,Cosb,)]+
+r,, (v, —v,)’(1-3Cos’6,) +

+2(v, = v,)r|v,—v, | Cos,]+
+[r,r|a, —a,|CosO, —(a, —a,)r*]+

N (v, = v,)rvv,Cos0,Sinb, N

c

N r,,[ra,v,Sin0,Cos6, —ra,v,Sin6,Cosb, | N

C
+ 31'21 ’ ((Vl - V1) : (V1 X Vl))C0S94C0S6’6 }

c

(4.3)

CpaBaenue ¢opmyiasl (4.2) c¢ dopmynamu Heiimana,
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I'paccmana, Amriepa u Yurakepa, MpuBeJeHHbIME B naparpade 1,
MIOKa3bIBAET, YTO BCE OHU SBIIAIOTCA €€ YAaCTHBIMM CIy4asiMH,
Ooyiee TOrO, BCE OHHU 33/Jal0T OTJENBHBIC ClaracMble B TEPBBIX
KBaJIpaTHbIX ckoOKax Qopmynsl (4.2). JelictButenbHo, (1.16a)
3amaet nepBoe ciaraemoe, (1.16b) - mepBoe u Tperne, (1.16¢) -
nepBoe (yBETUYEHHOE, IMpaBiaa, BABOe) W uerBeproe, (1.16d) -
nepBoe, BTOpoe W Tperbe. OTMETHM, HaKOHel, 4To (opmyia
I'paccmana (1.16B) mpoOMHTErpUpOBaHHAs IO TOKOHECYILIEMY
KOHTYDY, acT B TouHocTH dopmyiy Jlopenna (1.16). To, uto Bce



yKa3aHHbIE aBTOPbl OTPAHHUMBAIHUCH CIIATa€MbIMU U3 TEPBBIX
KBaJIpaTHbIX CKOOOK, HUCTOPUYECKHU HOHATHO: OHHU
HKCIIEPUMEHTHUPOBANIM C HEUTPANIbHBIMU TOKAaMH, Ui KOTOPBIX,
Kak Oy/JeT MoKa3aHO HIKe, BTOpas KBaapaTHas ckoOka B (4.2)
paBHa HYJIIO.

A BoT Bebep kakuM-TO 00pa3oM mpuiiesn K CliaraéMbIM U3
BTOpPOIl M TpeTheil KBaapaTHBIX CKOOOK B (4.2). Bo3zmoxkHO, OH
AKCIIEPUMEHTHUPOBA]l UMEHHO C 3apsyKEHHbIMU TOKaMH, HO €ro
dopmyna (1.7) coBnagaer ¢ paauaibHbIMU CJIaraéMbIMH BTOPOU U
TpeTbell ckoOOK B (4.3), MONy4YMBIIUXCS U3 BTOPOH, TpeThell U
4eTBEepTOi CKOOOK (4.2).

PaccMoTpuM (u3mueckuii CMBICT TOTYYSHHBIX POPMYII.

[TosicHenne mpoBeneM Ha npuMmepe cooTHomeHus (4.3), Kak
Oonee  KOMMIAakTHOM. BepHemcs K  BBIpaXEeHMSIM  JJs
HANPSDKEHHOCTEH 2NIEKTPUYECKUX M MarHUTHBIX mone (m.om. 1, 2,
5, 6 aToro maparpada).

Bropble cnmaraemble B MX MpaBbIX YacTAX  3a/4al0T
CTaTUYECKYI0 KOMIIOHEHTY U IPOSBISIOTCS, TOIBKO €CIH 3apsibl
"ronpr". IlepBble ke criaraemble 3a4alOT JUHAMUYECKYIO
KOMIIOHEHTY M MpOSIBJISIIOTCS HE TOJBKO s "roisbix",
3apsKEHHBIX TOKOB, HO U JUIsl TOKOB B HEUTPAJbHBIX MPOBOIHH-
kax. Takue TOokM Oyaem Ha3blBaTh HeWTpanbHbIMHU. [Ipu mepe-
MHOKEHUU WM BBIUUCICHMHM TpPOW3BOAHBIX (m.m. 3, 4, 7, 8) aT0
CBOICTBO Hacjemyercss B Gopmysne s cuibl. [losTomy, Hampu-
Mep, mepBoe ciaraemoe B (opmyne (4.3), mOIyueHHOE B pe-
3yJbTaT€ NEPEMHOXKEHUS CTATUUECKUX KOMIIOHEHT HAIpsKEH-
Hocted Bjy u Eyj, OyneT mposBIATHCS TONBKO MEXIY 3apsKeH-
HBIMU TellaMu (KyJOHOBa cuia). A BOT CHJIbI, 3aJjaBacMble Mpo-
U3Be/IeHHEM JUHaMH4YecKux KommoHeHT B, u E;, (mepssie
KBaJ[paTHbIE CKOOKH B GUTYpPHBIX CKOOKaX) OYIyT MPOSBIATHCS U
MEXIy HEHTpadbHBIMU, & HE TOJIbKO 3apsHKEHHBIMU TOKaMu. B
ATOM CMBICIIEC CHJIA, 3a/laBaeMasi BTOPHIMH KBaJIpaTHBIMH CKOO-
kamMu B (4.3) U moNlydeHHash B pe3yibTaTe MEPEeMHOXKEHHS CTa-
THUYECKON W JIMHAMUYECKOW KOMIIOHEHT HAIpsSKEHHOCTEN Mar-
HUTHBIX TIOJICH, 3aHMMaeT MPOMEKYTOYHOE IOJIOKEHUE: OHa
HPOSIBIIAETCS, TOJABKO €CIU XOTS Obl OAMH M3 B3aMMOJIEHCTBYIO-
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mux 3apanoB "ron", U OyJeT paBHa HYJII0 MEXIy IABYMs HEil-
Tpa’dbHBIMH TOKaMu. Cuiia, 3ajaBaeMasi TPEThHMH KBaJIPATHBIMU
CKoOKaMu B (pUTypHBIX CKOOKax, U OOs3aHHAs CBOHMM IIOSIBJIE-
HUEM YCKOPEHHOMY JBIDKCHHIO 3apsiIOB, XOTS M IOJyYWIIach B
pesyjbTare IMEPEeMHOXKEHUSI CTATHUECKOM W JHHAMHYECKOU
KOMITOHEHT HaNpsHKCHHOCTEH MarHUTHBIX MOJEH, OyIeT MposiB-
JAThCA U MEXJLy HEMTpaJIbHBIMU TOKaMH, IIOCKOJIBKY H3Ty4YEHHOE
10JIEe Ha/I0 paccMaTpUBaTh Kak '"rojoe".

BeipaxkeHust ans cuii, MOJydyeHHbIE B pe3yJibTaTe IMepeMHO-
KEHHUS JTUHAMUYECKHX KOMIIOHEHT HAampsHKEHHOCTEH, paBHBI
HYJIIO, €CJIM XOTsSI Obl OJIMH M3 3apsAJ0B MOKOUTCS (XOTs Obl O/1HA
U3 CKOpOCTeW paBHA HyJI0). Hampumep, B 3ToM ciydae Oyner
paBHa HYJIO IepBas KBaJpaTHas CKOOKa, SIBJSIOINASACH HEIO-
CPEICTBEHHBIM OOOOIIEHHEM BBIPAKEHUS UISI KIACCHYECKON
cunbl Jlopenna (ot knaccuueckoi popmynsl Jlopenna (1.16) sta
CKOOKa OTIMYAETCS TOJBKO HAJIMYUEM JOTOJHUTEIBHBIX Cla-
raeMbIX, CAMMETPU3YIOLIMX TO BBIpAXKEHHUE TaKUM 00pa3oM, YTO
OHO HAYMHAET YAOBJIECTBOPATH TPETheMy 3aKoHy HbloToHA).

A BoT BTOpas KBajapaTHas CKOOKa, SBIISAIOLIAsICS
00001IeHEM TIEPBOTO ClIaraéMoro B KBaJ[paTHBIX CKOOKax B
dopmyie Bebepa, Hymto B 3TOM ciydae paBHa He Oyzaer. Tak 4to
MEXy HEHTpPaTbHBIM TOKOM U TIOKOSIIUMCS 3apsoM 3a €€ CUeT
JIOJDKHA TOSIBUTHCS CUIIA.

JaBaiite OoJiee NeTaTbHO CPABHUM TOITYYEHHBIE (POPMYJIBI C
TE€MH, 4TO OBUIM BBINKCAHBI B MEpBOM paszziene. Hama 3anuch
(4.2) mo ¢opme Ommxe Bcero K 3TUM (GopMysiaM, MOITOMY €€ U
OyzeM UCIOJIb30BaTh JIsl CPABHEHUS.

[TepBoe crnaraemoe B (4.2) B TOYHOCTH COBIIAJIa€T C 3aKOHOM
Kynona (1.1). Ho ecnu cootnommenue (1.1) - akcuoma, T.e. OHO
HUYEM He 00OCHOBBIBAETCS, a MPOBO3IJIALIAETCS CO CChUIKOW Ha
HKCIEPUMEHT, TO MepBoe ciaraeMoe B (4.2) MOIyyeHO B pe3ylib-
TaTe BBIYHMCICHUS TPAIMECHTAa DHEPTUU B3aWMOJICHCTBHS IBYX
nojei, T. e. Kak cieAcTBue Oozee oOmero mnoaxonga. ITo
OTHOCHUTCS U K BBIPQXKEHMIO B IIEPBBIX KBAJPATHBIX CKOOKax (4.2),
OTSITh-Taku B oTiuune ot (Gopmysl (1.16), koTopyro 3Ta ckoOka
00o0m1aer. 3aMeTUM, 4TO y 3THUX (OPMYJ B TOYHOCTH COBIIAJAET
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TOJABKO OAMH 4IEH: - I, (Vv,-Vv,)- Cnaraemoe xe V,(r, -v,),

X0Tsl U (urypupyetr B 00eux (opmynax, OJHAKO MMEET pa3HbIC
3HAaK{: MUHYC B NEPBBIX KBaJPaTHBIX CKOOKax B (4.2) M IIoC B
(1.16). Tak uto? (4.2) u (1.16) mpoTuBOpEUaT IPYT APYTY B 3TOM
nynkre? Her. IlpoGnema 3axmiouaercs B TOM, 4YTO IS
KJIACCMYECKUX ypaBHEHMM MakcBemia pemnieHus H3BECTHBI
TOJILKO JJIi OYEeHb YAaCTHBIX CIlydaeB, HAmpuMep, IITUHHBIX
NpoBOAHMKOB. W Kilaccuyeckass mojieBass TEOpPUS HUYEro He
MOXKET CKa3aTh O B3aMMOJICHCTBHM OTIEIBHBIX JIBUKYIIUXCS
3apsanoB. Dopmyna ke (4.2) TpakTyeT BOIPOC Kak pa3 o
B3aMIMOJICHICTBHH OTJENBHBIX ABIKYIIMXCS 3apsiOB, T.€. OHA HE
MMEeT TOYHOTO KJIACCHYEeCKOro mojeBoro anamora. Kak
UHTEPECHO: €CIAM  3apsA]  B3aUMOJEHCTBYET C  JJIMHHBIM
IPOBOAHMKOM C TOKOM, TO OJHa M3 COCTaBJISIOLIUX
JNEHCTBYIOIIMX HAa HETO CHJI HAaIpaBlieHa MO0 CKOPOCTH 3apsiioB B
npoBogHuke! Ecin ke B NPOBOJAHUKE JBHKETCA OTACIbHBIN
3apsifi, TO dTa MPOEKIHMS MEHSeT 3HaK. MBI MOIyYUM YCJIOBHE
TOYHOTO coBmaaeHus ¢ popmynoit Jlopenna (1.16) B paznenax 6 u
7, TA€ pacCMaTpUBAETCs B3aMMOAECHUCTBUE ABUXKYILErocs 3apsaa u
MPOBOAHMKA C TOKOM. /[l ABYX HEHTpajbHBIX MPOBOJHUKOB C
TOKOM 93TO  (pakTHYecKH yCIOBHE€ HX MapaJyIeIbHOCTH.
'eomerpuyeckn  MOXHO  CKa3aTb, 4YTO  B3aUMOJEHUCTBHUE
OTJICBHBIX 3apSAA0B MPOUCXOJUT B TPEXMEPHOM MPOCTPAHCTBE, &
3apsia C JUIMHHBIM [POBOJHHKOM WJIM IIyYKOM 3apsIoB B
JBYMEPHOM (OJHY pa3MepHOCTh, "yOuBaeT" IUIMHHBIA Iy4OK).
CooTBeTCTBEHHO U yObIBaHHE JOPEHIIEBOW CHIIBI MPOUCXOIUT IO
pazHomy: B (4.2) oHa yObIBaeT Kak r’, B KIACCHYECKOIl Ke [u B
Hamelt (6.3)] dopmynax kak r. B mepBoii kBagpaTHOW CKOOKE B
(4.2) umerorces ee ciaraembie, KOTopbix HeT B (1.16), - aTo cuia
- v,(ry-v,), HampaBleHHas @O CKOpPOCTH V,H cHJIa

3r

ril ((ry, - v,)-(r,, - v,)) HalIpaBJeHHast 10 PAgUyCy. DTU CHIIbI

¢burypupyrot B popmynax Yurakepa u Ammepa 1.16d u 1.16¢ u
CUMMETPU3YIOT  (OopMyIily, [elaroT €€ YJIOBJICTBOPSIONICH
TpeTbeMy 3aKoHy HbroToHa. Mbl BEpHEMCS K aHAJIM3y ATHUX Clla-
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raeMbIx B paszzene 6, rae Oyznem paccmMaTpuBaTh B3auMoJeiicTBUE
3apsia ¢ JUIMHHBIM POBOJIHUKOM.

Bropas, TpeTss u derBepras KBajapaTHble CKOOKU B (4.2) u
BTOpasi M TPEThsI KBAJAPATHbIE CKOOKH B (4.3) SABISIOTCS aHAJIOTOM
BTOPOI'O U TPEThEro ciaraeMbix B popmyie Bebepa (1.5). 3anuce
(1.5) 6mmxe Bcero k dopmyne (4.2), co BTOPBIM, TPETbUM U
YEeTBEPThIM CJIaraéMbIMM KOTOpOH M mpoBeaeM cpaBHeHue (1.5)
CpaBHeHue mokas3biBaeT, 4to (1.5) B TOYHOCTH COBMANAIOT C
palualbHBIMU CJaraéMbIMH BO BTOPOH, TpeThbed M ueTBEpTOU
KBaJpaTHbIX CKOOKax (4.2). OpmHako HEy4YeT CllaraeMsix,
HalpaBJIEHHBIX BJIOJIb Pa3HOCTU CKOPOCTEH M yCKOPEHUH MPHUBO-
muT popmyity Bebdepa (1.5) k HeBepHBIM Ipencka3aHusaM. Tak s
Kosiebmonierocss  aunons  gopmyna Bebepa mnpenckasbiBaer
HaIpaBJIEHUE CUJIbI (M COOTBETCTBEHHO M3JIYUYECHHMS) [0 paauycCy-
BEKTOpY, TOrja Kak omelT U ¢opmyina (4.2) mpeacka3blBaeT
U3JTyYEHUE, EPIEHINKYISIPHOE YCKOPEHHUIO.

-57 -



§ 5. IPUMEPBI
I[TPUMEP 1

[Iycte 1o okpyxxHOCTH paguyca Ry, pacrnonoxeHHON B
IUIOCKOCTH (xl,xz)c LEHTPOM B Hadaje KOOpAUHAT, PABHOMEPHO

pacripesienieHsl MPOOHbIE 3apsAabl ;. 3apsii ke o PacloiOXKeH B
LEHTPEe OKPY>KHOCTH B Haudaje koopauHat. Ecnu qp mokourtcs, To
u kiaccuueckas Qopmyna Jlopenna, u  Qopmyna (4.3)
MPEJICKa3bIBAIOT CYIIECTBOBAHUE TOJIBKO KYJIOHOBOW CHIIBI,
HaIIPaBJIECHHOM 1O paauycy. UTO M3MEHUTCS, €ClIu (2 HE IIOKO-
UTCS, @ UMEET MOCTOSHHYIO CKOPOCTh V, HAIPaBJIEHHYIO MO OCH
x1? CorjiiacHO KJIacCHYECKOM TEOpUH B 3TOM CJIydyae JOJKHBI
MPOSIBUTHCA ~ PENATUBUCTCKUE  APDEKTh,  aeGopMUPYIOIITHE
KYJIOHOBY CHJIy TIO BEJIMYMHE, HO COXPaHSIOIIUE €€ PaauaabHbIN
xapaktep. CorjacHO TEOpPHM OTHOCUTEIIBHOCTH, CHJIA, AECHCT-
BylOIllasi Ha MPOOHBIN 3apsi, OyAeT HampaBlieHa MO Paguycy U
UMETh BUJI:

__4949, (1-4%
© dzg,R; (1-pB’Sin*6)"*’

(5.1)

v
rae f=—,a 6 - yroia Mexay BEKTOPOM CKOPOCTH V B PaJIHyC-
c

BEKTOPOM K IpoOHOMY 3apsany. Ilpu mansix [, pasznaras 3Hame-
HaTelb BO BTOPOM COMHOXHTene (5.1) B psix M OrpaHUYMBASACH
MaJIBIMU TIOpsKa 3, HOMyduM

2
- 49,4, —+ 9.9, - .’H_(I—SCOSZH)- (5.1a)
472—80R0 47[80R0

Ilpu 6 = 0 »1a ¢dopmyna mnpeackasbBaeT OcCIadICHUE
v 2
KyJIOHOBO# cuibl opsiika - . [Ipu @ = 90° oHa npeackasbiBaeT

ﬂZ

YCUJICHUE KYJIOHOBOW CHIIBI Hop;mKaT. [TpubnuzuTensHo MpU

55° xpyrnas ckobka B (5.1a) paBHa HYIIO: JOIMOJHUTENbHAS K
KYJIOHOBOM cuiia MeHsieT 3Hak. C pocTtoM f, KOTaa OKa3bIBAlOTCS
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CYHICCTBCHHBIMU CJIaraCMbIC TIOPAJKa BBIIIC ,BZI/I PA3JI0KCHUC

(5.1a) sBIsIeTCS HEKOPPEKTHBIM, JeopMalnys KyJIOHOBOM CHIIbI B
nonepeyHoM HanpasieHuu (npu € = 90°) ysenunuuBaercs. [lpu

3
[’ = 2 312 feopmanms 6yaeT UMeTh OpPSIoK .

ITocmoTpuM, 4YTO Ui JAHHOTO cCiydas IIpeAcKa3blBacT
dbopmyna (4.3).

BeipaxkeHne B epBbIX KBaJpaTHBIX CKOOKax M JBa MOCIE]-
HHX CIIAraeMbIX, MMCIOIIMX MOPSAOK MANOCTH ¢, OYIyT pPaBHBI
HYJIIO, TaK KaK CKOPOCTb OJHOIO M3 B3aMMOACUCTBYIOIIUX 3apsi-
JIOB paBHa HyJI0. PaBHO Hy/I0 M BbIpaXEHHE B TPETbUX KBaJ-
paTHBIX CKOOKax, Tak KaK CKOPOCTb 3apsia (» nocrosHHa. He-
HYJICBOU SIBJIICTCSI TOJBKO BTOpas KBaJpaTHas CKOOKa. JTO BBI-
pa)KEHHE 3aBHCHUT OT PAa3HOCTHU CKOPOCTEH, HO V| PaBHO HYIIIO,
[I0O3TOMY OHO OKa3bIBAa€TCsl 3aBUCSIIUM TOJBKO OT CKOPOCTH 3a-
psana (. Ilockonmbky o00a 3apsiael "ToOnbl", HE paBHA HYJIIO U
KyJIOHOBa cujia. Bo BTOpoO#i kBaapaTHO#l ckoOke B (4.3) durypu-
PYIOT ABE CWJIBL: HAIIPaBJICHHAS 10 paauycy I, u HampaBieHHas
BIOJIb ckopoctu cwia F,. [lnsg pagvanbHON CHIBI C y4E€TOM
KYJIOHOBOW UMEEM

=D 0% g2(1-3C0s%0) (5.2)
dre, Ry 4rsyR,

CpaBuuBas c¢ (5.la), Bugum, uto (5.2) nans ManbIxX
CKOpOCTEH TpelCKa3bIBaeT Ka4eCTBEHHO TOT e, HO B J[Ba pas3a
Oonpmnii 3¢dext, yem Teopust orHocutesnbHocTH. C pocToM f3
pasHHIIa B TIPEACKA3aHUAX YMEHBIIACTCS M B IONEPEUYHOM

. » 3
HalpaBJI€HUU CTAaHOBUTCS pPaBHOM Hymo 1pu f zz [Ipu

P —1(5.2) crpeMutrcs K yIBOSHHOW KyJIOHOBOW cHjie, B TO

BpeMs, KaK  peIATUBHCTCKas  ¢GopMmyia  MpecKa3bIBaeT
OECKOHEYHBIH POCT KYJOHOBOH CHiibl. OTMETHM TaKXe, 4TO JJIst
HEUTPaAJIBHOTO TOKAa COOTHomIeHue (5.2) coxpaHseT Cuily, Toraa
KaK TeOpHsi OTHOCUTEIBHOCTH MPEACKA3bIBACT HYIeBOU AP (DeKT.

9,49, 2
Cuna F =——==—.3°Cos@ 53
" dze R} P (5-3)
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Ota cuna gocturaer Mmakcumyma npu € = 0 (B mpogoIsHOM

Hanpasienun). [lpu € € [0,90°] ona yObIBaeT OT %22 S 10
4re R,

Hyisi, U ipu @ € [90°, 180°] mponosmkaeT yObIBaTh OT HYJIS 10
__949  po
dre, R, '

OOmiast cuna, AEUCTBYIOLIAs Ha 3apsDKEHHYIO OKPYXKHOCTD,

coryiacHo (4.3) OyneT BEKTOpPHON CyMMOM:
F=F.F, 5.4)

Cuna F, npuBOIMT K MOSIBJCHUIO COCTABJISIONIEH CHUJIbI, Ka-
CaTelIbHOM K OKPYXKHOCTH. Ecim qo— OoTpuLaTeNbHBINA 3apsn, a
OKPYHOCTb - HEUTpaJIbHBIM MPOBOJHUK, CBOOOIHBIE 3JIEKTPOHBI
cobepyTcst B 001acTu mepeceyeHus] OKPYKHOCTH U OCH X|, TOTAA
Kak o0JacTh MepeceueHrss OKPYKHOCTH C OChI0 Xp 3apsAuTCA
noJoXHUTeIbHO. Takoe neperekanue OyeT MPOJOIDKATHCS 0 TeX
Mop, MOKa MEXaHUYECKU MOMEHT 3a CYET KYJOHOBBIX CHJI HE
KOMIICHCUPYET MOMEHT, T[epelaHHbIii CUCTeMEe BHEUIHUMU
CHUJIaMH, COOOIIABIIUMH 3apsAIy (2 CKOPOCTh Vo( CM. MoapoOHee
pazznen 10).

3amMeTUM, HaKOHELl, YTO €CJIU CKOPOCTh JIBUJKEHUS V) HE
MOCTOSIHHA, T.€. 3aps]l ABMXKETCS YCKOPEHHO, TO HA TIPOOHbIE
3apsbl OyJIET NeMCTBOBATh CHJIA 3a CUET YCKOPEHUS a 3apsiia q»
(TpeTbs kBagpaTHast ckoOka B (4.3)). Ota cuna OyieT HanpaBJeHa
10 BEKTOPY YCKOPEHUS, a €€ BEJTUUHHA

—_ 992 g

a 2p2
4rs,c”R,

Ecnu HanpaBneHne yCKOpEeHHs a COBIAAAET C HalpaBiIeHU-
€M CKOpPOCTH, TO MAaKCHUMallbHOW OHa OyneT Ui 3apsIoB Ha
MIEPECEYCHUH OKPYXHOCTH ¢ oChio X; (6 = 90° ). Dta cwia, He
MeHsisl 3HaKa, yOobIBaeT Ha mpomexkyTkax [90°, 0°] u [90°, 180°].
CpaBaure 310 ¢ cwior Fy , koTopas Mo MOIYJIIO YBEIMUNBACTCS
HA 3TUX MPOMEKYTKAX U UMEET MPHU 3TOM Ha HUX Pa3HbBIC 3HAKU.

[ToaBeneM uToru pazoOpaHHOro MpUMEPA.
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1 . ®opmyna (4.3) mpenckaspiBaeT JeUCTBUE JIBYX (a B Cly-
yae YCKOPEHHOIO JBMKEHUS 3apsia - TpeX) CUI Ha IMpOoOHbIE
3apsizibl.

2. VI3 31X Tpex CWJI Ccuia 3a CYET U3JIy4EHUsS COBIAJAET C
KJIACCUYECKOH, pajuaibHasi cuja B LIMPOKOM JHAra3oHe CKOpO-
cTeil Onmu3Ka K MpeAcKa3aHUsIM CIENUaJIbHONM TEOPUH OTHOCH-
TesnbHOCTU. CKOPOCTHAs K€ CUila He NpeAcKa3blBAaeTCsl KJIACcCH-
YECKOM TEOpHUEH M MOXKET CIy)KUTh I DKCIIEPUMEHTAIBHON
IPOBEPKU KOPPEKTHOCTH MPEIOKEHHOI0 000011IeHus.

TTPUMEP 2
[TycTh MONOXKUTENBHBIN 3apsy (2 MOKOUTCH, T.€. vy =0,
a, = 0 . Bokpyr q» mo kpyroBoii opOute pamuyca Ry ¢

IIOCTOSIHHOM KAacaTeJIbHOM CKOPOCTBIO Vi U COOTBETCTBEHHO C
MOCTOSTHHBIM LIEHTPOCTPEMUTEIBHBIM YCKOPEHHUEM a; BpalaeTcs
oTpuLATeNbHbIN 3apan q;. Kakue cunbl OyayT aelicTBoBaTh Ha q;?

[lepBas kBaapatHas ckoOka B (4.3) Oyaer paBHa HYyIIIO,
MOTOMY 4YTO OJIHA U3 CKOPOCTEH paBHA HYJIO. Y CKOpeHue a1//raq,
MO3TOMY CllaraemMoe, 3aBHCSIIee OT YCKOPEHHUs, TOXKE pPaBHO
HYJIIO (3TO 0OCOOCHHO sICHO B 3amucu Gopmyisl (4.1)). G4 = 90°,
1mo3tomy cos &4 = 0. OKOHYATEIBHO IMOJTYIHM

2

49,9, 9,9,V
F, = r, + r, . 5.5
2 47250r3 2 47[50r302 2 (5-5)

Takum oOpa3om, (5.5) mpeackazbIBaeT OTCYTCTBHE JOTIOJN-
HUTEJIbHOW CHUJIbI, JACHCTBYIONIEH HA JJIEKTPOH 3a CYET LIEHTPO-
CTPEMHUTENHHOTO yCKOpeHUsi. COOTBETCTBEHHO 3JIEKTPOH HAYH-
HAeT M3JIy4yaTh TOJBKO TOIJA, KOTJA IMOSIBUTCS KacaTelbHOE yC-
KOpPEHHEe, U HE M3IIy4aeT MPH PaBHOMEPHOM JBMXKEHHH MO 00-
POBCKOI OpOHTE, UTO yCTpaHSET IVIaBHOE NMPENSTCTBUE HA IyTH
TUIaHeTapHou Mojenu aroma. OTMETHUM, YTO K TAKOMY K€ BBIBOY
npuxoaut  ILJ.IIpyccoB [15], wucxoms w3  "3pupHBIX
cooopaxenuit", u FJ.K.CaxapoB [16], ocHOBbIBasiChb Ha
AKCIIEPUMEHTAX. (5.5) MpeACKa3bIBaCT MOSIBJICHUE
JIOTIOTHUTEIFHOU K KYJIOHOBOH CHIIBL. DTa cuia OyneT IPUBOIUTH
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K BpAIlEHUI0 OpOUTHI KakK LEJIOro (CMEIIEHUIO MEepULeHTpa B
clly4ae 3JUIMIICOMAIbHBIX OpOUT). MBI cuMTaIM, YTO CKOPOCTH
MOJIOKHUTEIBHOIO 3apsia paBHa Hymro. Ecim 3T0 He Tak, TO
JIOJDKHA TOSBUTHCA CUJIa NEpHeHAUKYJspHas Vi OTa cuia
clenaeT IUIOCKOE JBM)KEHHE IPOCTPAHCTBEHHbIM. VHTepecHO
CPaBHHTB ITO yTBEPKACHHE ¢ (hOpMyJIOi mpumepa 4 pasznena 7.

ITPUMEP 3

[TycTb 3apsaasl q; ¥ qp OJHOTO 3HaKa JBUXKYTCS BAOJb Ia-
pAUIETBHBIX TPSMBIX C PABHBIMH IOCTOSTHHBIMH CKOPOCTSIMU ,
T.e. Vi =V, =V. B popmyie (4.3) 6, =6,=6 ,cos 6, =1 u Bce
KBaJpaTHbIE CKOOKH, KpOME TIEPBOM, paBHBI HYIIO. Torma

2 2
9.9> r _ 919y (1-3Cos 0)1‘ _2‘11‘12VC0S9V (5.6)

3 121 3 2 21 2.2
4rs,r drsyrc drs,roc

F, =

U3 (5.6) cnenyer, 4TO KpoMe KYJIOHOBOM MEXAy 3apsiiaMH
JICUCTBYET ellle paauaibHas cuia F,, 3amaBaemasi BTOpbIM Clia-
raeMbIM, ¥, HalpaBJeHHAs BAOJIb CKOpocTu cuia F,, 3amaBaemas
TPETHUM CJIaraeMbIM.

Korza 1-3cos’0 = 0, T.e. mpubausuTensao mpu 55° n 125°,
panuanpHas cuna F, mponanaer. Ilpu yrmax B @€ [0,55°) u
yrmax € e (1 25° ,180°] F, - nonoxutenbHa U "momoraet" Ky-
noHoBoit cune. IIpu 6 € (55°,125°) ona orpuuarenbHa U ociad-
JISIET KyJIOHOBY.

Cuna F, paBHa Hymto pu 6 =90° , T.e. Korza 3apsiapl JETST
"60k 0 60k". Ilpu € € (180°,90°) (mepBEIii 3apsi MO3aqX BTOPOTO)
F, HampaBiieHa 1O CKOPOCTH TIEPBOTO 3apsja U yCKOPSIET €ro,
BTOpoi 3apsin "momoraer otcraromemy". Ilpu e (90°,0°)
(mepBbIii  3apsig Brnepeau Btoporo) F, HampaBieHa TIPOTUB
CKOpPOCTH TIE€pPBOrO, T.€. TOPMO3HUT €ro, BTOPOW 3aps] HE JaeT
MEepBOMY BbIpBaThCcs '"ciaumikoMm naneko". Ha BrTopoil 3apsij
JEMCTBYeT paBHAas MO BEJIMYMHE U TPOTUBOIIOJIOKHO HAIpaB-
nenHass cwia. [Ipu CBOOOJHOM IBM)KEHWH 3apsiibl COTJIACYIOT
CBOM CKOPOCTU TakK, YyTOOBI JIeTeTh "OOK 0 OOK" B yCTOWYMBOM
COCTOSIHUH.
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§ 6. CIYYAUM PACHPEJEJIEHUS 3APSJIA
IO BECKOHEYHO JIJIMHHOM IMPOBOJIOKE
[TycTe 3apsia qp pacnpenesied ¢ MOCTOSHHON TIIOTHOCThIO A,
M0 MPOBOJIOKE, HATSHYTON BAOJbL OCH X3. DTO 3HAYUT, YTO IJIA
HEro HW3MEHSIOTCS KpaeBble ycnoBusa (2.2) um (2.4). Kpaesoe
ycioBue (2.2) npuHUMaeT BUJ

divE, :+L2,r>r0 (6.1)
2z, r

2 2
r=+X; +X, , ¥y~ pPAOHyC IPOBOJIOKH.
Jliist AMBEPreHTHON KOMIIOHEHTHI TOJIS [T0JTyYaeM

E, =~ 4
2rs,r

Torma BMecTo 1.2 paznena 4 noiayyum
A [r21 V2 _p ]
214>

E2] = 2
2me,r c
AHaJOrM4HO BMECTO 1.5 paszena 4 nojaydum
A Y, XV
— 21 2
le - 2 [ +r, ] ’
2re,rc c

[loBTOpsAsa BBIUMCIEHUS pa3fena 4, B KOTOPBIX MHOXHTENb
dre,r’ 3aMeHeH Ha 27&,r° B CHIy HadalbHBIX yciosuit (6.1)

MOy YUM
q,4 r q,4

21 )
27e,r’ 2re,ric’

2(ry, v )y, - v,)—(ry, -V, )y - V,)
{[((Vl . V2)+ 21 1 21 2]/'2 21 1 21 2 )1'21 _
=V, (1 - V) =V, (1, - V) +[(V, = v,) x (1, x (v, —V,))]— (6.2)
2r, (v, —v

_%[rzl X (ry X(V, = v,)]+
+[ry, x(r,; x(a, —a,))]}

Crnaraembie TPEThEro MOPSAAKAa MAJOCTH IO CKOPOCTH CBETA
C 371€Ch OITyILIEHBI, YTOOBI HE NEperpykaThb (hopmyiy.

F, =
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B nanbHeiimem Oynem InpesmnoaraTh, YTO HPOBOJOKA He
JBHKETCS KakK 1I€JI0€, a TIOCKOJIBKY V2 M A HANPABIEHBI 10 HEM,
3TO O3HayaeT, 4To (I, -v,)= 0, (r, -a,)=0. YuursBag 5o,

pachuIieM JIBOMHBIE BEKTOPHBIE IPpou3BeIeHus B (6.2)
A
F, = dl I~
2rg,r
q,4

N 2 2
2re e

{[v1v2 cos @,r,, —Vv,rv, cos 91v2]+ (6.3)
2 2
+[(v,—-V,) -(1-2cos” 6,)]r,, —[2r‘v] —VZ‘COS 0,](v,-v,)+
+[ra, cosO,r,, —(a, —az)rz]}

IlepBas kBagpatHas ckoOka B (6.2) u (6.3) coBmamaer c
JUHaAMH4ecKor yacTbio popmyisl (1.16) mist Ki1accuueckoil CHitbl
Jlopenna, eciu B MOCIETHEH MarHUTHOE TOJE MPSMOIM JTUHUU
pacnucarh 4Yepe3 CKOPOCTH CO3/IAI0IIUX €T0 3IEKTPOHOB.
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§ 7. ELIE IPUMEPBI
ITPUMEP 1

ITycte 3apsa qp ABMXKETCS MapajuleIbHO OCH X3 C TOH ke
IIOCTOSTHHOM CKOpPOCTBIO, YTO M 3apsabl BJIOJIb OCH X3, T.C.
vi = vz =v. Toraa B popmyne (6.3) B purypHbsix ckoOkax paBHbI
HYJIO BCE KBaJpaTHbIE CKOOKM, KpoMme TMepBoi. B mepBoit
cos6,=0, cos ;=1 . I[lonyunm
2
F, =% 9P (7.1)
27wy r 2meyrc

(7.1) coBnanaet ¢ npeackazanueM ¢popmyIsl Jlopenna s
paccMaTpUBaeMoro ciydas.

ITPUMEP 2

[TycTp B yCInoBHAX MpeIpAYyIIETo MpuMepa vi = -v; = v. Torna He
OyIyT paBHBI HyJIIO IIEpBasi U BTOpast KBajpaTHbIE CKOOKH B (6.3),
cos@,=0, cos@,=-1,u

A v’
q, o+ 4,

2

F, = (7.2)

2rgyr 2re, e’

MBI OITATH IMOJTYYHIIN KJIACCUYECKUI cnyqaﬁ.

[NPUMEP 3

[TycTh mepBbIil 3apsi IBYDKETCS HEPIEHIUKYISIPHO OCH X3
OT Hee IO paanyc-BeKTopy. Torga He paBHBI HYJIIO JIBE IEPBbIC
cko0kH B (6.3), cos@, =1, cos@,=0, cosf, =cosb, =1

Cuna, neficTByroas Ha q;, IpUMET BUA
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a4 r _%ﬂ(vl_vz)z _

F,. =
. 2rme,r’ 2 2rme,rc’ 2
(7.3)
2‘]1/1|V1 _V2| g4,
- 3 (v, =v,y)+ 7V
2re,cr 2reg,re

I[NTPUMEP 4

[Iycte AV, - NOCTOSHHBIA HEWUTpaldbHbH TOK, a "TONbIN"
3apsij q; MOKouTcs, T.€. vi = 0.
CorylacHO KJlacCHYeCKOW TeopuM, Ha (, He Oyner

JeiicTBOBaTh HUKakas cuwia. OnHako B (6.3) cpeqHue ciaraemble
He OyAyT paBHbI HyJ110. OHM MPEICKa3bIBAIOT MOSBICHUE CHIIBI

2
—q,Av q,Av
F, = A, F -V, (7.4)
2re,rc TENCTF

DKcnepuMeHTalbHas poBepka yTBepxaeHuit (7.3a) u (7.4)
MOXET CIy)KHTh KPHTEPHEM KOPPEKTHOCTH TIPEIaraéMoro
0000meHusi. ITocKoMbKy B peallbHBIX MPOBOJHHMKAX CKOPOCTh
AIIEKTPOHOB Vv, Maja, Uil peaJbHOTO SKCIIEPUMEHTA 10 ITPOBEPKE
(7.4) ynoOHee B34Th OBICTPO IBMXKYILIUICS Iy4OK 3apslOB U
NpOHAOIIONATh  ITOBEJICHHWE DICKTPOHOB B  HEHTpPAIbHOM
MIPOBOTHHKE.
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§ 8. 3BAPA’KEHHAS IIVIOCKOCTbD

ITycth muiockocTh (X1,X2) 3apsbKeHa C MIOTHOCTBIO 3apsiiOB
o . OTH 3apsbl, BOOOIIE FOBOPs, MOT'YT IBUT'AThCS CO CKOPOCTBIO
V2 B yCKOpeHHueM a, . Ctatuueckas 4acTb JIEKTPHYECKOTO IO,
YIOBJIETBOPSIOILAs KPACBOMY YCIIOBHIO,

diVE2 |x3:0= 0 (8.1)
OyZleT UMEeTh BH]T
o
E =—, 8.2
2 =5 (8.2)

a BJICKTPUYCCKOC II0JIC, CO3aaBacMOC 3ap$DKeHHOI‘/'I IIJIOCKOCTBIO B
MECTOHAXO0XKXICHUN Sap}I,Z[a ql
I XV,

E,= T+r21] (8.3)

[
2¢er
DTO paBEHCTBO UMEET MECTO IIPH BCEX (X1,X2) 32 paalyCOM-
BEKTOPOM OT 3apsUKEHHOM IUIOCKOCTH(X1,X2) 10 (; COXPaHEHO
0003HaueHHE I3, XOTS B JaHHOM CIlydyae MEHSETCS TOJIBKO
KOOp/MHATA X3,
AHaJIOTUYHO NOJTy4aeM
-0 [r21 XV,
2ere c
Jl1s MarHUTHOTO MOJISl TACCUBHOTO 3apsia qj, €ro BUJ CO-
XpaHseTcs

B, =

+1,,] (8.4)

ry, XV
B, = q, . [ 1
4rer’c c

B cootnomenusx (8.1)-(8.5) urypupyer, BoobIIe roBops,
3aBUCAIIas OT KoopauHat (yHkuus &(x,,x,,X;,/) BMECTO

+1y ] (8.5)

noctossHHOH &,. B Ilpunoxenun Nel Oyner mokaszaHo, 4to &, -

3TO TUIOTHOCTh Macchl cBOOOAHOTO 3dupa. B Hamem ciydae &
€CTECTBCHHO MCTOJIKOBaTh KaK IUIOTHOCTh 3(upa B BemiecTe. B
CaMOM BEIIECTBE &, KOHEYHO, TOXKE MOXKET 3aBUCETh M OT
MIPOCTPAHCTBEHHBIX KOOpJAWHAT, W OT BpeMmeHH. Ho 31ech Hac
0COOEHHO OyJIET MHTEPECOBaTh BU 3TOW (DYHKIUH MPH TIEPEX0Ie
OT OJIHOTO BEIIECTBA K JIPYroMy, B OCOOCHHOCTH OT BEIIECTBa K
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cBoOOAHOMY 3(Upy U 00paTHO, TOUHEE TPAJUEHT 3TOM PyHKIHUU
IIPY TAKOM TIepexoie.

& WHOTAA HAa3bIBAIOT a0CONIOTHOM JTUAIIEKTPUYECKON
MPOHHUIIAEMOCTBIO BEILIECTBA.

VYuuTeiBag ~ 3aBUCHUMOCTb & OT  BpEeMEHH U
IPOCTPAHCTBEHHBIX KOOPAMHAT, Mbl XOTUM PAacCMOTPETh CIyYai,
KOTJ]a MEXIy 3apsHKCHHOW IUIOCKOCTBIO W 3apsiioM (; (Wi
JOpyTroil  3apspKEHHOM  IUIOCKOCTBbIO)  BBOJAUTCS  TUDJIEKTPUK,
IJIOTHOCTh 3dupa & B KOTOPOM OOJbINE, YeM B CBOOOTHOM
npoctpancTBe. [lpemmaraeMblii TOAXOM CBSI3BIBACT HW3BECTHBIE
HKCIEpUMEHTaNbHbIE (DaKThl HE C MOJIApU3aLMed IUAIIEKTPUKA, a
C pa3JIMYHOM IUVIOTHOCTHIO 3(Hpa B pa3HbIX BELIECTBAX.

B cnywae, KoTOpbIil MBI paccMaTpuBaeM, KOHEYHO K€ U
MarHuTHas TOCTOSHHAS A4, XapaKTEpPHU3YyIoIas CKHMaeMOCTh
cBoboxHoro 3¢upa, Oyner Gpynkmuen u(x,,x,,x;,t), QyHKIHEH
KOOp/IMHAT GyJIeT ¥ CKOPOCTh CBETA, MOCKONBKY ¢~ = L

EH

YuuteiBas, 4to [ = g MOJTy9UM
—grad[4ner’c(B,, -E,,)] =

2
r gmdg]+ H1q,0
2r

q9,0
r,, +
28r[ 12

{ |:21'21(v1 'Vz) . (r21 X Vl)’;(rzl X Vz)] _ (8.6)

=V, (I - V,) =V, (1 'V1)} +

%g”adﬂ[ﬁ(“ Vy) = (I X V) - (I, X V)]
OcobenHocth cooTHomeHus: (8.6) COCTOMT B TOM, 4YTO
BTOpPOE cCjlaraeMoe B TIEPBOM KBAJpPaTHOW CKOOKE 3aBUCHUT OT
rpajlieHTa & M IMpeAcKa3bIBaeT MOSIBICHNUE CHUIIbI, HAIIPaBJIEHHOM
npotuB TpagueHta. [losTomMy auMdIEeKTpUYecKas IUIacTHHA
BTATHBACTCS] B MPOCTPAHCTBO MEXIY 3apsAIOM (i U 3apsHKEHHOM

IJIOCKOCTBIO, €CJIM OHH Pa3HbIX 3HAKOB, W BBITAJIKHBACTCA, CCIIN
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OHH OJHOI0 3HaKa . IINIOTHOCTBb CBOGO,Z[HOFO 9(1)I/Ipa &, MCXKOY

3apsOKEHHBIMU TUTACTMHAMH MEHBINE, YeM & B JUDJICKTPUKE. DTa
CUJIa PacTeT C YBEIMYEHHEM PACCTOSHUSA OT () A0 3apsKEHHOM
IUIOCKOCTH. B cioydae KoHAeHcaTopa »JTO O3HA4aeT, YTO
BTSATHBAIOIIAS CHJIa OOJbIIE, KOTAa TUAIEKTPUK TOJIIIIE.

N3BecTHO, YTO mMOCIE BBEICHUS JHAJIEKTPUKA MEKITY
IJIaCTUHAMU KOHJIEHCATOpa €ro €MKOCTh YBEITUYMBAETCS, WIIH,
YTO TO JK€ CaMoO€, CHJla NPUTSHKEHMs IUIACTUH KOHAEHcaTopa
yMeHbInaercs. B uem ¢pusndeckast mpudunHa 31010 ?

Hpie 310 00BsCHAETCS TEM, UYTO MOJIEKYJISIPHBIE JUIIONH
TUDIIEKTPUKA SKOOBI ~ CABHTAIOTCA TMOJ ~ JCWCTBHEM  IIOJS,
CO3IAHHOTO  3apsHKCHHBIMU  TUIACTUHAMHM.  Takol  cIBUT
HEUTpanu3yeT 4YacTh 3apsijia Ha IUIACTHHAX, YTO U OCIa0Isier
KYJIOHOBO IT0JIE.

PazGepemcss B Bompoce Oosee nerambHO. [lng  3Toro
BepHEeMcs K Bo33peHusM (u3ukoB XIX Beka u oOmbITam
OiixeHBaslbjla,  KOTOpbIE, KaK  CYHMTAeTCs,  ONPOBEPIIU
MIPEAIOKEHHY IO I'epuem BO3MOKHOCTh BBEJICHMS B
ANEKTPOJIMHAMUKY TOJIHBIX NPOU3BOAHBIX MO BPEMEHU, O YEM
YK€ YIIOMUHAJIOCH B §2.

YacTo moyemy-To roBOpSAT 00 OMbITe DWXEHBAIBA, XOTSI UM
ObUIO MOCTABJIEHO MHOTO OIBITOB, U U3 3TUX OIBITOB CJEIaHO
MHOTO JJaJ€KO UAYILINX BIBOJOB. MBI paCCMOTPUM HEKOTOPBIE U3
HUX, OTHOCAIIMECS K HAaIlIeMy pasroBOpYy, NMPUCBOMB MM CBOU
HOMEpA.

[TepBrIit onbIT DiXeHBaIBA COCTOSIT B TOM, UYTO IJIACTUHBI
KpyTrOBOI'O KOHJIEHCATOpa BPALLAJIUCh U MU3MEPSIOCh MArHUTHOE
oJie, Co3/1aBaeMoe Mpu TakoM BparieHnu. OH mokasaj, 4To Takoe
JBUKEHUE JIEKTPOHOB CO3/1a€T TAKOE K€ MarHUTHOE MOJIE, YTO U
WX JIBIDKCHHUE B TIPOBOTHUKE.

Bo BTOpOM ombITe B 3apsAKEHHBII KOHIEHCATOP BCTABJISIICS
IUAJICKTPUK, W TaKOM KOHACHcCATOp ToOXe Bpamaicsa. Ero
BpalllcHHE CO3/1aBaji0 TaKOe >X€ MAarHUTHOE Toje, 4To U 0e3
JIURJICKTPUKA.

Tpetuil OnbIT COCTOSUT B TOM, YTO IJIACTUHBI KOHJEHCATOPA
OCTaBaJIMCh B MOKOE, a BpAIAJCs TUAICKTPHUK. Takoe BpaleHue
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TOKE€ CO37AaBaJI0 MarHuTHoe moisie. l3MeHeHue HampaBiIeHUs
BpalICHUs IMAJIEKTPUKA COXPAHAIO KAaK BEIMYMHY MAarHUTHOTO
IOJII, TaK M €ro HalpaBJIEHUWE, TOrAa Kak IIEPEeroIIOCOBKA
IJIACTUH HAIPABJICHUE MAarHUTHOIO ITOJIS TUIACTHH MEHSUIA.

PaccMoTpuM Te BBIBOIBI, KOTOpPBHIE YUYE€HBIE TOTO BPEMEHH
CAeNaiy U3 3TUX ONBITOB. DTU BBIBOJbI BOILLIM B COBPEMEHHbBIE
yueOHUKM ¢u3uku. M3 mepBoro omeita ObLT CA€TaH BBIBOA, UTO
11000€ ABMKEHUE JIEKTPOHOB MOPOKIAAET MArHUTHOE T10JIE. DTOT
BBIBOJ| ClIe[yeT M3 BUIa BTOpOro ciaraemoro B (2.6a). C Hum
TPYJIHO HE COTVIACHUTHCA.

Eme ogHuM BOIpOCOM, KOTOPBIN BOJIHOBaN (PU3UKOB TOTO
BpPEMEHH, OBbLI BONPOC O (PU3MUYECKOM CMBICIEC TOKAa CMEIICHHS,
BBEJIEHHOI0 MaKcBEIZIOM B CBOM YPAaBHEHMsI B JOIOJIHEHHE K
TOKY NPOBOJAMMOCTA M MaTEMaTUYECKH BOIUIOLIABLIEMCS B BHJIE
YaCTHOM NPOU3BOJHON OT 3JIEKTPUYECKOIrO IOJIA 10 BPEMEHH.
@u3MKM TEX BPEMEH HCXOAWIM M3 MPEICTaBICHUA O
nojspuzauuu 3Qupa Mexay IIacCTHHAMHM KOHAeHcaTopa. B
YaCTHOCTH, 3Ty HJCI0 XOTEIH NPUMEHUTh K OOBSICHEHHIO TOTO
¢akTa, YTO TOK NMPOBOJAUMOCTH M COOTBETCTBYIOLINE MAarHUTHbIE
dppexTsl He 3aKaHYMBAIOTCS HAa OJHOM W3  IUIACTHUH
KOHZCHCATOpa, a INPEOAOJIEBAIOT  IMPOCTPAHCTBO  MEKIY
IUIACTUHAMU, XOTS DJIEKTPOHBI HE IMEPEXOAIT € IUIACTHHBI Ha
IUTACTHHY. DTOMY ObUIO JaHO ciefyroliee o0bsicHeHne. YacTuiist
apupa MEXKIy IUIACTHHAMH TOJSIPU3YIOTCS IO/ JIeHCTBHEM
IIEKTPUYECKOTO MOJIsA, CMEIAIOTCS, YTO U CO34AECT MPOBOLSAILYIO
cpexy, B KOTOPOW M IPOSIBISETCS YacTHas IPOU3BOAHAS I10
BPEMEHM OT JIEKTPUUECKOIO MOJIS.

WuTepecHo, 9to coBpeMeHHast (pU3MKa, OTpULatomas up,
(akTHUeCKH cOXpaHMJa 3TO OOBACHEHHME, KaK U caMO Ha3BaHUE
TOKA CMEILEHHUs], TAK YTO TEIEPh yKE COBCEM HEIIOHATHO, C KAaKOU
CTaTH HE 3aBUCALLIEE OT MPOCTPAHCTBEHHBIX KOOPAMHAT, & TOJIBKO
OT BPEMEHM H3MEHEHUE JJIEKTPUYECKOTO IOJISI  MEXIY
IUIACTUHAMU KOHJIEHCATOpa MPOSIBIAETCSA, a BIOJb IPOBOJIHUKA —
HeT. Ho BepHemcs k mepBoMy ombITy OiixeHBanbpaa. Eciau Takoe
CMeIlleHHe uYacTull 3(dupa HMEEeT MeCTO, TO OHO JIOJKHO
YMEHBIIATh 3apsij, Ha IUIACTUHAaX KOHJEHCAaTopa, a Torma

-70 -



MarHMUTHOE TIOJIe, CO3[aBaeMO€ BpallAlONIMMHCA TIACTHHAMHU
KOHJICHCATOpa, JIOJDKHO OBITh MEHBIIE, YeM OT TOKa
MIPOBOANMOCTH, WHAYLHPOBAHHOTO TeM xKe caMbIM
HanpspkeHueM. OJHaKO OMBIT MOKa3ajl MOJIHOE COBIAJEHUE, YTO
camuM OiixenBanbaoM [28,29], a 3a HuM u boprHom [30] 6bL10
HCTOJIKOBAHO TaK, YTO CMEIICHHBIC YaCTHUIBI 3(Pupa, KaKk U cam
a¢up, He YBIEKAIOTCA BpallleHUEM KOHAEHCATOpa. JTO 3aCTaBUIIO
caMoro OWXEHBaJbJla BBICTYNIUTh B TMOAJECPKKY TEOPUHU
HeyBiekaemoro 3¢upa Jlopenna u mpotuB Teopuu ['epma 00
yBJICUECHUU 3(PUpa, ABIKCHUE KOTOPOTO OH MBITAICS OIUCATh,
BBEllsl TMOJIHbIE TPOHW3BOJAHBIE TIO BpPEMEHH B ypaBHEHUS
MakcBesuta. 3a 1aBHOCTBIO JIET HapOHAsi MOJIBA MHOTHE U3 3TUX
coObITHIi TeperHaumiaa. Tak YTO OT MHOTUX OOpPa30BaHHBIX
JTIOJIed TPUXOIUTCS  CIBIIIATh, YTO OMBITHI DWXEHBAIbIA
MoKa3ajiu HEJIOMYCTUMOCTb MCIONIb30BaHUS MIOJTHBIX
MPOU3BOAHBIX TO BPEMEHU B JIeKTpoauHamuke. Jliogum yx
coBceM oOpaszoBaHHBIe [25], TE€ CUMTAIOT, YTO OMbITHI
DliXxeHBaJb/1a KaK pa3 J0Ka3alld OTCYTCTBHE 3PHpa, a BOT MOJTHBIE
MIPOM3BOIHBIC B ypaBHEHHUAX MaKcBeia O4YeHb HYKHBI.
OcranoBumMcs moapoOHee Ha MoHOorpadhum Punca [25]. A
PEKOMEHIYyI0 uuTaTeNto 00s3aTeNbHO TPH  BO3MOXKHOCTH
O3HAKOMHUTBCS C OTOM KHUIOM, MOTOMY 4YTO 3TO — HTOT
MHOTOJIETHUX Pa3MBIIICHUH aBTOpa, YeloBeKa 0OPa30BaAHHOTO U
HECTaHJAPTHO MBICHAIIETO. [l03TOMY nake U TO, YTO MbI CYUTAEM
ero omuoOKamu, B JII0OOM cllydae JOJDKHO CTaTh MPEAMETOM s
pa3IyMuil 1 KOHCTPYKTHUBHBIX BBIBOAOB. Cpa3y Ha4HY C TOTO, YTO
dunc — CTOPOHHUK BBEACHUSA TOJHBIX MPOU3BOIHBIX B
ypaBHeHuss MakcBeia. OH moapoOHO pa3dupaeTt, Kak 3TO CAeia
I'epu. [IpenoctaBum nanee cioBo camomy durcy : “On (Iepir)
paccMmarpuBa CBOIO TEOPHIO. . .KaK 3JIEKTPOIUHAMUKY
OBUKYIIEHCS ~ cpeabl U HUHTEPIPETHPOBAl  CKOPOCTh
(MOsBAAIONIYIOCS B KOHBEKTHBHOM YacTH IOJIHOM HPOU3BOIAHOMN
M0 BPEMEHH) KaK CKOpoCTh 3upa. ITo ObLIa cepbe3Has ouInoka,
HeBepHas uHTeprperanua. OH eme U CMeman 3Ty OIIMOKY C
noctynatom Ctokca o 100% yBiedeHun s¢upa MacCUBHOMH
Cpenoil. DTO clenano ero TEOPHUIO IPOBEPSAEMOM, TIOTOMY YTO 3TO
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MaTepuaau3oBaiio  3pHup, CBA3aB ero ¢  HaOmonaemMoin
Marepuell...Bckope mnocne cmeprtu I['epuna skcnepuMmeHTaTop
DOlixeHBanbJ MpuIlel B ero JjgadopaTOpUi0 U ONpPOBEpPr
npenackasanue lepua. TakuM 00pa3oM HHBapHaHTHas TEOpHUs
OblIa TUCKPETUTUPOBAHA U BHIOPOIIIEHA HAa CBAJIKY UCTOPUN .

[TocmoTpuTte, Kak Bce MPOCTO : OJMH ONBIT BCE PEIINI.
O¢up He yBiekaercs, a ¢ TOUKU 3peHuss Pdurca oH BooOIIEe He
Hy)KeH. UTo W mpuBOIUT aBTOpa MOHOTpadum [25] K ero
HOJIYPENATUBUCTCKOM TEOpUH, B KOTOPOH cxKaTHe MPOCTPaHCTBA B
HAIpaBJICHUU JBI)KEHUS OTPULIAETCS, a BOT pacllUpeHHe
BpeMeHu ¢aktuuecku npuHumaerci. Ho teopus Punca —
npeaMeT Ul OTAEIBHOIO pa3roBopa. Bompoc B TOM, MoxkeM Jn
MBI TIOJOXHUTBCSI HAa HWHTEPIPETALNI0 OHUXEHBAJIBIOM CBOEIO
MIEPBOTO OMbITA U MOJIOKUTH €EF0 B OCHOBY TEOPHH.

Cpa3y ke BBICKa)Xe€M CBOIO YOEXKIEHHOCTb, YTO IJIABHOW
3ajjaueil  IKCIEePUMEHTAIbHOW  (QU3MKKM  Ha  Omrpkaiiiiee
TeIcAYeneTre OyAeT BBIAICHEHHE CBOWCTB 3¢upa. B HacTosmiee
BpEMSI Mbl 3Ha€M O HEM OYEHb Majo, B JIyYIlEM CIy4ae MOKEM
YTO-TO MpEANoaraTh..

Kaxue e BBIBOABI MBI MOXEM BCE K€ CAENaTh cedyac u3
IIEPBOrO U BTOPOI'O ONBITOB DWXEHBaIbAa ? YBIEKAETCS WIH HE
yBIIEKaeTCs 3Up B MEPBOM OIBITE — HAM CKa3aTh TPYIHO. A BOT
BO BTOPOM OH YBJEKAaeTCs 3aBeOMO : BeIb IJIaBHbIE
XapakTepUCTUKH  d(upa, TMPOHU3BIBAIOMIETO  TUDJIEKTPUK,
IUIOTHOCTh & M CXHMMaeMOCTb ( OJHM M T€ K€, BpalaeTcs

JUDJICKTPUK WA HET.

UyTh HMXKE MBI BEPHEMCS K 3TOMY BOIIPOCY, a ceidac
IMOBTOPHUM Ty IIO3UIIUIO, KOTOPYIO MBI IIBITAJIUCH
chopMyIHpoBaTh B §2, M KOTOpas OCOOCHHO OTYETIMBO BUHA B
dbopmyie (8.6).

[TomHple TPOW3BOAHBIC IO BPEMEHU HYKHBI HE TOJIBKO
YTOOBI Y4E€CTh BO3MOXKHOC IBUKCHUC 3¢)Hpa, XO0TA U OJId 3TOTrOo
TOXE, HO TPEXKIEC BCETro JJISi TOTO, YTOOBI €CTECTBEHHO OIUCATh
TOK MMpOBOAMMOCTHU n TOK IepeHOCA, HC BBOIs1 nux
AKCUOMATHYECKU B BUJIC MEPBOHAYAIBHON CYIIHOCTH, a TJIAaBHOE
SIBHO OINMKCAaTh BUXPEBOM TOK (BTOpoe ciaraemoe B (2.6a)). DTOT
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TOK JIBUXKETCA U B MPOBOJHUKE BMECTE C TOKOM HPOBOJUMOCTH,
HO CKOpPOCTb €r0 JIBUKCHHUS paBHA CKOPOCTU CBE€Ta B CpeEe.
[TosTomMy pyOunbHUK, BKIO4YeHHBIH B EBpome, 3axkuraer
JaMIIO4Ky B AMEpHKE cpasy Xke, a He 4epe3 HECKOJBKO JIET, KOr/ia
Tyla 1O Kabemo JOHAYT SJEKTPOHBI, CO3AAIOLIUME TOK
IIPOBOAMMOCTH. DTOT BUXPEBON TOK IIPEOA0JIEBAET MPOCTPAHCTBO
MEX[y IJIAaCTUHAMH KOHJIEHCATOpa, IPOA0IIKasl CBOE CO3arolee
MarHMTHOE IIOJIE€ JABM)KEHHE BJIOJIb MPOBOJHHMKA, KOTJAa B HEM
HauMHAaeT Te4b TOK NMPOBOAMMOCTU. MIMEHHO 3TOT TOK co3daer
BCEM U3BECTHBbIE A((EKThl, TNPHUNHCHIBAEMbIE HBIHE TOKY
OPOBOJUMOCTH, BO30yXnas »Gup B JIUDJIEKTPUKE, XOTA
AIIEKTPOHBI CKBO3b JAMAJIEKTPUK HE NPOXOAAT. [[BHxkeHHE K€
AJIEKTPOHOB SIBJISIETCS CKOpEE CIIEACTBUE JIBUKEHUS BUXPEBOIO
TOKa MPUMEPHO B TOM K€ CMBICJIE, B KAaKOM JBHXECHHME IIECKA B
peKe SBISEeTCS CIEACTBUEM JABIKEHHsS BOJbl. OTMETHM, YTO
YacTHas MPOM3BOJHAS MO BPEMEHH OT IIOJII HE MOXXET OBITh
OPUYMHOM  TPeoJoJIeHHs  TOKOM  INPOCTPAHCTBA  MEXKIY
IUIaCTUHAMU KOHJAEHCAaTOopa MO TOW IIPOCTOM NpPHYMHE, YTO
HUKaKUX 3aBUCAINMX OT BPEMEHM HW3MEHEHMH TMOoNsd MEXIy
IUIACTUHAMU  KOHJIEHCATOpa II0 CpPaBHEHUIO C IIOJIEM B
IPOBOJHHUKE HE MPOUCXOAUT, ITU U3MEHEHUS 3aBUCAT KaK pa3 OT
IPOCTPAHCTBEHHBIX KOOPAUHAT.

O yem e TOBOPUT HaM INEPBbIM ONbIT JlixeHBasnbaa ? OH
IIPOCTO CBUJETENBCTBYET O TOM, YTO, €CJM TOK IIPOBOJAUMOCTH U
TOK IEPEHOCA PABHbI, TO U COOTBETCTBYIOLINE BUXPEBBIE TOKH, a
3HaYUT U MarHUTHbBIE MOJIsI, paBHbl. EciM ke U3 HEro M MOXKHO
BBIBECTH KaKHE-TO CBOMCTBa 3(upa, TO Kak pa3 TO, 4To 3pup
YBJIEKAETCsl BPAILIEHUEM IIIACTUH.

Bbonee yeTko 00 3TOM TOBOPUT BTOPOM OIBIT DHXEHBaNIb/A,
KOI'Jla BPAIAeTcsl KOHIAEHCATOP, 3al0JHEHHBIA AUAIEKTPUKOM, H,
COOTBETCTBEHHO, Bpamjaercs 3¢Gup, 3aloJHSAIOMUNA  3TOT
IVBJICKTPUK. DTOT OMBIT TpeOyeT OoJiee THIATEIHHOTO aHAIM3a,
IIOCKOJIBKY COBpeMeHHas (pu3MKa, 3/eCh YK€ He CTEeCHEHHas
BEpOH B OTCYTCTBHE 3(Hpa, HICIO O CMEIIEHNH 3apsa0B B 3dupe
IOPUMEHSET K TUAJICKTPUKY: B JUAJIEKTPUKE, MOJI, CMEIIAITCs
3apsaabl, 3TO CMEUICHHE YBEIUYMBAET €MKOCTb KOHIEHCATOpa U
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HEeMTpanu3yeT 4yacTh 3apslOB Ha IUIACTHMHAX, YMEHbIIAs CUILY
MNPUTAKCHUA MCKIAY HUMMU. Ho MMo4YeMy IAUBJICKTPUK BJIMACT Ha
eMKoCTh ? UTO Takoe eMKOCTh BOOOIIE U MOYEMY OHa CBs3aHa C
nossipu3anuel audnextpuka ? WM moueMy 3TO CMeUIeHHE HE
HeiTpanu3yer Bce 3apsabl ? OOBIYHO OTBEYAIOT, YTO, MOJI,
HEOCTaTOYHO aunoned B aumaiekrpuke. Ho Torma nocratodno
MaJible 3apsibl Ha IUIACTMHAX, JUIS KOTOPBIX JAMIIONEH XBaTaer,
JOJDKHBI  KOMIIEHCHPOBATh II0JIE IIOJIHOCTBIO, @ 3TOr0 He

npoucxogut. ITpocto B £ pa3 ymenbinaercsa cuia Kyiona, 4yto
€

OpU MaJeHbKMX, YTO TNpH OOJBIIMX 3apsjax Ha IJIacTUHAX
KoHJieHcaTopa. OTMETHM, HAaKOHEll, YTO MPSAMBIX SKCIEPUMEHTOB
[0 OIpPEJCIICHUI0 CMEIIEHHBIX JUMOoJNIed B JUAJIEKTPUKAX,
HACKOJIBKO U3BECTHO aBTOPY, HE IPOBONIOCH.

Uem ke oObscHsAOTCS 3T A(DQPEeKThl B paMKax
npeuiaraemoro noxaxoxa? Kak yxe ynmoMuHanoch, pU3NUECKUi
CMBICIT JUAJIEKTPUYECKON NPOHUIAEMOCTH BaKyyMa &, - 3TO

IJIOTHOCTh  Macchl  cBoOOomHOTO 3dupa. COOTBETCTBEHHO
abcoyoTHAsT ~MAJNIEKTpUYECKass MPOHUIAEMOCTh & - 9TO
IUIOTHOCTh 3puUpa B JAMIJICKTpUKEe. Tak dYTO BBEACHHE
OUDJIEKTPUKAa MEXAYy IUJJaCTUHAMU  KOHJEHcatopa MEHseT
IUIOTHOCTh 3upa Mexay HUMU. COOTBETCTBEHHO YMEHBIIIACTCS
cuna KyrnoHa: oHa 3aBUCUT HE TOJBKO OT BEJIMYUHBI 3apsSA0B, HO
U OT CBOHCTB BEIIECTBA, 3alOJHSIONIETO MPOCTPAHCTBO,
paznensomee 3Tu 3apsabl. [loaToMy BBeaeHHE AMAIEKTPUKA
MEXIy TUIACTUHAMHM KOHJEHCATOpa HE BIMSIET HA BEIUYUHY
3apsifa, a COOTBETCTBEHHO M MAarHMUTHOTO TMOJIS, CO3JaBaeMOro
BpallleHUEM IUIACTHH, YTO U YCTAaHABIUBAET BTOPOH IKCIIEPUMEHT
DUxeHBaIbaa.

KakoB ke (usnyeckuii CMBICI €MKOCTH KOHJEHcaTropa ?
Ecmun C — emkocTh KOHIIEHCAaTOpa, A — IJIOMIAAh MJIacTUH, a d —
paccTosiHue MKy MJIaCTHHAMHU, TO

c-2A
d
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T.€ eMKOCTh — CPE/IHSS MOBEPXHOCTHAS TIOTHOCTH Macchl 3dupa
B JUDJIEKTPUKE.

Yro ke I TEepBOr0O M BTOPOTO  SKCHEPUMEHTOB
OlixeHBanb/a npejackaspiBaeT popmyia (8.6) ? IlnotHocTs 3pupa
MEXIy IUIACTUHAMHU KOHJIEHCATOpa HE MEHSETCs, TaK 4TO CHIa
Kynona B nmepBoM s3kcnepuMeHTe DiXeHBajbAa MpocTo oOpaTHA
&,, a BO BTOpOM ¢ . BTopoe crnaraemoe B HepBBIX KBaJpaTHBIX

ckoOkax B (8.6) s 3TUX OSKCIEPUMEHTOB PaBHO HYINIO, T.K
grad ¢ =0.

CkopocTH 3apsAlIoB Ha IUIACTHMHAX MapajulelbHbl. JTH
CKOPOCTH TMEPHEHIUKYISPHBl paauycy-BeKTopy. Tak dro B

burypHbsIx ckoOKax OCTaeTcs TOJNBKO pajualibHas cuja. JTa cuiia
2

NPONOPLUHOHATIBHA f,, T.€ B Z—z pa3 cinabee KyJIOHOBOW H
COHalpaBJieHa C HeW, T.6 YyBeauuuBaeTr ee. B ombITax
OlXeHBajJb/la 3TO HE MPOBEPSIOCh, HO ObUIO OBl HMHTEPECHO
IIOCTaBUTh COOTBETCTBYIOLUM IKCIIEPUMEHT: BEPHO JIU, YTO CHJIA
NPUTSHKEHUST BPAIIAIOLINXCS IJIACTUH KOHJAEHcaTopa Oouiblie,
yeM nokosimuxca? KoHeyHo mpu 3TOM cieayer mo3aboTUThCS,
4TOOBI a0CONIOTHAS CXKUMAEMOCTb 3(Hpa B MPOKIAIKE MEXKIY
IUIACTUHAMU Obl1a OBl IO BO3MOXKHOCTM OoJjble. OTa cuia
JOJDKHA TIPOSIBIISITHCS TIPH JIBMXKEHUH 3apSKEHHBIX JKUAKOCTEH U
ra3oB.

@U3HYECKUI CMBICI TPETHEro, IPaJIUEHTHOIO CJIAraeMoro B
(8.6) (BTOpas kKBampaTHasi CKOOKka B (DUTYPHBIX CKOOKax)
aHaJIOTM4YeH (PU3NYECKOMY CMBICIY TPaJMEHTHOIO CJIaraéMoro B
craTuueckod  vactd. OpHako CBA3aH OH C  JIpyroi
XapaKTepUCTUKOHN 3dupa : ¢ ero cxxumaeMmoctsto. Ero neiictBue
MBI HaOJII01aeM, KOT/Ia TapaMarHeTHKH BTATHBAIOTCS B COJICHOUI,
a JIMaMarHeTHKM BBITAJKUBAIOTCS. 3/1€Ch CHJIa HalpaBiieHa I10
TPaJIMEHTyY CXHMaeMOCTH 3(upa 4, KOTOpas BO3pacTaeT oOT
KOHIIOB COJIEHOMJa K ero cepenuHe. CraTuueckas rpaJueHTHas
CHJIa TakXKe HalpaBlieHa IO TpaJueHTy IUIOTHOCTH 3¢upa ¢&. U
3Ta CUJIa BCEIZla HAaIpaBlI€HA Ha BBITAJIKMBAHUE AMAIEKTPHKA U3
CBOOOAHOTO 3(upa, NOCKOIbKY INIOTHOCTH CBOOOIHOTO dHpa &,
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BCEr/la MEHBIIE €ero IJIOTHOCTH B BemecTBe. Ho B ciydae
KOHJIEHCATOpa Ha €ro IUIACTHHAX HAaXOIATCS 3apsabl pPa3sHBIX
3HakoB. Tak uro grade oka3pIBaeTCs HANpaBICHHBIM BHYTPb

KOHAeHcatopa. B comeHouze TOK B BUTKax co3gaercs
OJIMHAKOBbIMH 3apsinamu. [Ipu stom ckumaeMocth 3dupa 4 B

Pa3IMYHBIX BEMIECTBAX MOKET OBITh KakK OOJbIIE, TaK ¥ MEHBIIIE
(mmamarnetukn). [ToaToMy mepBbIe BTATHBAIOTCS B COJICHOWJ, a
BTOPBIC BHITAIKHBAIOTCS.

Yrto MBI OyZieM B 3TOM CMBICIIE HAOMIOJaTh B IEPBOM OIIBITE
OlixeHBanbjaa ? 3aMETUM Cpasy, UYTO BBIPaXEHHE B KBAJPaTHbIX
CKOOKax B TPEThEM ciiaraeMoM B (8.6) Bcerza MoNoKUTENbHO, T.K
CKOPOCTH V, U V, (KacaTeIbHblE CKOPOCTH 3apsJoB Ha

BpalllalOIUXCsl IUIACTUHAX) CcoHampasieHbl. Ha rmuiacTuHax
3apAnbl  pasHBIX  3HAKOB, TAaK 4YTO TPETbE  CllaraeMoe
IIPEACKA3bIBACT IOSABJIICHUE CWJIbI, HAIPABICHHOW IPOTUB
rpajueHTa i, T.€ B CTOPOHY YOBIBaHHS MarHUTHOTO MOJISI MEKIY

IUTACTHHAMU.

ABTOpY HEU3BECTHBI IKCHEPUMEHTAIbHbIE JaHHbIE HA ITY
temy. CKOpOCTH 3apsZoB yOBIBaIOT BJOJIb Pajguyca KPYTOBBIX
IUTACTHH, HO UX MAarHUTHOE I0JIE€ MOXKET YCUJIUBAThCS AeHCTBUEM
BHEIIHUX 3apsanoB. Ilostomy cdopmynupyem yTBepKIeHUE
YCIIOBHO.

Ecnmu MarHuTHOe mojie BHYTPH BpAIIAIOMIUXCS IJIAaCTUH
KOHJIEHCATOpa YyBEIMYMBaeTCs OT mepudepur K LEHTPY, TO
napaMarHeTHKH OyIyT M3 HEro BBITAJIKHBATHCA, a JHAMarHETUKU
BTATHUBAThCS, T.€ Mbl OyneM HaOm0maTh KapTHHY, OOpaTHYIO
NPUBBIYHON B Cilydae cojieHouzaa. Eciu jxe MarHuTHOE IoJie BO
BpAIllalOIIEMCsl COJICHOUIE BO3pacTaeT OT IeHTpa K mepudepun,
TO TapaMarHeTUKHU B HETrO OyIyT BTATMBATHCS, a JUAMarHETUKU
BbITaJIKUBaThcs. KapTuHa Oy/eT HaloMUHATh ClIy4ail COJIeHOua,
HO cuiia OyZeT HampaBiIeHa He 10 BO3pacTalolleMy MarHUTHOMY
TOJI0, a TIPOTHUB HETO.

Mpbl moilyuuM TOYHBIH aHAJIOT COJICHOWZIA, €Ciau OyayT
BpalllaThCsl OJIMHAKOBO 3apsKEHHBIE MIACTHUHBI.

[MomBenem wuror paccmorperus ¢opmynsl (8.6). Xots
MOJIIPU3aUsl TUAJIEKTPUKA B OMBITaX C KOHJIEHCATOPOM HMEET
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MECTO U B KaKHX-TO OTBITaX 3TO, HABEPHOE, MOKHO HaOIIOaTh,
HOAABISIOMast 4acTh 3(P(exkToB cBs3aHA ¢ mepenajoM WM ke
IUIOTHOCTH, WJIM K€ CKUMAaeMOCTH 3(pHpa TNpH Iepexoae U3
JMIIEKTPUKA B CBOOOTHBIN 3(Hp WM JPYTOe BELIECTBO.

Ecnu 3apspKeHHas! IIIOCKOCTh HETIOIBM)KHA, TOT A BCEraa

r,, Lv,,r, La, e (r,-v,)=0, (r, -a,)=0
B stom cnyuae popmyna (8.6) ynporuraercs:

2
- gradidna’e(B,, -E,))= D[, + 80
2er (8.7)
Hayo
r
Mp&1 nipoaHanu3upoBaiu GU3HIECKUN CMBICI CHJIBI
I'toitrenca (8.6). Cuna HproToOHa B JaHHOM IpUMEpe UMEET BUL

[2r,,(Vy - V,) =V, (1 - V)]

d
E[47zg r’c(B,, xB,,)] =

_ 9.0

[-1, (v, _V2)2 + (V= V)1 (V= V) —

— 1, (ry, -(a, —a,))—(a, —32)7’2]—1—

" Lo (V21 “va et [y, (ry - (v, = v,)) = (v, _Vz)72]+(8'8)
r
%Gdi[u
+—dt[r21(r21(vl -V, ) ) ]"’
2r

1 3
+ %4 e2u’ )dt[(rn V2 )'(ru V1 )]
2r

B »3TOil cuie OTCyTCTByeT cCTaTMyeckas 4acTh, a
CJIeI0BaTeNIbHO, OTCYTCTBYET CHUJIA, 3aBHUCSIIAs OT TPAJUEHTA & .
Best cuma yxe 3aBUCUT HE OT NMPOU3BENCHUSI CKOPOCTEH, a OT UX
pazHoctu. [loaToMy M B mepBOM U BO BTOPOM 3KCIIEPUMEHTE
DiiXxeHBaJIb/la OHA paBHA HYJIO : CKOPOCTH IUIACTUH PaBHbI U
coHampaBieHbl. [IpemiokuM  claeayouyro  MOAU(PHUKALUIO
BTOpPOrO0 OMbITa OWXEHBalbJa : IUIACTHHBI KOHAEHcaTopa

=77 -



PaBHOMEPHO BPAIAalOTCS B MPOTHBONOIOXKHBIE CTOPOHBI BOKPYT
manekTpuka. IlockonbKy —paauyc-BEKTOp HEPHEHIMKYJISPEH
CKOpOCTSIM, OyIOyT paBHBI HYJIO BCE ClIaracMble, COZIEpIKallue
(1, (v, - v, )), cllaraeMble,  COJEpXKAIUE  YCKOPEHHs U

nociennee cinaraemoe B (8.8). Ot cunbl (8.8) ocTaercss TONIBKO
paauanbHas cuiia. YTo B 3TOM OIBITE OCTaHETCS OT CHITHI (8.6) ?

HproToHOBa YacTh MIOTHOCTH CUIIBI B (8.6)

40’ 1v*
F, = T, M (8.9)
OdurypHass ckoOka B (8.6) mma sTOro ciaydas 3a CYET
pPa3HOHAMPABICHHOCTU CKOPOCTEH OYIET IMETh BH/T
2 2
o~
F,=——"—r,, (8.10)
2r
T.€ KaK u (8.9), moBepXHOCTHAs TUIOTHOCTh cuibl ['toliTeHca st
TOr0 ciydass OyAeT HampaBjieHa TPOTHUB KYJOHOBOW U
CyMMapHasi TUIOTHOCTh CHJIBI

2 2
F,+F, =224
2r

UYroObl yIpoCTUTh TEPMUHOJIOTHIO HIDKE B 3TOM maparpade
TepMHUH  Ccuia  OyJeT  UCHOJb30BaH  BMECTO  TEepMHUHA
“noBepxHOCTHas IIOTHOCTH cuibl”. [lpo cuiy, 3amaBaemylo
BTOPOU KBaJIpaTHOUW CKOOKOH B (8.8) CKa)keM TOJIBKO, YTO OHA B C
pa3 MeHbIE NPEAIISCTBYIOUIMX CllaraéMblIX, HampaBieHa IO
Pa3HOCTU CKOpPOCTEd M MOXET OKa3aTbCs CYIIECTBEHHOW B
nporeccax, HbIHE OOBEIUHSIEMBIX MOHSATHEM 3JIEKTPO-CIaboro
B3aMMOJICHCTBHSI, KaK U CJaraéMoe B YETBEPTHIX KBaJpaTHBIX
cKkoOKax B (8.8), 0 ueM Ha/lo BECTH OTACIBHBINA Pa3roBOP.

O curie, 3a1aBaeMoOil TpeThel KBaJpaTHOW CKOOKOU B (8.8)
noroBopuM oTaenbHO. Koaddumuent npu 3Toil ckoOKe 3aBUCHT
OT TMPOM3BOAHOM IO BPEMEHH OT CXKUMaemMoctu ddupa B
mdnekTpuke. OOHAapyXKUTh 3Ty CHIY MOXHO, HaIllpuMep,
MOMECTUB MEX]y IUIACTHHAMU KOHJEHCATOPa, BPALIAIOLUIMMHUCS B
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IIPOTUBOINOJIOXKHBIX HalpaBIEHUAX, BELIECTBO € NEPHOIUYECKU
U3MEHSIOIIEHCS CAKUMAEMOCTBIO 3(upa.
[Iycts, Hanpumep,

M= [, COS Wt (8.12)
T.€

du .

—— = —ou, sin ot 8.13

i Hy ( )

3[€Ch [, - CpEHEE 3HAUEHHE CXKUMAEMOCTH 3upa B cpele, @ -
yactota. Torga cuia, MOSBISAIONIAsICS MEXIY IUIACTHHAMU
KOHJIEHCATOpa 3a CUYeT MW3MEHEHUS A BO BpEMEHH U
JIENCTBYIOIAsl CO CTOPOHBI IUIACTHUHBI 2 Ha MJIACTHHY |, paBHa
F, = o’ wu,rsinwtv, (8.14)
OHa nponopuyoHajgbHAa KBAApaTy MNOBEPXHOCTHOM IUIOTHOCTH
3apaJa © Ha IUIaCTUHAX M JIMHEWHAa 1O @, i, U r, T.e
YBEJIIMYMBACTCSI C POCTOM 3TUX MapaMeTpoB. OHa MEpUOIUYECKU
pacKpy4yuBaeT U TOPMO3HT IuIacTUHY | o 3akoHy cunyca. Cuna,
C KOTOpOH Iu1acTuHa 1 JefcTByeT Ha MIaCTUHY 2
F, =-F, (8.15)
T.€ IJIaCTHHA | TOYHO TaK)Xe ACHCTBYET HA MUIACTUHY 2.
PaccmoTpuMm eme ogHy MOIUGDHUKAIMIO TPEIbITYIIETo
ciy4asl : JUAJIEKTPUK HE MOKOUTCA MEXAYy HPOTHUBOMOIOKHO
BpAILAIOIIMMUCS TJIAaCTUHAMH, a BPAIlaeTCs BMECTE, CKaXeM, C
wiactuHoit 1. B aToM ciywae x4 yxe He Oyner 3aBHCETh OT
BPEMEHHU SIBHO, HO KOHBEKTHBHAs YaCTh IOJIHOW MPOM3BOJHON
(v, -grad)u BooO1e roBopst He OyzaeT paBHa Hymo. Ilpu kakux
ycnoBusix ? Hy, oueBUaHO, IPH TEX, YTO KacaTelbHas CKOPOCTb
V, U grady He NeprneHAUKYISpHBbI APYT Ipyry. Beinonnsercs nu
ATO ycioBUE B HameMm ciydyae ? Bo3MoxHo um Her. Benp B
CTaTHYECKOM cllydyae gradyu, TO-BUANMOMY, HaMpaBlieH IO
paauycy. MbI CITUIITKOM Majio 3HaeM O CBOMCTBax 3¢upa, 4ToObI
YTBEpKJIaTh YTO-JINOO YBEPEHHO.
Opnako MBI cfenaeM NpeANoJoKeHue :@ npu paujeHuu
ousnekmpuka gradyl 'y e20 NO0BEepXHOCMU HANpPAGleH No

-79 -



KacamenvHOU CKOpocmu, m.e [ o3pacmaem 8 3MOM
Hanpaeienuu.

OTMeTuM cpa3y, 4YTO U3 CHAEJIAHHOIO MPEANOIOKEHUS
ClleflyeT, YTO KOHBEKTHBHAS 4YacTb NPOU3BOAHOU (v, -grad)u
BCEI/la IOJIOKUTENbHA, T.€ HE 3aBUCUT OT TOTO, BPAILLACTCS JIH
JIUDJIEKTPUK CO CKOPOCTBIO V,, T.€ C NMEPBOU IJIACTHHON WIIH XK€

CO CKOpPOCTBIO V, B IPOTHUBOMNOJIOXHOM HampasieHuu. Cuia, ¢

KOTOpOW TmmacTuHa 2 OyZeT B ATOM cllydyae JAeWCTBOBaTh Ha
1acTuHy 1

F, :%O'zr(v1 -grad) v, (8.16)

1
F, =-F, =50'2r(v2 ~grad)uv, (8.17)

YnoMmsiHeM, HakOHEl, TpPeTHl ombIT OhxeHBaibAa. OH
COCTOAI B TOM, 4YTO IINIaCTHHBI KOHI[CHCEITOpa IIOKOUJINUCH, a
Bpamiajics TOJIBKO JWCK u3 »0oHHWTa. HeoxumaHHBIM ISt
3ﬁX€HBaHL,Z[a 1 OXKnugacMbIM JIs1 HAC GBIHO TO, UTO HaHpaBHeHI/Ie
MarHuTHOTO TIOJIA, KOTOPO€ MPH 3TOM PETUCTPUPOBAIOCH, HE
3aBHCENIO OT HAIpPaBICHHs BpalleHHs 300HUTOBOro aucka. Cam
DixeHBaJdb OOBICHWI OTO cBolicTBamMu »>0OoHmTa. Ham xe
Ka)KETCs, YTO ATO CBOHCTBO d3(upa : mpu mepexone u3 Oonee
IJIOTHOTO COCTOSIHMSI B JIMPJICKTPUKE B MEHEE IUIOTHOE
CBOOOZHOE COCTOSIHUE OH CHOCUTCS JBIKeHHeM. [loaromy
TPaJIMCHT €ro CKUMAEMOCTH HAIPaBJICH 10 CKOPOCTU BpaICHUS,
a VX CKaJsIpHOE MPOM3BEJCHIE BCETAA MOJIOKHUTEIBHO.
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§ 9. BAPA’)KEHHAS COEPA

Haiinem cuny, neiicTByromiyto Ha 3aps] ; BHYTpH cepbl
panuyca Ry, 3apspkeHHON C IUIOTHOCTBIO 3apsnoB o Kpaesoe
yCIIOBHE

4or
2 b

040
acT HaM BUT CTaTHYECKOU YaCTH IT0JII BHYTpH C(i)epI)I

divE, = r=R, 9.1)

E,=—Z 1, r<R, 9.2)
0710

CraTudeckoe TMoJie BHYTpH cQepbl 0OpH yObIBaHHH 7
yOBIBAaeT Kak 7> 70 HyJIs TIPH JABUKEHHU OT HOBEPXHOCTH chephl
K OCHTPY. Tak 4gro moJie, co3gaBacMoOC CTaTUYCCKUMU 3apsAgaMu
Ha ITOBEPXHOCTU C(bepbl OTHIOAb HE IMTOCTOAHHO. OI[HaKO, KaK MBI
YBUAUM HUKC, MOCTOAHHA SHCPTHUA B3aHMOHeﬁCTBHﬂ 9TOI'0 IOJIsA
U 3apsja BHYTpH cepsl. A Toraa cuia B3aWMOJIEHCTBHS, T.€.
IPaMEHT 3TON SHEPTHH, OyAET PaBeH HYIIIO.

SHCKTpI/IquKOC JKE IoJie, C0o34aBacMoOC IBHXXYLIUMUCSH
3apsgaMy, HaXO[MIIUMHCS Ha [OBEPXHOCTH  cdepbl, B
MECTOHAXO0KICHHUH 3apsia (; BHYTPH 3TOM cdepsl,

or _ Iy XV,

&Yy
(9.3)
311ech v, - CKOPOCTh ABMKECHHUS 3apsIOB 10 cdepe.
AHalornygo
or Iy XV,
B, = 5 [ +1,,,r <R, (9.4)
eRe ¢
By MarHuTHOTO OISl MTACCUBHOTO 3apsiia COXPAHIETCS
r, XV
B,=— [V (<R, (9.5)

dregc ¢
Torna rpagueHTHas cuiia BHYTpU Cepsl, IeHCTBYIOMIAst Ha
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— grad[4rne,R)c(B,, -E,,) =

_ 4q,0R,

2
gyrc

[r,,v,v,(cos@; +cosb, -cosb,)—v,v,rcosd, — (9.6)

-v,yrecosd ], r <R,
HamomHuM, 9T0 6, - yroa Mexmy paauycoM-BEKTOPOM I,
U CKOPOCTBIO V,, 6, - yroil Mexay I,, U CKOpOCTbIO V,, 6, -

YTOJI MEKIY CKOPOCTSIMH V, U V,.

DTa cuia ACUCTBYET OT KaXKIOW TOYKH 3apsHKEHHOMN Chepsl
Ha qj. 3aMETUM, YTO CTaTUYeCKas, KyJIOHOBA, CUJIa OTCYTCTBYET:
ee DHeprusi B3aMMOJCHCTBHS C 3apsIOoM IOCTOSIHHA AJIs BCEX
TOYEK 11apa, a TPaJIUEHT TAKOW SHEPTUHU PABEH HYJIIO.

DTOT mpUMep HaTJIAIHO WLIIOCTPUPYET TPYIHOCTU HBIHEII-
HETo MMOHMMAaHMsI 3JIEKTPUUECKOI0O MOJIsI KaK CUJIbIL, IEHCTBYIOIIEH
Ha TIPOOHBIN 3apsi.

Takoe ompeneneHue BBIHYXAA€T HAC CUUTATh, 4TO IIOJIE
BHYTpH cdepbl paBHO Hym0. Toraga moje JOMKHO OBITh
pa3pbIBHBIM Ha cdepe, MOTOMY 4TO BHE c(pepbl OHO CYIIECTBYET.
N uro mpoucxomutr Ha chepe ? U Oymer nm Kakas-To cujia
JIeCTBOBATh Ha 3apsii, IBMKYIIUCS BHYTpH cdepsl ? Bens ecnu
TaM TOJISl HET, TO TAaKOM CHJIbI HE JJOJKHO OBITh.

[TokaxeM, 4TO mpemIaraemplii MOAXOJA HAET pa3yMHbIE
OTBETHl Ha BC€ 3TU BOMpOChl. I[IMOTHOCTH 3apsAnoB Ha cdepe

9 N
o= , TrIe - CyMMapHbIii  3apsg cdepsl.
pps 9 ymmap p bep
[TpounTerpuposas 1o chepe, moxydum us (9.2)

1 9.7)
r=Ry  47¢ R?

|
U 0e3 BCAKHMX CKaYKOB

9
E,=—=—,r2R,, (9.8)
4re v
BozBpatumcst k cootHomeHuto (9.6) u 6oee AeTaTbHO MOSICHUM
ero ¢usnyeckuit cmpici. KoadduimeHT npu kBagpaTHoil ckoOke
MOXET CO37aTh BIEYaTieHue, uTo cuia (9.6) nmponopuruoHaibHa
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paguycy coepsl R,. Ho NOCKOIBKY IUIOTHOCTH 3apsloB O

obpatna R, mHa camom jgene cuna (9.6) obparna R,. B

KBaJIpAaTHOH CKOOKE BCE ClaraeMbie 3aBHCST OT IMPOU3BEIACHUS
CKOpOCTEil 3apsA0B Ha chepe U CKOPOCTH 3apsifa BHYTpU Cepbl.
[ToaToMy Besl cuita paBHA HYJIO, €CIM XOTS OBl OJIMH U3 3apsijioB
MOKOUTCS. Pammyc-BeKTOp B KBaJpaTHOW CKOOKE CBSI3bIBACT
NPOM3BOJIBHBIA 3apsii Ha cdepe ¢ 3apsaaoM (;. Ilockombky
ko uimeHT mpu ITOM CKOOKe 0OpaTHO MPOMOPIHOHATICH
MOAYJII0 paauyca-BEeKTOpa 7, BCS CHJIa B IIEJIOM HE 3aBUCHUT OT
paccTosiHUSL MEXIy 3apsalioM (; U 3apsaamu chepsl. OnHako oHA
CYIIECTBEHHO 3aBUCHUT OT YTJIOB MEXIY pPaJnyCOM-BEKTOPOM U
CKOPOCTSIMU 3apsiJIOB, a TaKXkKe OT yIJIa MEKIY CKOPOCTBIO 3apsiaa
q1 ¥ CKOPOCTSIMU 3apsiioB Ha cepe. KoneuHno, Hac 00bIYHO OyeT
WHTEpPECOBaTh HE CHJIa B3aUMOJICHMCTBUS (; C KaKOW-TO TOYKOM
cdepsl, a CyMMapHOE BIUsSHUE BcexX 3apsiioB chepsl. Ham Torma
HAJ0 TPOWHTErPHPOBaTh BhIpaxeHue (9.6) mo Bcem 3apsaam
cdepsl.
Haitnem Teneps cuity HproToHa B Hamem nmpumMepe.

d
E [47T80R3 c(B, xB,,)]=

= qlo-R;) (v, - v, )? - (1-cos 0,)]+ 9.9)
£yrc

+[ry,r(a, —a,)cosf; —(a, — az)r2 1}, r <R,

HanomHum, uto 6, - yroi Mexiay paauyCoM-BEKTOPOM I,
u (v,—-v,), 6 - yron Mmexay r,, u (a, —a,). OOpartum 31ech
BHHUMaHUE Ha TO, YTO CKOPOCTHAs YacTh (DOPMYJIbI HE 3aBUCUT OT
paccTosHUS MEXKIY (; U TOYKamMu c(epsl, a 9acTh, 3aBUCAIIAS OT
YCKOpPEHUH, BO3pAcTaeT C 3TUM PACCTOSHHUEM. JTa CuUjia yKe He
OyJeTr paBHA HYJIO, €CIHM 3apsabl Ha cepe WIN (; MOKOHUTCH.
Paccmotpum citydaii mOCTOSSHHOTO TOKa Ha cepe U MOCTOSHHOM
CKOPOCTH (j, T.€ MBI CUHTAeM BTOPYIO KBaJIpaTHYI CKOOKY B
(9.9) paBHo#t HyIIO.

Kak Obl HH ABWrancs qj, yrol MeXQIy I,, M Pa3HOCTBIO

ckopocteil (v, —v,) He Oyzmer paBeH Hymo. Tak uTo cos6,
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HUKOrAa He OyneT paBeH l. DTo 3HA4MT, 4yTO B JIIOOOM Cilydae
JOJDKHAa HaOMIOJaThCsl pajauaibHas CHUJA, HANpaBIEHHAs II0

pajMycy BEKTOpy OT 3apsnoB cdepwl, T.K. u (v,-v,)’, u
(1-cos@,) Oompme Hyns. J[pyrumMu cioBamMu, BHYTpH

3apsOKeHHOM  cpepbl  MMeeTcss  MarHWTHOE — moje.  OTo
IIPOTUBOPEYUT  U3BECTHOM  TEOpeME B COBPEMEHHOMU
AIIEKTPOIMHAMUKE O TOM, YTO LIUPKYJISLHUS MarHUTHOTO TOJIS 1O
KpUBOM, HE OXBAaThIBAIOLIEH TOKA, paBHA HYJO. [IpuunnHa 3Toro
MPOTUBOPEYUS] B TOM, YTO COBPEMEHHAs JJIEKTPOJIMHAMUKA B
ypaBHEHUAX MakcBela HE YYUTBHIBAET POJIM BUXPEBOrO TOKA
(paBeHCcTBO (2.62)) W paauaIbHOWM KOMIIOHEHTHI MAarHHUTHOTO
noJist. Bug atoro moss 3apaercs Gopmyoit (9.4).

Bepremcs k aToit hopmyne. MarHuTHOE T0JIe 3apsiKEHHOM

chepsl yObIBaeT Kak 7> K LEHTPY chepbl U HANPABIEHO OT 3TOTO
IIEHTpa K MOBEPXHOCTU cdeprl Mo paauycy. Ero mosepxHoctaMu
YPOBHS SBJISIFOTCSI KOHIIGHTPHUECKHE cephbl C IEHTPOM B LIEHTpPE
3apspkeHHON cdepbl. TloguepkHem emie pas, 4YTO 3TO TMoOJe
CYLIECTBYET, Ia)Ke €CIM 3apsiapl Ha cdepe HEMOBIKHBI
pabotaeT ctarnueckas yactb Gopmyisl (9.4) u B3auMoneicTBue
ATOM CTAaTMYECKOM YacTH C MarHUTHBIM MOJEM JBIIKYLIETOCS
3apsiia q; 4 co3gaer HabmogaeMble 3(h(eKThl, MPOTUBOpEUAIIne
HBIHEIITHUM BO33PEHHUSM.

[IpuBenem B 3akiioueHue OOBEAMHEHHYIO (GOPMYITy s

CHUJIbI, ICHCTBYIOIIEH Ha 3apsij q;
R
D% g [(v, = v,)>(1-cosB,) +v,v, cosd, cosd,]— (9.10)

WIC
—v,7v,c086, — v,1v, cosb, +[r,r(a, —a,)cosd —(a, —a,)r’]}

F21 =

B yactHOCTH, KOT/Ia 3apsi (i BHYTPH cepbl HEMOIBIKEH,
T.C. V1— O,a1 = 0,

4,0k, 2 2
F, = 1% - —a? -
n= {[ry (vy(I-cosb,))—a,r” —r,ra, cosb;} (9.11)

0

CummeTpuuHO 71 cilydasi, Korja 3apsjisl Ha cepe MoKo-
ATCS, @ 3apsil BHYTPH c(epbl TBUKETCS.
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q,0R
R = 102 Vi Cos)) L@ a0 =2 (o 1

Ecnmu 3apsapl Ha cdepe u  3apsaa  BHYTpU  cdepbl
HenoJBWXHBIL, TO (9.10) paBHo Hymo. Ha nokosmuiics 3apsin
BHYTPH 3apsDKEHHOM cepbl ¢ HEMOJABM)KHBIMM 3apsaMH CHIIa
JeficTBOBaTh HE OYJET.
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§ 10. SHEPI'USA, UMIIYJIBC,
MOMEHT CHUJIBI.

BpIsicHUM Me€XaHMYECKHE CBOWMCTBAa pacCMaTpUBAEMOM CHUC-
TeMbl ABYX 3apsanoB. Cpa3y ormerum: ¢opmynst (4.1) - (4.3)
MPEIoJIaratoT, YTO Ha ATy CUCTEMY JCHCTBYIOT BHELIHUE CHJIBI,
cooOwIaroIue 3apsiiaM CKOPOCTH U YCKOPEHUs, GUrypupyroine
B (opmynax. opmynsl ansa cun Fi; u Fy1 conmepxar Henen-
TpaJIbHBIE CJIaracéMble, YTO HE AAE€T BO3MOYKHOCTH HEMOCPEICT-
BEHHO NEPEHOCUTHh HA pacCCMaTPUBAEMYIO CUCTEMY KJIACCHUECKHE
TEOpPEMbl MEXaHHKM O BHYTPEHHMX cuiax. OJHAKO IJIaBHBIN
BEKTOP BHYTPEHHUX CHUJI CUCTEMBbI

Fo =F, +F,; =0 (10.1)

WHTerpupys 3TO TOXIECTBO IO BPEMEHU M BJOJb IPOU3-

BOJIbHOM TPAeKTOPUHU B IPOCTPAHCTBE, MOIYUUM

[ Byt = const (10.2)
A
[Fdx=0 (10.3)
B

Yreepxkaenus (10.2) u (10.3) mMoxHO CchOPMYITUPOBATH
CJIOBECHO.

Teopema 1. Buympennue cunvl He USMEHAIOM UMRYIbCA
cucmemul.

Teopema 2. Buympennue cunvl cucmemvl He NPOU3B00m
pabomol.

Haiinem tenepr MomeHT BHyTpeHHUX cuil. Ilycts O - mpo-
M3BOJIbHAS TOYKA MPOCTPAHCTBA, U Iy - paguyc-Bektop u3 O K
3apsaay qi, a Iz - paauyc-Bektop u3 O K 3apsay (. ['nmaBHbIN
MOMEHT BHYTPEHHHUX CHUJI OTHOCUTEIHHO TOUkH O

M, =1 xFy +1, xF, =(r, -1,)xF,, =(r, -1 ) xF, = (10.4)
=1, XK =1, xF,

CootHomrenue (10.4) o3nauvaer, 4To JOKa3aHA

Teopema 3. Momenm cunvi, nepedagaemviii cucmeme uzsHe,
He 3A8UCUMO OM MOYKU NPULONCEHUSI CO30aem MOMEHmMbl CUl,

Oeticmeyiowue Ha 3apsaobl. ImMu MOMEHMbl PAGHbL NO MOOYIIO U
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COHAaNpagneHsl, OHU ONUCLIBAIOM 83aumooelicmaue 3aps006. Hx
MOJICHO paccmampusamy Kax napy Cujl, NPUIONCEHHYIO K KOHYAM
paouyca-eexmopa.

[lonsiTvie mapbl cuil B MEXaHHUKE OOBIYHO NPUMEHSETCS K
aHalM3y JBW)XKEHHMA Teephoro Ttena. [lapa cui ompenenser
BpALLEHUE TBEPJOrO TENa, €CJIM OHA HE PABHA HYIJIIO, T.€ €€ IIe40
He paBHO Hyr0. Eciu ke miedo paBHO HyJIIO, T.€ CHJIBI B IIape
HaIpaBJIeHbl [POTUBOMNOJIOXKHO, HO HE MO HapauieIbHbIM
IpsIMBIM, a 10 OAHOM M TOM K€ NMPSAMOM, TO Takas Iapa CHJI He
OKa3bIBACT BJIMSHUS HA JBMKEHUE TBEPJOrO TEja.

ITIo TounoMy cmblcay TeopeMmbl 3 MbI IpUMEHSEM IOHATHE
napbl CUJI K paJinycy-BEKTOpY, TOUHEE K €ro KOHIaM. JTa mapa
CHJI HE TOJIbKO BpalllaeT paJuyc-BEKTOp, HO U AepopMUpYeT :
pacTsIruBaeT WiM CkuMaeT. Eciu cuibl HampaBiieHbl 1O OJIHOM
OpsMOM HaBCTpedy JApYr ApyTy, paguyc-BEKTOp CXHUMaeTcs 0e3
Bpaiienus. Ecnu ke npyr ot apyra, To pactsaruBaerca. Kak pas
3TOT Cily4all COOTBETCTBYET paJUaIbHBIM cwiaM. Tak 4Tro B
HAIIEM CJly4ae UMEeEeT MOHATHBIN (PU3MUECKU CMBICI U Tapa Cui,
HaIpaBJICHHAs 110 OJHOM IIPSAMOU.

Ha xoHuax paauyca-BekTopa y Hac HaXoAsTcs 3apsaabl. Tak
MBI IIPUXOAMM K BOIIPOCY O CBsi3u Teopemsl 3 ¢ TPETbUM 3aKOHOM
HeroTona. [Inpoko pacIpocTpaHeHO MHEHHE, 4TO
IIPOTUBOIOJIOXKHAS ~ HANPaBICHHOCTb  CWJIbl  JCHCTBUS W
MPOTUBOJECHUCTBUS B HEM O3HAYaeT, YTO CUJIbl HalpaBJCHBI IO
OJIHOM NpsMOM HaBCTpeuy ApPYr Ipyry. ABTOpYy HpPHXOAMUIIOCH
CJIBIIIATH 3TO YTBEP)KACHUE AaXKe OT MpodheccopoB MexaHUKu. M3
TAKOTO TOHUMAHUS BBIBOJUTCA U YOEXKAEHHOCTb, YTO BCE
HEepaJualbHbIE CHJIbI HE MOTYT YIOBJIETBOPATh TPETHEMY 3aKOHY
Heiotona. B 3TOoM Buautcs, Hampumep, MOpok (GopMyssl s
cwibl JlopeHna B DJIEKTPOAMHAMHUKE :© OHA  COACPIKUT
HEepaJHuajIbHOE CIAaraéMoe U YXKE M3-3a 3TOro SKOObI HE MOXKET
YAOBJIETBOPATH TpeTheMy 3akoHy HretoroHa. CMm., Hanpumep, [25].
B sToM MHOrzma gaxke BUIAT IPEUMYILECTBO IEKTPOJUHAMUKY :
BOT HaCTOJIBKO OHA 001asi TeOpusl.
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KoneuHo, moka peuyb MAET O TOYEUHBIX Maccax, APYroro
HaM IpocTo He AaHO. Ho cuTyanusi COBEpUIEHHO MEHSIETCS, Koraa
MBI TOBOPUM O PEaTbHBIX (PU3NYECKUX TeJIaX KOHEUHOTO pa3mepa.

B nepBom naparpade yxe roBOpuiIochk 0 TOM, YTO BCE CHIIBI
B ¢u3uke XVIII-XIX BexkoB OblTM paauanbHBL. DTa Tpagullus,
KaKk Mbl BHJIUM, mepenuvia ¥ B Bek XXi. OmHako TpyIHO
COTJIaCUTBCA C 3TOM TOYKOW 3peHus. Benp, ecinu Obl 3TO OBLIO
Tak, HEBO3MOXHa ObUTa OBI, HampuMep, Wrpa B OWLTHAP.
MACCUBHBIN MIAP MPOCTO MPOJOJKAN Obl TPAGKTOPHIO ABMKECHUS
yaapstomiero. Kopode, Takoe TMOHMMaHUE OCTaBISAECT IIpHU
B3aMMOJICHICTBUM MEXaHUYECKUX TeJ TOJBKO JIOOOBOW yaap u
WCKJIIOYaeT Bce Kocekie. IloaTomy B mepBoM  BapuUaHTE
AQHTTIMHCKOTO W3/aHUsA DJTOM KHHUTM OBbUIO HAMUCaHO, YTO
Teopema 3 o0obmaer Tpetuit 3akoH Hptorona. Tonbko HemaBHO
MHe momnancs y4eOHuk [35], rme aBTop, uM3naras TPETUH 3aKOH
HproroHa, kak pa3 MNOJYEPKUBAET, YTO CWJIbl JACHCTBUS U
MPOTUBOJCUCTBUS B OOIIEM clydyae HampaBle€Hbl MMEHHO IO
napajuleIbHBIM U HE 0053aTehbHO COBMATAIONINM MpsSMbIM. M B
KauecTBe NMpPUMEpPA OH MPHUBOJUT B3aUMOJCHCTBHUE ‘‘MarHUTHBIX
MOJIFOCOB”.

Tak 4yTO Temepb Mbl MOXEM CIOKOWHO YTBEP)KIATh, YTO
Teopema 3 mpOCTO TOATBEPKIAET CHPABEAIUBOCTH TPETHETO
3akoHa Hpl0TOHa B 0000IIEHHOI 3TIEKTPOJMHAMHUKE.

Jnsa  storo, mpasaa, Tpernd 3akoH HprooTroHa Hano
c(hopMyIHUpOBaTh CIEAYIOUUM 00Pa30M : npu CIMOIKHOBEHUU Mmell
MOMEHmM CUlbl Oelicmeus pagen no MoOYIl0 U COHANPABIeH C
MOMEHMOM CUbl NPOMUBOOCUCMBUSL.

Uwnraresnb, HE COTIACHBIA C TaKOW (POPMYITUPOBKON, MOKET
paccmarpuBaTh Teopemy 3 kak 000OIIEHHE TPETHETO 3aKOHA
HproToHa Ha 371€EKTPOIMHAMUKY .

PaccmoTpuM nosicHsIOIIME TPUMEPBI.

[Tpumep 1

Haiinem MOMEHT cuiibl, IEHCTBYIONIUI Ha 3apsi/ibl B IPUMe-
pe 3 paznena 5. Cuna Fy; 3agaercst cootHomeHueM (5.6).
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-2q,q,vCos6
_ 19> _
r, xF, = (1, Xv) =1, xF,
2rg,rec
MoMEHT co37aeTcsl TOJBbKO HEpaaualibHOM KOMIIOHEHTOMH
CHJIBI, IPY 3TOM paboTaroT 00a rjeya mapsl.

[Tpumep 2

Haitnem MOMEHT cuiibl, JEHCTBYIOIIMNA HA 3aps/ibl B IPUME-

pe 3 paznena 7. Cuna Fy; 3anaercst cootHomenuem (7.3).
Av
231_;—0]/]02[(1'21 XV,)—(ry x(v, — V2)|V1 - V2|)] =
=r, xF, (10.6)

3aMeTuM, 4TO COTJIACHO TpaaulroHHOW Gopmyne JlopeHia
CIIpaBeUIMBO TOJIbKO TiepBoe u3 paeHCTB (10.6), T.e. BTOpoOe
IUIeYO Hapsl CUII 10 3Toi popmyiie "He paboTaer". Cuna JlopeHua
NPEJCKa3bIBACT TIOSBJICHUE HE TOJNBKO paguadbHOH, HO U
HANPaBIEHHOM MO CKOPOCTU CHJIbl. MeXaHWYeCKH 3TO O3Hayaer,
YTO OHA MPEJICKA3bIBA€T HE TOJBKO JTOOOBOM, HO U KOCOH ynap
MEXIy ABYMsl IIapaMH, HO YTBEP)KIAeT, YTO BpamiaTbcs OyIeT
TOJIKO OJIMH U3 IIapOB.

r, xF, =
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§ 11. BAK/IFOYEHUE
IToBTOPpMM KpaTKO CKa3aHHOE:

1. IlpeanokeHO HOBOE OMpeAeIeHHUE EKTPOAUHAMHUECKUX
cwi, BKmouaromee B ceds Qopmynsr  Bebepa, Jlopena,
VYurakepa, Amnepa, HeliMana B KadecTBE CBOMX YaCTHBIX
ciydyaeB. Ilpm momyuyeHuM QoOpMyJsbl  UCIOJIB30BAHBI  JIBA
NPEJCTaBICHUS O CHJIe B MEXaHUKE: CHUJla Kak I'pajiueHT SHEprun
U CWla Kak MpPOM3BOJAHAs IO BpEMEHUM OT wummyibca. Kak
BBISICHSIETCSI, 9TH MOJIXO/bl HE SKBUBAJICHTHBI, a COCTABIISIOT JIBE
CYILIECTBEHHO Pa3Hble KOMIIOHEHTHI B IOJIEBOM IPEICTABICHUU O
cuie. [Ipu 5TOM B MexaHUKe peub MJET 00 SHEPTUU U UMITYJIbCE
OTIENbHBIX TE€I M Toyield, Torga kak B dopmyne (2.1)
GUrypupyoT SHEprus M MMIYJbC B3aUMOJICHCTBHUS PpaBHO-
IIPaBHBIX IOJIEH.

KomnoneHTa cuibl, moigyyaemas Kak IpaJMEHT 3HEPruu
3aJ1aeT KYJIOHOBY CHUJIy U HEKOTOPYIO CUMMETpPU3ALNIO (POPMYJIbI
uis cunbl JlopeHna, BBIpaXKEHHYIO B aOCONIOTHBIX CKOPOCTSX.
KomnoneHnra e cuibl, Mojlydaemas Kak TMPOU3BOAHAS IO
BPEMEHH OT HMIIyJbCa, 3aJaeT COCTABIIAIOUIYIO  CHIIBI,
3aBUCSIIYI0 OT PA3HOCTH CKOPOCTEM M YCKOpEHUH. DTa KOMIIO-
HeHTa o0oO0maer ¢opmyny Bebepa U COBpPEeMEHHYIO TEOPHIO
n3nydeHus. @opmyia TakkKe MPECKa3bIBAET MOSIBICHUE COCTAB-
JSIFOIIMX CHUJIBI TPETHETro MOpsIKa MajJOCTH MO ¢, KOTOpBIE IO-
BUJUMOMY HWIPAIOT CYLIECTBEHHYIO pOJIb B 3JIEKTPOCIaOOM
B3aUMOJICHICTBUH, HO He pa30uparoTcs NOAPOOHO B JaHHOU
Oporope.

2. KoHCTpYKTHBHON OCHOBOM MPEIIOKEHHON (HOPMYITBI IS
CWJIBl SIBJISIOTCSL AJIEKTPUYECKUE U MAarHUTHBIE TMOJISL, IMOPOXK-
JlaeMble JBIKYLIIUMHCA 3apsaamu. Jis Haxox[eHus mosen
NpE/UIOKEHBl  YpaBHEHHWs,  0000maromme  KIacCHYeCcKue
ypaBHeHHss MakcBemga. OTH  ypaBHEHMs B OTJIMYME OT
KJIACCUUECKUX MHBapUaHTHbI o OTHOIIEHHUIO K
npeoOpa3oBanusiMm [anmunes u  JlopeHLl - HEMHBAPHAHTHI
HalineHbl 4acTHbIE peLIEHUs 3TUX YPAaBHEHHUM, I KOTOPBIX
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BBIUKCIICHBI CHJIbI B3aUMOJICHCTBHS 1O MPEATIOKEHHON hopmyse.
OTH 4YacTHbIE pENICHHS ONHUCBHIBAIOT TIOJS, MOPOXKICHHBIE
OBUOKYIIUMHUCS 3apsaamu. OmucaHue CBETOBOM BOJHBI TpeOyeT
JIPYTUX HadalbHbIX ycioBuit (eMm. [17],[37]).

3. PaccMoTpeHBI IpUMepHI.

"Urpa snexTpoHOB" HCCienyeT ciydail B3aUMOJCUCTBUS
OTJICIbHBIX JIBIXKYIIUXCS 3aps/IOB, clydail, KOTOPbIN He yaaercs
MPOAHAJIM3UPOBATh B KIIACCHUECKUX TepMUHAX. HeTpuBHATBEHBIM
(bakTOM OKa3bIBaeTCS TO, YTO MEXKAY JBYMS 3apsiaMd OIHOTO
3HaKa TOSBISIETCS CHJIA MPHUTSHKCHUS M CWIIA, HalpaBJICHHAS TI0
CKOPOCTH 3apsiIoB. DTU CHIIBI OOBSCHSIOT U3BECTHBIM MHXKEHEPAM
¢dakT aBTOQa3upPOBKH ITyUKa 3JIEKTPOHOB.

W3 ppyroro paccMOTpeHHOTO MpuMepa cleAyeT, YTO SJeK-
TPOH, BpPAIIAIOLINIICS BOKPYT siipa HE TOJDKEH n3nydarb. OTcrona
ClIelyeT, YTO HE BCSIKOE YCKOpPEHHE 3apsga NPUBOAUT K
u3nydeHuto. Tak B 7T000M  3JIEKTPOBAKYYMHOM TpUOOpE
YCKOPEHUS AJIEKTPOHOB BOJIHM3U KaTo/a MaKCUMaibHbL. OMBIT ke
MOKa3bIBaeT, YTO TMPOCTPAHCTBO BONM3M Karoja HambOoee
TeMHBI yudacTok. Knaccuueckass Teopus He MOXET OOBSICHHUTH
storo. M3 mpennmaraemoil ke (opMynbl 3TOT (akT BBITEKAET
OueBHUIHBIM 00pazoM. B Opomrtope He pazOupaercs, HO MOMXKHO
[0Ka3aTh, 4YTo Gopmyisl (4.1) - (4.3) npeacka3plBatOT MOSIBICHHUE
cuibl B onbiTe boma-AapoHoBsa.

4. TTokazaHo, 4TO 3(Up MPOHU3BIBAET HE TOJIBKO CBOOOTHOE
MPOCTPAHCTBO, HO U MaTepuajbHble Tena. Pasnuums B MaccoBoi
IUIOTHOCTH M CKUMAeMOCTH 3(upa B TelaX H CBOOOJHOM
MPOCTPAHCTBE MPUBOAMT K HM3BECTHBIM 3(PQeKTaM BTITHBAHUS
IVDJICKTPUKOB B KOHACHCATOp, a TaKKe BTATUBAHUA U
BBITAJIKUBAHUS Mapa- U JUAMArHETHKOB B MATHUTHOM IIOJIE.
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MMPMJIOXEHUE 1.

O MEXAHHUYECKHUX PASMEPHOCTSX 29JIEKTPO

U TPABUIUHAMMYECKOI'O ITOJIEH

B cootBerctBunM ¢ 3akoHOM BcemuphHoro Tsarorenus
Macca M Ha  pacCTOSHMM I  CO3JaeT  CTaTUYECKOe
IPaBUTALMOHHOE T0JIE:

r-M

2
r

G=

y‘-II/ITLIBaSI, 4TO TrpaBUTAllMOHHAA TIOCTOSAHHASA Yy HMCECT
pasMEpHOCTh  M/KT/c’,  IONy4MM,  9YTO  CTATHYECKOE
IPaBHUTALMOHHOE IIOJIE HMEET Pa3MEPHOCTh YCKOPEHHUS M/c’.

DJIEKTPUYECKUN 3apsii ¢ Ha PACCTOSTHUU F» CO3MIAeT
CTaTUYECKOE JIEKTPUUECKOE TOJIE:

E-__ 1

domogyr’

TJIe & — ICKTPUIECKast TOCTOSTHHASI.

O/HaKO 0 €ro MEXaHUYECKOH pa3MEPHOCTH MBI HUYETO HE
MOXEM CKa3aTh, TIIOKa HE ONpPEACTUM MEXaHHUYECKYIO
pa3MepHOCTh 3apsiia g.

Ecimu Obl 3TO ynanoch, Mbl TMONYYHIH ObI YETKYIO,
(GOpPMYIBHYIO CBSI3b MEXKIYy MEXaHUKOW W 3JIEKTPOAMHAMUKON
U, B YaCTHOCTH, MEXIY TpaBUTAIMCH U IJICKTPUUECTBOM. B
paborax aBTopa [2], [6] mOKa3aHO, YTO IICKTPUUSCKUN 3apsi
UMEET MEXaHUYECKYI pPa3MEpPHOCTh KI/C, a 3JCKTPUYECKOES
0JIC Pa3MEPHOCTh CKOPOCTH M/C. DJIEKTpHUECKasi MOCTOSHHAS
€0 MMEET pa3MepPHOCTh MAacCOBOH IUIOTHOCTH Kr/m’. Ee
¢u3nUecKnii CMBICT — IJIOTHOCTH CBOOOMHOTO 3dupa. CTaThs
MOCBSAIICHA PACIPOCTPAHCHHUIO TOJYYCHHBIX PE3yJIbTaTOB Ha
SJICKTPOANMHAMHNYCCKOC U I'PaBUAUHAMHUYICCKOC ITOJIA.
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B paborax [1], [2] TmpeanoxkeHO  OMHUCHIBATH
I'PAaBUTAL[MOHHOE I0JI€ YPABHEHUSIMU MAaKCBEJJIOBCKOIO THIA, B
KOTOPBIX, OJHAKO, BMECTO IEpPBbIX MPOU3BOAHBIX MO BPEMEHU
Gurypupyor BTOpble. OTO O03HA4aeT, B YAaCTHOCTHU, YTO
IPaBUTAIMOHHOE TI0JI€ TMOHHUMAETCS KaK MOJie YCKOPEHUH B
OTJINYME OT DJIEKTPUYECKOrO MOJsA, KOTOpOE SBIAETCS IOJEM
ckopocteil. COOTBETCTBEHHO 3TH TMOJS  XapaKTEPU3YIOTCS
KOHCTaHTaMH Pa3MEPHOCTH YCKOPEHHs U1l TPABUTALIMOHHOIO U
pPa3MEpHOCTH CKOPOCTH (CKOPOCTh CBETA) JI AJIEKTPUUYECKOTO
noyst. llpy 3TOM 1 rpaBUTAMOHHOTO IIOJISL COXPAHSIOTCS
€CTECTBEHHbIE MEXAaHMYECKHE pPa3MEPHOCTH, B YACTHOCTH, €O
3apAIOM SIBJISIETCSL Macca, a CcaMoO I0JIe MMEET Pa3MEpPHOCTh
yCKOpeHusi. B 31eKkTpoaMHaMuKe MCHOJB3YIHOTCS HECKOJIBKO
CUCTEM pa3MepHOCTEH. B  mM3BEeCTHBIX aBTOpPYy  Ciydasx
CIIELIUATIMCTBI, UCIIONB3YIOIIUE Ty WM UHYIO CHUCTEMY, SIBIISIIOTCS
€€ TOpSYMMU CTOPOHHUKaMU M HE BUAIAT NpodieM ¢ ee
HCIIOJIb30BAHUEM.

Koneuno, MoxHO cka3aTh, 4TO (U3MKY BoOOIIE U
ANIEKTPOJAMHAMUKY B YACTHOCTM MOXKHO HU3y4aTb Ha JIOOOM
A3BIKE: XOTh HA AHIVIMMCKOM, XOTh HA PYCCKOM, XOTb KUTaHCKOM.
TeM He MeHee, €CTb €IMHCTBEHHBIM, BBIIEJICHHBIM S3bIK, Ha
KOTOpPOM JIy4llleé BCEro paboTaeT Halla MHTYULUs, Ha KOTOPOM
TOYHEEe BCEro OopMyIUPYIOTCS HAIIU YTBEPXKACHHUS, HA KOTOPOM
MBI JIy4dllle BCEr0 IMOHHMMAaeM B3aMMOCBA3b SIBJICHHM. DTO Hall
POIHOM A3BIK.

Ectp nm Takoii s3pik y pusukoB? [IpencraBnsercs, 4to na.
TakuMm  A3BIKOM, HECOMHEHHO, SBJISIETCS SI3bIK MEXAHUKHU.
[TosTomy YIIOMSIHY ThI BBIIIIE croco0 OITHCAHUS
IPAaBUTAIMOHHOTO TOJIsl HAJI0 CUUTATh €CTECTBEHHBIM, TOTJa KaK
BCE€ HBIHE IIPUHATHIE CUCTEMBI PA3MEPHOCTEN B AIEKTPOINHAMUKE
HEYJOBJIETBOPUTENbHBIMU. ECliM 35IeKTpUUYEcKOe MOoJe SBISIETCS
IIOJIEM CKOPOCTEMH, T.€. OHO UMEET PA3MEPHOCTh CKOPOCTH, TO BCE
ANEKTPOJMHAMHUYECKUE BEIUYMHBI TOJIY4YalOT MEXAHMYECKUE
pa3MepHOCTH. B 4YacCTHOCTHM DIEKTPUYECKHH 3aps] HUMeEeT
pa3MepHOCTh Kr/c, T.€. SIBISETCS MPOU3BOJHOW MO BPEMEHHU OT
Maccel. B pa3Hoe BpeMsi pa3Hble aBTOpPbI NMPUXOAMIN K 3TOMY
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BBIBOJly, WHOTJA HCXOJS M3 COBCEM JPYTUX COOOpaKeHH.
YnomsHeM 31ech padoTel AmrokoBckoro [3] u [Ipyccora [4]. Ho
JUIsl KOJMYECTBEHHOTO aHaiu3a HaM, KOHEYHO, Maylo 3HaTh
pPa3MEpHOCTH ONMUCHIBAEMBIX OOBEKTOB, HAaM HAJIO IEPEBECTH
MOPUHSATBIE DIEKTPOJUHAMHYECKHE BEIUYMHBI B  BEIMYUHBI
Mexanudeckue. Bot uro mumer Ha ctp. 49 paboter [3] B. A.
AILIIOKOBCKUH, paccyxaast Ha 3Ty Temy. OH MPUXOAUT K BHIBOIY,
9TO DJJIGKTPUYECKAas TIOCTOSIHHAS &) HMMEET CMBICI MacCOBOU
IUIOTHOCTU 3¢upa p, UYTO pa3MepHOCTh (hapaja COOTBETCTBYET
pasMepHOCTH Kr/M’ M T.K. & = 8,85 107> ®/M, To memaer oH
BBIBO/I, p JJOJDKHO OBITH paBHO 8,85 1072 kr/ne.

Ho B 3TOM paccyxeHnn uMeeTCs: OMH JIOTUYECKUH ITOPOK:
BeIb M3 TOTO, YTO EMKOCTh HM3MepsieTcs B (Bapamax H B Kr/M
BOBCE HE cieayerT, uto 1d = =1 KI/M°. A MMEHHO COOTHOIIEHHUE
MEXIy €IWHUIAMU M Hag0 y3HaTh, YTOOBI MEPEBECTH OJHO B
npyroe. Benp 3 Toro, 4To Macca U3MepseTCs B KAJIOTpaMMax U
rpamMmmax eme He crneayer, uro Ir = Ikr. Ilostomy wu
MOCIICAYIONMIME YHWCJICHHBIC OICHKM B KHUTE AIIOKOBCKOTO
OKa3bIBAIOTCS HEECTECTBEHHBIMU. OTBET HA BOIPOC JOJIKEH HAM
JIaTh OKCIEPHUMEHT, B KOTOPOM CPaBHUBAIOTCS HMEHHO
AIIEKTPUYECKUE U TPABUTALIMOHHBIC CHIIBI.

Haunbonee W3BECTHBIM SKCIICPUMEHTOM, OIPEICIISTFOIINM
CBSA3b MEXAYy TpaBUTAMEd U SJICKTPOAMHAMUKOU, SIBISETCA
9KCIIEPUMEHT, OIPEACISIONINI COOTHOIICHUE MEXIy CHJION
IPaBUTAIMOHHOTO MPUTSHKEHUS U AJEKTPUYECKOTO OTTaIKUBAHUS
JIBYX JJICKTPOHOB.

E_ ¢

= =417
F, A4ny-g,-m
Buinucannoe uucno 63amo uz @evinmanosckux nexyuti [9].
3mech g — 3apsja, a m — Macca JJICKTPOHA, & W ) —
JNIeKTpUYeckass W  TpPaBUTAIMOHHAs  TOCTOSHHbIE. YTOOBI
BOCTIOJIb30BaThCS 3THM COOTHOIICHWEM, HaM HaJ0 NPHHSATH
HEKOTOPYIO MOJENb DJJIEMEHTApHOW dYacTHUIbl BOOOIIE U
JICKTPOHA B YacCTHOCTH. MHOTMMH aBTOpamMH (KpoMe YKe

YIOOMHUHABHINXCA ALIIOKOBCKOFO u HPYCCOBEI, OTMCTHUM 34€CHh
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®.M. Kanapea [5]) ObuTH IpesIOKEHB MOJIETH dJIEMEHTAPHBIX
gacTul] B Buae Topa. Yactuusl s¢dupa, 3auepKuBaronige Top,
COBEPILAIOT JIBa BPAILATEIbHBIX JBUKEHHUS: B SKBATOPUAIBHOU U
MEPUIMOHAIBHOM IUIOCKOCTSX. Ha 3TOM CXOACTBO B MOAENSAX
YIOMSIHYTBIX aBTOPOB M aBTOpPA JAHHOM CTaTbM 3aKAHUMBAETCS:
ATUM BpAIICHUEM MPHUAACTCS Pa3TUYHBIA (U3UUECKUN CMBICI.
ABTOp J1aHHOW CTaTbW CUUTAET, YTO SKBATOPUAJIBHOE BpAILECHUE
TOpa 3aJaer 3apsi, a MEPHUAMOHAIBHOE BpalIEHUE — CIUH
YaCTHIIHI.
Tak 4TO 3apsia dIEKTpOHA

2

=4.17-10"

V&

rZie m — Macca, a @ — YIJIoBasi CKOPOCTh IKBATOPHAIBLHOTIO
BpamieHust Topa. Takoil BHJ 3apsma SBISETCS €CTECTBEHHBIM
CIIEJICTBUEM TMPEJCTABICHUS O TIEPEHOCHOM JIBIDKEHUH B
KMHEeMaTHKe. HamoMHHM, 9YTO TaM CKOPOCTh II€PEHOCHOTO
JBIDKEHUS MAaCCUBHOM TOYKHM CBSI3bIBAETCSI C BpALICHUEM U
OITMCHIBACTCSI BEKTOPHBIM MIPOM3BEICHUEM pPaJnyca — BEKTOpa U
YTJII0BOM CKOPOCTH, YTO U OBLJIO UCHOJIB30BAHO aBTOPOM B paboTe
[6].

[ToacraBus (2) B (1), moxyuum

0)2

V&

=4.17-10%.

Hawm teneps npuzaercs cienarb HEKOTOPBIE NMPEATIONO0KCHUS
O COOTHOILIEHHWU MEXJy TpPaBUTALMOHHOW IOCTOSHHOM 4my H
ANEKTPUYECKON TMOCTOSTHHOW ¢&). W3 paccyknenuit paboTsl [2]
CIIEIyeT, YTO AJIEKTPUUYECKOE IOJIE€ SBJIAECTCS YACTHBIM CIIy4aeM
rpaBUTaMOHHOTO. [103TOMYy KOHCTaHTa B 3aKOHE BCEMHPHOIO
TATOTEHUS] M BEJIWYHMHA, oOpaTHas & B 3akoHe KyioHa AOIKHBI
OBITh YMCIIEHHO PaBHBI APYT JIPYry (BO3MOKHO, C TOUHOCTBIO 10
2m).

Pasauma e B pa3MEpHOCTAX BbI3BaHA pPa3HOCTBIO B
pa3MEpHOCTAX D3JIEKTPUUECKOIO 3apsiia U Macchl, a pasHHULA B
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BEJIMYMHE CTATHYCCKUX CHJI — BEJIMYMHOMN YIIIOBOW CKOPOCTH @ B
(2).

HanomMuum, 4to BenwuuHa, OOpaTHas TPaBUTAIMOHHOM
IOCTOSIHHOH 1/y MMeeT pa3MepHOCTh KI/M’C’, a MeXaHHYecKas
Pa3sMepHOCTb €y KI/M'.

Ilpeononoscenue:
8myegp=1 panz/cz.

CnpaBa 31ech B (4) CTOMT KBaApaT €IWHUYHOW YTIIOBOU
cKopocTH. [[pyruMu crioBamMu MBI IpefnonaraeM, 4ro 1/4my u &
YHUCJIEHHO COBIAJAIOT C TOYHOCTBIO 10 27T

C yderom (4) u3 (3) momydaem

o=28.1 1020paz[/c.

OTMeTHuM, YTO 5TO 4YHCI0 Oau3ko K KOMNOTOHOBCKOM
YIJIOBOM CKOPOCTH AJIEKTPOHA

. =7.8 10%° pan/c.

Tak 4yTO € y4eToM OIIMOOK SKCIEPUMEHTa MBI MOXKEM
NPHUHATH 32 YIJIOBYIO CKOPOCTh JKBAaTOPUAIBHOTO BpaIICHUS
TOpa, CO3JAIOMIETO AJIEKTPOH, MMEHHO 4uciao (6). DTo Yucio
OKa3bIBAETCSl COTJIACOBAHHBIM C JIAaHHBIMH  CIIEKTPATHHOTO
aHajgu3a B paMmkax d(upHON (HEOOPOBCKOW) MOAEIH aTOMOB W
anemeHTapubix vacTul ([7],[8]). ABTOpYy HE H3BECTHBI KaKue-
aub0 TBEPJAO YCTAHOBJICHHbIE SKCIIEpPUMEHTaJbHble (HaKThI,
KOTOpbIe ObI MPOTUBOPEUYMIIN OLIEHKE (6).

Hcnonw3yst mosrydeHHbIE 3HAYEHHS YTII0BOM ckopocTH (6),
MBI MOXEM BBIPA3UTh BCE DJICKTPOJAMHAMUYECKUE BEIMYUHBI B
MEeXaHMYECKUX pa3MepHocTsx. [IpuBeemM HEKOTOpbIE U3 HUX:

3apsy 3JIEKTpOHa!

e=7.110"xkr/c
COOTBETCTBEHHO:
1Kn = 4.44 10°kr/c

DNEeKTpUYECKas MOCTOSTHHAS:
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g0 = 1.9 10® kr/m’
MaruutHas nocTossHHas:
Moy=5.84 10726 mc?/xkr

DneKTpuyecKkas TOCTOSHHAsT HWMEET CMBICT MacCOBOU
IUIOTHOCTH CBOOOJHOTO 3(Mpa, a MarHWTHAs MOCTOSIHHAS — €ro
C)KUMAaEMOCTH.

Nmnenanc ceoboaHoTO 3hupa:

1/eg e=1.75 10" m’c/xr
Kak u3BectHO, 3TOT MMneaaHc paseH 3770M, Tak 4ToO
10m = 4.65 10-20m2c/kr
1A=4.44 109xr/c2
IB=10M 1A =2.07 10-10m2/c

Kak mnpaBunpHO cuntan AOKOBCKHM [3], €MKOCTh B
. 2
MEXaHHYECKON CHCTEME UMEET Pa3MEPHOCTH B KI/M~. OqHAKO

10=1K/1B = 2,14 10" kr/™m?

a He 1kr/m’.

3HaueHUe OCTAIbHBIX SJIEKTPOJUHAMHUYECKHX BEIHYHUH B
MEXaHHYECKUX  Pa3MEPHOCTSIX HAXOIATCS aHAJIOTW4YHO. B
OpeApAyIIMX ~ padoTaXx aBTOpa HMCIOJb30BAJIOCh 3HAYCHUE
yrioBoi ckopoctu (5), a He (6). Tak 4TO MOJTyYEHHBIE OLICHKU
HAJIO CYUTATh YTOUHCHHBIMH.

[IpoGnem ¢ mepexogoM K MEXaHHYECKOM CHCTeMe
pasMepHOCTEN Il TPaBUIMHAMUYECKOTO II0JISI HE BO3HHUKAET.
Kak u B cratuyeckoM ciaydae, OHO MMEET pPa3MEpPHOCTh
YCKOPEHMSI M  XapaKTepU3yeTcsl  HEKOTOpPOW  KOHCTaHTOM
YCKOPEHUsI a, UTPAIOLIEH A1 HEro Ty K€ pojib, YTO CKOPOCTh
CBETa C JUIsl DJICKTPOJMHAMHUKH. 3aMETUM TPHU ITOM, UTO
CTaTUYECKYI0 TPABUTALMOHHYIO Ccuily mG U CTaTHYECKYIO
anexkTpuueckyro cwiy (E MOXHO paccMarpuBaTh Kak JiBa
cnaraeMbIx B cuiie HploTOHA, onpenensemMoil Kak Mpou3BOHas 110
BPEMEHU OT UMITYJIbCA.
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d/dt (mV)=mG + qE,

rae G =dV/dt,q=dm/dt, E=V
bonee  pmerasbHO  CBS3b  MEXKIy ~— TpaBUTAllMed U
AJIEKTPUIECTBOM paccMaTpuBaeTcs B padbote [2].
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MMPMJIOXEHUE 2.

O CBA3HU SJIEKTPUYECKOI'O U
TPABUTAIIMOHHOTI O MOJIEA

Korga DJiiHmiTeliH OT aHanmu3a >3JIEKTPUYECKOro MO
nepemeNn K aHalau3y IMOJs TPaBUTALMOHHOTO, CBOMM II€PBBIM
MOCTYJIaTOM 00 SKBHUBAJCHTHOCTH TI'PABUTAI[MIOHHOTO TIOJ
YCKOPEHHIO OH (DakTHYEeCKM 3asBWJI, YTO paccMaTpHUBaET
IPaBUTALMOHHOE II0JI€ KAK II0JI€ YCKOpeHMH. JlanpHenmum
JIOTMYECKUM IaroM Obulo Obl BBEJEHHE HOBOM KOHCTaHTBHI,
UMEIOIIEH pPasMEpPHOCTb YCKOPEHMsS U XapaKTepU3yIoLen
I'PAaBUTALMOHHOE II0JIE IPUMEPHO B TOM K€ CMBICIIE, B KAKOM
CKOPOCTb CBETAa XapaKTEpU3YET JIEKTPUUECKOE MOJIE KaK MoJie
CKOpOCTEH. ODWHIITEHH HE TOoIIeN ATUM IyTeM. Pe3ynbrar
U3BECTEH: O0Ias TeOopUsl OTHOCHUTEIBHOCTH  OCTaeTCs
MPUMEPOM BBICOKOH MATEMaTUYECKON W3OIIPEHHOCTH, HE
MMEIOLIEH MPUKIIAAHOIO 3HAYEHUS.

ABTOpPOM JaHHOTO 3cce ObUIO MPEUIOKEHO ONMCHIBATH
I'PAaBUTALMOHHOE T10JI€ YPAaBHEHUSIMU MaKCBEJUIOBCKOI'O TUIIA, B
KOTOPBIX, OJHAKO, IE€pPBbIE IPOU3BOJHBIE IO BPEMEHHU
3aMEHEHbI Ha BTOPBIE.

PesynpTatel paccMOTpeHUs NPENCKA3BIBAIOT CMEIECHUE
nepurenneB iaHeT, AuddepeHnnanbHblii XapakTep BpalleHus
COJIHIIA U Ta30)KUIKUX IUIAHET, Apei( 3€HHbIX KOHTUHEHTOB,
HaOJIIOaeMbIi  XapakTep OKEaHWYEeCKUX U aTMOC(EpPHBIX
Te4eHul, OJN30CTb OpPOMT E€CTECTBEHHBIX CIYyTHUKOB K
HKBATOPUATIBHBIM IUIOCKOCTSM LIEHTPAJIBHBIX TEN U PSIL APYTHX.

Hcropuueckuii 0030p

Korma Taycc m ero ydenuk BebOep mnpemiokuau CBOU
0000mieHnst 3akoHa KyrnoHa Ha ciydail OBWOKYIIUXCS 3apsijioB,
MHOTHE WCCIIEOBATEIN HEMEVICHHO TIOMBITAINCh TIEPEHECTH
dopmynsl ['aycca u Bebepa Ha rpaBuTanmoHHoe moje. CXoICTBO
Mexay 3akoHamu Herotona u KyitoHa Beqib CTOJB pa3sUTENBHO.

Junamuueckas yactb Gopmyin ['aycca u Bebepa 3aBucHur ot
Pa3HOCTH CKOpOCTEH ayekTpuueckux 3apsaoB. Llemprep (1882),
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Tuccepan (1892), bepnap (1890) u psn apyrux mnpojenanu
COOTBETCTBYIOIIIME BBIUMCICHUS, NBITAsICh OOBSICHUTH CHBHT
nepurenust Mepkypus. Ota npobiema ocTpo CTOosIa B TO BpeMs,
T.K. HaONIONEHHS TIIOKa3blBaJl, 4YTO TNepurennii Mepkypus
CABUTAeTCs MpUONM3UTENbHO Ha 43" B CTONETHE, a MOMBITKU
OOBSACHUTH 3TO B paMKax 3aKOHa TATOTEHHS HE YJaBaJKCh.
Opnako ¢opmyna BebGepa mnpezackassiBana Tosnbko 14" B
cronetue, a ¢opmyna [aycca Tombko 28" B cronerwe. OTH
MOTIBITKA BO30OHOBHWIIUCH B CBSI3U C BOJIHOM MHTEpeca K padoTam
I"aycca u Bebepa B mocinennee Bpems [1], [2].

Hcropuyecku nepBbIM, KOMY YIAlI0Ch IOTYYUTh TpeOyeMble
43", 6w11 I'epOep [3]. O ero pabote BcriomHWIH, Koraa 43" ObLIN
noiay4yeHol OiHmreiiHoM. Pabora I'epbepa Obula  BHOBB
onyOnukoBaHa, [4], mocie Yero HaJyajlach OKECTOYCHHAs
TUCKyCCHsI, B KOTOPOW HMHTEpEeChl TOCyAapCTB, (DMHAHCOBBIX M
HayYHBIX KpPYTOB, K COJXKQJICHHIO, OKAa3blBAIM BO MHOI'OM
NpeoNpeeNAoNniee BIUSHAE HAa OKOHYATeNbHbIE Hay4yHBIC
BBIBOZIBI. Bmpoyem, HeuTo mOmOOHOE MBI HaOdOmaeM H B
HacToslIee BpeMs. B KoHIIe KOHIIOB ObUIO pelieHo, 4to hopmyna
['epOepa sBHsiCTCS MOATOHKOM 1O/ 3apaHee U3BECTHBINA Pe3yIbTaT
W TanbMa TepBEeHCTBa Oblla oTHaHa oOmiel  Tteopuu
otHocurenbHocT (OTO), Tem Oonee, uto uz OTO crnenoBanu
elle JBa MpeAcKa3aHus: TPAaBUTAIMOHHOE KPacHOE CMEIICHHE U
JIBOITHOE OTKJIOHEHHE Jy4ya B I0JI€ COJHIAa, KOTOpbIE ObLIH,
AKOOBI, TOATBEPXKACHBI HSKCIEPUMEHTOM. JIOBOJIBHO CKOpO
BBISICHWJIOCH, YTO I'PAaBUTALIMOHHOE KPAaCHOE CMEIIEHUE CIENyET
yke u3 3akoHa HpioroHa. B mocnemnee Bpemsi moaBepraercs
COMHEHHMIO U DJKCIEpPUMEHTajJbHasi MpOBEpKa BTOPOrO U3
yHOMSHYTHIX 3¢ ¢ekToB. Ocraercs HEICHBIM, Kak B Hayaie 20
BeKa YIAJIOCh BBIIEIUTH TpeOyembrii 3pdexr Ha ¢oHe
HECIIOKOWHOTO COJHIIA, XOTS 3Ta 3a/1aya He MOJ CUJIY U TeXHUKE
21 Beka. I'maBHoe xe, uro moapeiBaer Bepy OTO — »s1O
OTCYTCTBHUE MPUITOKECHHIH.

Korpa x nauany 90-x romoB moseBas Teopus Makcsemia
BBITECHWJIA moaxo ['aycca m BebGepa, MONBITKH NEPEHECTH HA
IPAaBUTALIMIO  3aKOHBI  DJIEKTPOJMHAMHUKUA  BO30OHOBHWIIKCH.
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IlepBbiM Takyro MONBITKY chaeian cam MakcBe, KOTOpBIi,
OJIHAKO, MPUIIET K BEIBOY, YTO MPSIMOM TEPEHOC MPOTUBOPEUUT
3aKOHY COXpaHeHMs 3Hepruu. K 3ToMy BBIBOAY OH MpHILET BO
MHOTOM TIOTOMY, 4YTO B 3aKOHaX BCEMHUPHOTO TSITOTCHHUS U
KynoHna pa3Hble 3HaKku: 1Ba OJJMHAKOBBIX JEKTPUUECKUX 3apsaa
OTTAJKMUBAIOTCS, a JIBE MAacChl HpuUTAruBaroTcia. HecMmorps Ha
3TO, TAKUE MOMBITKU MPOJOKAIUCh U B AHIIINM, U BO Opaniuu
u B Poccun. Hambonee m3BecTHa mombiTka XeBucaima [5]. Ora
MOMBITKA, KaK W MHOTHE Jpyrue, Oojee MO3JAHHE U COBCEM
HeJaBHUE, yxke B 20 Beke, oka3zaauch HeyAaauHbIMU. [Ipuunn ans
TaKMX HEyJady MOXXHO NPUBECTH MHOr0. YKaXeM Ha OJIHY,
CBSI3aHHYIO C BO3pakeHUAMHU MakcBera.

Benp moneBeie ypaBHEHUs camMu 1O cebe eme He
OMUCHIBAIOT HU B3aMMOJICUCTBHS 3apsiioB, HU B3aMMOJICUCTBUS
MOJIEH, MOPOKIAEHHBIX JBUKEHUEM 3TUX 3aps0B.

CoBpeMeHHasi 3JIEKTPOAMHAMUKA COCTOUT U3 2-X YacCTeu:
ypaBHeHuii MakcBemia u  Qopmynsl  JlopeHma Ans  CHIIBI
B3auMojieicTBus. B3aumoneiicTBus yero?

l'aycc u Bebep [1], [2], a Takxke, mpeanaraBIIde CBOU
dbopmynsl I'pacecman [6], Amniep [7] u YHTTakep [8] roBopmiu o
B3aUMOJICCTBUY 3apsnoB. Kazamock Obl, Mpu MOJEBOM IMOIXO/E
Hago0 TPEMIOKHUTh  (QopMmyiny, KoTtopas OBl  ONHKCHIBaja
B3aMMO/ICHCTBHUE TMOJIEH, a HE 3apSI0B.

®opmyna JlopeHua 3aHs1a IpoMeXyTOUHY0 no3unuoo. OHa
BBIJICTISIET OJIMH 3apsi/l, KOTOPBI Ha3bIBa€T MPOOHBIM, U KOTOPHIH,
Kak OblI, HE CO3/aeT CBOMX MOJICH, M TOBOPUT O B3aUMOJCHCTBUU
ATOr0 BBIJEIEHHOTO 3apsAla C MOJIAMH, CO3JAaHHBIMH APYTUMHU
3apsA/laMHd, KOTOpbIE 3THU TOJIA MOPOXKAAOT B COOTBETCTBUU C
ypaBHeHUsIMH MakcBera.

Takoil moaxon uMeeT psia HemoctarkoB. OAWH M3 HUX
Takoi: ¢opmyna s cuiabl JlopeHma HecuMMerpuyHa. OHa
JIOTTYCKAeT CUTyallluu, KOT/Ia OJIUH 3apsiJl IEUCTBYET Ha JIPYyroi, a
9TOT APYTrOM HAa MEPBBIA HE JACUCTBYET; T.€. HAPYLIAETCSA TPETUHI
3akoH HproToHa.

DTO MOXHO CKa3aThb W MO-Apyromy. B cooTBeTcTBHM C
ypaBHEHUsIMM MakcBeiia, BbIpa3uB IMOJs 4Yepe3 3apsilbl, Mbl
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MO’KEM 3TH PELIeHHs OJCTaBUTh BMECTO MoJIel B GopMyITy IS
cunbl JlopeHua. B pe3ynbTare, Kak HETPYJIHO NMPOBEPUTH, B TEX
clly4yasx, KOrJa Mbl 3HaeM pelleHHue ypaBHEHHH Makcaeia,
dbopmyna Jlopenna coautcs k popmyiie ['paccmana.

WNnaye rOBOps, e€ciaM Mbl OTrpaHUYMBAEM OINUCAHHE
B3aUMOJICUCTBUS IEKTPOMArHUTHBIX MoJiel popmyioit Jlopenia,
BCE ypaBHEHHsT MakcBelia OKa3bIBAIOTCS HM3IHIIHEH 00y30M, a
MBI Ccpa3y MOXXEM BOCHOJb30BaThCs (opmynoi ['paccmana. Ho
¢dopmyna I'paccmana omnmchiBaeT BechbMa YacTHBIE CIIydyau
B3aUMoOJIeiicTBUSA  3apaaoB. Jlpyrue ciayyau — OINUCBIBAIOTCS
IpyrumMu GpopMysiaMu, B YACTHOCTH, YIIOMHUHABILIUMHUCS BBIILIE.

Cka3aHHOE O3HAYaeT, YTO MPEXIE, YEM CTABUTh BOIPOC O
HEpEeHOce DJIEKTPOJUHAMUYECKMX MJCH Ha TIpaBUTALMIO, HaM
ciemoBayio  Obl  pazoOpatbcss ¢ mpobdieMamMu  caMoW
ANIEKTPOAUHAMUKH.

[louemy, omHako, He OBUTM MPEIUIOKEHBI (HOPMYIIBI IS
CWJIBI B3aMMOJEWUCTBUS MOJIEH, TOPOKIACHHBIX JBUKEHUEM JIBYX
PaBHONPABHBIX 3aps0B WK (POTOHOB?

I'maBHOE BO3pa)KE€HHE COCTOMT B TOM, UTO JIBA IOJISA, IKOOBI,
He B3aumopeWcTByioT. Ilpumep: nBa mydka cBeTa, KOTOpbIE
CBOOOJTHO MPOXOAAT APYr CKBO3b Apyra. A 1O COBPEMEHHBIM
NpeACTaBICHUAM (OTOHBI U €CTh NepefaTyuKd mnois. Mbl
BEPHEMCSI K 3TOMY BOIIPOCY HIKE.

2. O6001meHHe YpaBHEHU I YJIEKTPOAMHAMUKHI

ABTOpOM [TaHHOW CTaThbU OBUIM MPEITIONKEHBI OO0OOIICHHUS
ypaBHeHUs MakcBeiia, U HaWJIEHbl MX pEUICHHS I ciydas
3apsanoB U (POTOHOB W TpemyiokeHa Gopmysa JUisl  CHIIBI
B3aWMOJICHCTBUS TOJIEH, CO3/1aBAaEMbIX ABMKCHUEM 3apsiioB U
dbotonos [9], [10].

Oxazanoch, 4YT0 (DOTOHBI OMKCHIBAIOTCS CYIIECTBEHHO
KOMIUIEKCHBIMU (pyHKIUsAME. Pemenus mist 3apsiioB U (hOTOHOB
COOTBETCTBYIOT PAa3JIMYHbIM HAYaJIbHBIM  yCIIOBUSIM. Takum
00pa3oM, MoJist, co31aBaeMble 3apsiiaMu U (POTOHAMH — 3TO pas3HbIe
YacTHBIC pelIeHUs1 0000IIEHHBIX YpaBHEHN MakcBea.
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bouta mpeanokena Qopmyna An B3aMMOACHCTBHS TOJEH,
obobmaromtas ¢hopmyny s cuibl JIopeHia, mOKphIBaroias Bce
YHOOMSIHYThIE BbIlIe (POPMYJbl U MPEICKa3bIBAIOLIAS PSJl HOBBIX
s dexToB, Hampumep, KracTep-3G eKT.

I[Ipu moctpoeHMn OOOOIICHHONW (QOPMYIIBI IS CHIIBI
B3aMMOJIEMCTBYSI TOJI€H ObUIM UCIIOJIB30BAHBI ABA MPEICTABICHUS
o cuie. [lepBolii — 3TO npeacraBieHue ['roMreHca o cuie Kak o
IpaUeHTe SHEPTUH, a BTOPOM — 3TO NoHMMaHue HbI0TOHOM cHilbl
KAaK IIPOMU3BOAHOU II0 BPEMEHU OT HMILyJbca. B coBpeMeHHON
MeXaHuKe 00a JTH TMOAXO0Ja NPUMEHSIOTCA JJIA aHalIu3a
JBWKEHUSI OTACNIbHBIX TEJ, XOTS MO CaMOMY CMBICTY MOHSTHE
CUJIBl JIOJDKHO XapaKTEpU30BaThb HAM HEKOE B3aMMOJCHCTBUE.
Cuunraercs, 4TO ATH OINpPEAENICHMs CHIbl 3KBUBaJIEHTHL. U 370,
JNEHCTBUTENBHO TaK, €CIU pedb HAET 00 OTAEIbHBIX TelaxX C
ITOCTOSTHHOW MaCCOM.

[lonoxxeHne CyLIECTBEHHO MEHSIETCS, €CIM pedb HAET O
B3auUMoJeicTBuM  mosned. OrpaHudyuMcst  cilydaeM  IOJeH,
MOPOKJIEHHBIX JBIKEHUEM JBYX JJIEKTPUYECKHUX 3apsioB. OTH
MOJISI 3aBUCAT OT 3aps0B, UX PACCTOSIHUM ApPYr OT Apyra M HX
cKopocTeil. B3siB ckansipHOoe NPOU3BEAEHUE SJIEKTPUUYECKUX
MOJIEH, MBI TOJIYYMM DSHEPrUI0 HX B3aUMOJCWUCTBUS, a B3SB
BEKTOPHOE NPOU3BEJCHUE MArHUTHBIX IMOJE€H, — HMILYJIbC
B3aumozencTBusas. OpHAKoO, BBIYMCIEHUE COOTBETCTBYIOIIHUX
IIPOM3BOJHBIX MPUBOAUT HAC K JIBYM Pa3HbIM MPEACTABICHUSIM O
CUJIE B3aUMOJICHCTBUS NOJIEH: TPaJAUEHT PHEPIUH JIaeT HaM CUITY
Kynona, Jlopenua (I'paccmana), VYwurrakepa u Awmmepa.
JluHamuueckass 4acTb 3TOM CHMJIBI 3aBHCUT OT INPOU3BEICHUS
CKOPOCTEH 3apsioB M paBHa HYJIO, €CIU XOTA Obl OJIWUH U3
3apsA/10B HE JBUKETCS.

Jormatuzamust cuibl JlopeHla B cCOBpeMeHHOW (hu3mke
npuBelia K CTPAaHHOMY YTBEPXKIEHUIO B Yy4yeOHHKax, 4YTO
B3aUMOJICVCTBUE JIBYX IMOKOSAIIMUXCA M OAHOTO IMOKOSLIErocs, a
JPYyroro JABMXKYLIETOCsS 3apsiioB OJUHAKOBO U CBOJAMUTCSA K CHIIE
Kynona. 3T10, KOHEYHO, HE TaK, U MPOCTOW SKCIECPUMEHT
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MOATBEPKIAET, UYTO MEXAY MOKOAIMMCA W JBHKYIIUMCS
3aps/laMHy MOSIBIIAECTCS CUJIA, AOMOIHUTENbHAS K KyJIOHOBOM.

OTy cuily NpeAcKa3blBA€T BTOpPAsl, HBIOTOHOBA YacTh
0000meHHOM (OopMyIIbI, TOMydaeMas Kak TIPOW3BOJHAS 10
BPEMEHH OT UMIIYJIbCA B3aUMOAECUCTBUA MOJIEH. DTa 4acTh CHUJIBI
3aBHCHUT OT Pa3HOCTH CKopocTed M yckopeHuil. OHa MOKphIBaeT
dbopmyiter utst cuitel [aycca u BeGepa u 100aBiisieT B HUX HOBBIC
cliaraeMble, CUMMETpU3yomue 3Tu Gopmyisl. HeioToHOBa cuiia
HE COJAEPKUT CTATUYECKON KOMIIOHEHTHI.

Pesynprar wu3BecTeH: o00mas TeOpUs OTHOCHUTEIBHOCTH
OCTaeTCsl MPUMEPOM BBICOKOM MATEMAaTHUYECKON H3OIIPEHHOCTH,
HE UMEIOIEN MPUKIIAJHOTO 3HAYCHHUS.

3. O rpaBuIMHAMHUYECKOM MOJIe

B nauane 80-x rogos 20 Beka aBTOPOM JIaHHOM CTaTbU ObLI
npeanokeH BapualMoHHBId  «llpuHnIMn  morapudpma», U3
KOTOPOTO, B YacTHOCTH, CJEIyeT, YTO T'PAaBUTAIIMOHHOE II0JIe
JIOJDKHO OITUCHIBATHCS YPABHEHHSMH MAKCBEJJIOBCKOTO THIIA, HO
CO BTOPBHIMH MPOU3BOJHBIMHA TI0 BpPEMEHH BMECTO IEPBBIX.
Bmecto ckopoctn cBera C B HHUX (QUIYpUpPYeT MOCTOSHHOE
YCKOpEHHE a.

@dopmyna s CUIBl B3aMMOJCHCTBUSI NMPOOHOW Macchl U
rPaBUMAarHUTHOTO  TOJIS, TMOSIBIISIIONIETOCS B ypaBHEHHSX
rpaBUIMHAMUKH, ObLTa CKOHCTPYHPOBaHA O TUITY (HOPMYIIbI A
cwibl JlopeHma, TONBKO BMECTO CKOPOCTEH AIIEKTPHYECKUX
3apsioB  (UTypUpOBAIM YCKOpEHHMs Macc. OJTa cxema Oblia
nojoxkeHa B 3acemaHun  ®usnueckoro OOmectBa CaHKT-
[TerepOypra B 1993r. u ony6nukoBana B [11].

B pamkax mpeamaraeMoro mojaxoja y)e Ha 3TOM 3JTare
yIaloch OOBACHUTH DA SIBICHUH, HOCAIIMX 3aBEIOMO
IPaBUTALIMOHHBIA XapaKTep, HO JO HACTOSIIEro BPEMEHH He
OOBSCHEHHBIX. BONBIIMHCTBO  NPEAJIOKECHHBIX  OOBSICHEHHUI
CB3aHO HAJIMYMEM Y TPAaBUTAIMOHHOTO TIOJII  CBOETO
MarHuTHOTO. Tak BpalleHWe IIaHeT B TPAaBUMATHUTHOM II0JIE
COJIHIIA TPUBOJAUT K TOSIBICHUIO HECKONBKHX cui. OmHa cuia
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HallpaBJi€Ha MO PAJUyCy U MPUBOAMUT K CMEILIEHHUIO MEPUTEIHEB
opOwuT.

Bropas HampaBieHa K IUIOCKOCTH COJIHEUHOT'O PKBAaTOpa M
CO37a€T MOMEHT CHWJ, MPWKHUMAIOIMUH OpOUTYy K IUIOCKOCTH
COJIHEYHOTO JKBaTOpa, YTO MBI M HaOionaeM y OOJBIIMHCTBA
IUTAHET M UX €CTECTBEHHBIX CHYTHUKOB. CUTyauus 37€Ch OYEHb
MOX0Xa Ha I[OBEJCHUE pPaMKHU C DJIEKTPUYECKHUM TOKOM B
MarHMTHOM MOJIe€.

TpeTssl cuna HampaBlieHa MO KacaTeabHOU K OpOUTE TIaHET
U B 3aBUCUMOCTM OT 3HaKa MarHUTHOIO IIOJi1 CO3ZJaceT
MOJIOKUTENBHOE WM OTPUILATENIbHOE KacaTeIbHOE YCKOPEHHUE
IUTaHET.

OTa e CWia NPUBOAMUT K YBEIUYEHHUIO WM YMEHBIICHUIO
YIJIOBOTO  YCKOPEHHMsS COOCTBEHHOIO BpallleHUs IUIaHET, K
MOSIBIICHUIO aTMOC(HEPHBIX U OKEAaHHMYECKUX TEeUeHHi, Ipend
30HHBIX KOHTHUHEHTOB. TO, YTO A TBEPHOTEIbHBIX IUIAHET
MPOSBIISIETCS Kak apei( KOHTMHEHTOB, sl CONHIA U Ta305KUIKUX
IUIAaHET TpOosBIsieTcss Kak  auddepeHnuranbHoe  BpallleHue:
CKOpPOCTh BpAIICHUS IKBATOPHAIBHBIX 00JAacTEll y 3TUX IUIAaHET
OoubliIe, YeM HOJSIPHBIX.

C camoro Hayana ObUIO SICHO, YTO TPABUMArHUTHOE IOJIE
TECHO CBSI3aHO C 3JIEKTPOMAarHUTHBIM. HbIHE MBI MOHHMaeM,
YTO 3TO MPOCTO OJHO U TO K€, a IEKTPUUYECKOE I0JIe €CTh
YaCTHBIMA CIy4ald IPaBUTALIMOHHOTO. Tak 4TO MOXHO TOBOPUTH
MPOCTO O MArHUTHOM Ioje. M3BeCTHO, UTO MarHUTHOE MOJe
3€MJIM MCHBITHIBAET CYIIECTBEHHbIE KOJEOAHUS U AK€ MEHSET
3HaKk. B Hacrosmee BpemMs Mbl HE 3HAeM MPUUYHUHBI 3TUX
Kojie0aHUW, HO MOXEM YTBEpXKIaTh, YTO COOCTBEHHOE
BpallleHUE 3EeMJIH, XapaKTep OKEaHWYECKUX M aTMOC(EepHBIX
TEUEHHWH JOJDKHBI OBITh JKECTKO CBS3aHBI C TaKUMH
KoJIeOaHUSIMHU.

O6o001IeHne ypaBHEHHI T'paBUAMHAMUKH T10 AHAJIOTHH C
ANEKTPOJMHAMHUKON MPUBEIO K TOHUMAHUIO TOTO, YTO
B3alMOJIEICTBHE IBYX MAcC 3aBUCUT HE TOJIBKO OT UX YCKOPEHU,
HO U OT TPETbUX U B YETBEPTHIX MPOU3BOJHBIX 110 BpeMeHH. [Ipu
ATOM B 3aKOHE€ TATOTEHUS MOSIBISETCS IPaBUIIbHBIN 3HAK.
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VY4er 3TUX 3aBUCUMOCTEH, KaK MOXHO HAJEsThCs, BBIIBUT
HOBBIE CBS3H B OKPY’KalollleM Hac MUpE.

3akjarouyenue

['maBHBIM HMTOTOM CKa3aHHOTO HAJ0 CYUTATh BBHISBICHHE
€AMHCTBA  DJIGKTPUUECKOTO W  T'PABUTAIMOHHOTO  TOJEH.
['paBUTAaIIMOHHOE TI0JIE — O3TO TMOJE€ YCKOpeHWil. XoTda mpu
ONMCAHUU BJEKTPUYECKOTO MOJIS HCIOJIB3YIOTCS CKOPOCTH, OHO
TO)KE HAa CaMOM [Iele €CThb IOJieé YCKOpPEHUH, MOTOMY YTO
ANEKTPUYECKUN 3apsA]l MaTeMaTUYeCKH €CTh MPOU3BOJHAS OT
Maccel (cM. moapobOnee [12]). HexkoTopsiM MOsICHEHHEM STOM
MBICJIH MOXKET CJIY>KUTb BUJI CHJIBI 110 HpI0TOHY

F=d(mV)/dt=ma+dm/dtV,

371eCch m — Macca, ¥ — CKOpOCTb, @ ¢ — yCKOPEHHE Tella.

Korma dm/dt omuceiBaer snektpoH (cMm. [12]), MOxHO
CKa3aTh, 4YTO IIEPBOE  CJaraemMoe 3/1eCb  ONHUCHIBACT
rpaBUTALIMOHHOE, a BTOpoe — 3iiekTpuueckoe nose. [locnennee
94acTO BBIMJISAUT CYIIECTBEHHO OOJBIIMM, MOTOMY YTO BEJIMKA
npousBoaHAs dm/dt — »snekTpuueckuii 3apsa. Ero Bennuumna
HaliJicHa U paBHa 7.3:107" kr/c s 3JEKTpoHa U npoTtoHa. OH
CO3J1a€TCA BpPAIIEHUEM MACCHI AJIEKTPOHA 9-107" xr ¢ YIJIOBOM
CKOPOCTBIO 7.8:10%° pan/c. OTcrofa U U3BECTHOE COOTHOIIEHUE
MEXJy  CHUJIO  TIpaBUTALlMOHHOTO  MNPUTSHKEHUS  JIBYX
DIEKTPOHOB U HMX OJIEKTPHUYECKOTO OTTAIKUBaHHS (CM.
noapo6Ho [13]).
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IMMPMJIOXXEHUE 3.

O I'PABUJIMHAMMWYECKOM CHUJIE

BBenenue

B pabGote [1] Obut0 mpemoxeHo 0000IIEHHE YpaBHEHUM
MakcBesia, BkiIoudaromee B - ce0f  TMONHYIO — IMEpBYIO
MPOM3BOJIHYIO MO BPEMEHHU U HAWJIEHO PEIICHUE 3TON CUCTEMBI
JUIsL cllydasl MOJIeH, CO3/1aBaeMbIX 3JIEKTPUUECKUMH 3apsiaamHu.
B3auMopeiicTBusl moJiei, Cco31aBaeMbIX pa3HBIMU 3apsaMH,
ONPENESAI0T SHEPIHI0 M HMMIYJbC TaKOro B3aUMOJICHCTBHUS.
CkansipHOe MPOU3BEACHHUE ONPENEAET FHEPTUI0, & BEKTOPHOE —
MMITYJIbC B3aUMOJEHUCTBUS MOJIEH, a CIEe0BATEIbHO U 3apsoB.
BbluncnuB rpagueHT SHEPruM B3aUMOJCHCTBHSA, MbI MOJIYYHUM
CUJTy B3aMMOJEHCTBUS KakK €€ MoHuMan ['IOHreHc, a MmocuuTaB
MOJIHYIO MPOU3BOJHYIO OT UMITYJIbCA B3aUMOJEHCTBHUS, MOIYyUYUM
cuny B3aumozeiictBuss no Herorony. Okxaszanoch, 4YTO U
¢u3nUecKuil CMBICI W MAaTeMaTHMYEeCKUH BHJA O3THX CHI
CYHIECTBEHHO  pa3nuyarorcs. ['paaueHTHas 4acTb  CHJIBI
B3aUMOJIEUCTBUS 3aBUCUT OT IIPOU3BEIECHUS CKOPOCTEN 3apsiioB
U paBHA HYJIO, €CITU XOTs Obl OAMH U3 3apsSA0B MOKOUTCS. JTa
yacTh BKIIOYMWIA B ceOs (GOpMynbl JUis CHIIBI, paHee
npeanoxkeHusle Amnepom [2], Yurrakepom [3] u JlopeHuem.
[Tocnennsast oOBIYHO oOmIpeneNsieTcs uepe3 B3auMOJCHCTBUE
OJIHOT'O BBIJIETIEHHOTO 3aps/ia, Ha3bIBAEMOT0 MPOOHBIM, U TOJIEM,
MOPOKACHHBIM IpYyruM 3apsaoM. DakTU4YecKku oHa COBMAAAET C
dbopmyrnoif s B3aMMOJEHCTBHSI JIBYX 3apsiioB, paHee
npeioxkenHo ['paccmanom [4]. OTMeTUM, YTO TOJyYEHHAs B
pabote [1] ¢popmyna B ornuuue ot Gopmynsl JlopeHla, HbIHE
UCIIOJIB3yEMOM B 3JIEKTPOJMHAMUKE, YIOBIETBOPSAET TPETbEMY
3akoHy HproToHa.

Bropas, HproToHoBa uacTh QopMyJibl, MOIy4YEHHAsl IS
CUJIbl AJEKTPOJMHAMHUYECKOTO B3aWMOJCHCTBUSA, 3aBUCUT OT
MPOU3BEJACHUI PA3HOCTH CKOPOCTEW M YCKOPEHHM 3apsiioB.
[TosTOMy OHa mpeacka3blBa€T B3aWMOJIECHCTBUE, B YACTHOCTH U
MEXAy MOKOSIIMMHUCA W JBWXKyluMucs 3apsgamu. OwnHa
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COJICPKUT ClaraeMble, paHee IPeI0KEHHbIE ISl OTIMCAHUS CUIIbI
["ayccom u Bebepom, HO, Kak U B ciy4ae ¢ GopMyIioi st CHITBI
Jlopenmna, go0aBisier wieHbl, Jenaromue cuily  BeOepa
cuMMeTpuyHOM. YacTh 3TOM cuiibl 0OpaTHO MPOMOPLHUOHATBHA
KBaJpaTy CKOPOCTH CBETA, KaK U IpaJUeHTHAs 4acTh, 4 YACTUYHO
oHa oOpaTtHa KyOy CKOpOCTHM CBeTa. OTH CJjaraemble, I10-
BUJUMOMY, CYIIECTBEHHbl TPU OMUCAHUHM DIIEKTPOCIAO0ro
B3aUMO/ICUCTBUA.

JlaHHasi cTaThsl MOCBSIEHA PACCMOTPEHHUIO aHAJIOTHYHOTO
NOAX0Ja JUIsl ONMCAHMA B3aUMOAEUCTBUS TI'PAaBUTALMOHHBIX
TIOJIEH, CO371aBa€MbIX JBUKYIIUMUCS MacCaMH.
CooTBeTcTBYIOIIME noJist OIUCHIBAIOTCS YPaBHEHUSIMHU
MaKCBEJUIOBCKOTO THUIIA, B KOTOPBIX OJHAKO INiepBas IOJHas
IIPOM3BO/IHAS IO BPEMEHU 3aMEHEHa Ha BTOpPYI0. MOXHO cKa3aTb,
YTO AJNEKTPUYECTBO — 3TO MOJIE€ CKOPOCTEH, a rpaBUTALUs — MOJIe
YCKOPEHUH.

N3 pemennii Takoi cUCTeMbl ISl IBYX ABUKYILIHUXCS Macc
CTPOUTCS PHEPTUS U MUMITYJIbC B3aUMOJCHCTBHS mosieu. I'paguenT
CKQJIAPHOTO MPOMU3BEICHUS TI'PaBUTALMOHHBIX MOJIEM U BTOpas
IIPOM3BOJHAs IO BPEMEHHU OT BEKTOPHOIO IPOU3BEACHUSA
IPaBUMarHUTHBIX IMIOJIEM OKa3bIBAIOTCS TOYHBIMM aHAJIOraMu
ANEKTPOAUHAMUYECKOTO B3aUMOJECUCTBUA. TOJBKO 311€Ch YXKe
CUJIbl 3aBUCAT HE TOJBKO OT CKOPOCTEW M YCKOPEHUH, HO U OT
TPETHUX U YETBEPTHIX IPOU3BOIHBIX IO BPEMEHH.

1. YpaBHeHusI TPaBUIMHAMHYECKOT0 MOJISI

[Ipennaraercs cnenyroliee onMcaHUE rPaBUIMHAMUYECKOTO
nosist. [lycte G — rpaBuanHamudeckoe, a D — rpaBUMarHuTHoe
MoJIs, TMOPOXKJAaeMble ABWXKYIIEWCS Maccol m, KoTopas
pacnpeziesieHa B IPOCTPAHCTBE € IJIOTHOCTHIO p. Toraa pyHKIuH,
ONUCHIBAIOLIME 3TU MOJISA, OJUKHBI YAOBJIETBOPATH CIIEIYIOLIEH
CHUCTEME YPABHEHUN:

divG =yp , (1.1)

divD =22 (1.2)
a
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d*D

VOZLG:—W, (1.3)
a’rotD = ciit? (1 -4)

3nech Y — rpaBUTALIMOHHAS TTOCTOSIHHAS, & @ — MOCTOSIHHAS,
UMEIoIas  pa3MEpHOCTh  yCKOPEHUsT W Wrpammas B
rpaBUIMHAMHKE Ty € pOJb, 4YTO CKOPOCTh CBETa ¢ B
anekTponuHamuke. Takum  o0Opa3oMm, MBI paccMaTpuUBaeM
rpaBUIMHAMHYECKOE IOJI€ KaK I0JIE YCKOPEHUH B OTIUYME OT
AIIEKTPOMATHUTHOTO TIOJISl, KOTOPOE SIBISIETCS TOJIEM CKOPOCTEH.
Cucrema (1.1)~«(1.4) anamormuHa O0OOOIICHHBIM YPaBHEHUSIM
MakcBemia B [1]. Ee 3anuch B TakoM BHUAE MOPOXKAAET TE Ke
BOINPOCHI, YTO W TPAJAUIMOHHBIE YypaBHEHHUS MakcBemia. A
UMEHHO: U1 HaXOXIEHUS IByX BekTop-GyHKimd G u D,
KOTOpBIE SBJSIOTCS Heu3BecTHBIMU B cucteme (1.1)—(1.4), Ham
HAJ0 WMETh JBa BEKTOPHBIX YpaBHEHHS, HE OOJIbIIe U HE
menbme. Cucrema xe (1.1)~(1.4) comepxutr eme aBa
JMUBEPTreHTHBIX YpaBHEHHs. AKKypaTHBIA aHalu3 MPOOJIeMbI
MOKA3bIBAET, YTO HA CAMOM Jielie U B ypaBHEHUAX MakcBelia U B
cucteme (1.1)—(1.4) nuBepreHTHBIE COOTHOIICHUS SIBISIOTCS HE
YpaBHEHUSMH, a HaydalbHbIMH ycinoBusmMu ana G u D,
3allMCaHHbIMU B JUBepreHTHoi ¢opme. [losromy Bmecto (1.1) u
(1.2) mb1 Oyiem nucaThb

G(0,7) :%r, (1.5)

D(O,r):—%r. (1.6)

Boruucnu aueprenuuio ot cootHomeHuit (1.5) u (1.6),
npuneM k (1.1) u (1.2). YToObl MOMYyYUTH YACTHOE pEIICHHE
cuctemsl (1.3)—(1.4), kpome HayanbHbIX ycnoBuil (1.5)—(1.6) ns
caMHX T[OJICH HaM HaJ0 3aJaTh HAaYallbHBIC YCJIOBUS JUII X
NPOM3BOJIHBIX TI0 BPEMEHU. OTH YCJIOBUS JOJDKHBI OBITh
chopMynUpOBaHbl UCXOAS W3 (PU3NYECKOW KAPTHUHBI. 37€Ch MBI
IIPUMEM JUTSI STHX TPOU3BOIHBIX HYJIEBBIE HAYAIbHBIC YCIOBHUS
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G'(0,r)=0, (1.7)
D' (0,r)=0. (1.8)

Jpyrumu ciioBaMHM MbI CYUTAEM, YTO HAYAJIbHBIA HUMITYJIbC
paccMaTpuBaeMol Macchl paBeH Hymo. DopMalbHO  3TO

dr
O3HA4YacT, 4YTO KaK HadaJlbHad CKOPOCTb 7, TaK W HadaJIbHas
t

d
CKOPOCTb UBMCHCHUS IINIOTHOCTHU MAaCCHhI Tp PaBHBI HYJIIO.
t

[lycts r, — paamyc MHHUMAJIbHOW cdepsl, comepxarieit
paccMaTpuBaemMyro Maccy m. [l aToil  cdepbl npuMeM
CIIEIyIOIINE IPAHUYHBIE YCIOBHS

G(t$r0):_ ymz |:r0xw_r0:|7 (1'9)
drry | a
Doty = - {Wwﬂo}, (1.10)
drryal a
t €[0,00].
3necb W —  YCKOpEHHE Macchl m, TOJIydaeMoi

MHTETPUPOBAHUEM P IO 00BEMY, 3aHIMAaEMOMY 3TOW MacCOii.

YenoBus (1.9)«(1.10) 3akpemnsoT mOCTymateabHOE H
BpalaTeIbHOe JIBWKCHUE TIOJeH Ha rpaHulle o0bema, 3aHSATOro
Maccou m.

G(t,r) 1 D(t,r) — QyHKIIMM BPEMEHHU U paJuyc-BEKTOpa I B
MPSMOYTOJIBHBIX KOOPAMHATAX (x,,x,,x;). MBI HIIEM penieHue
cuctemsl (1.3)—~(1.4) npu HavanbHbIX ycnoBusx (1.5)—(1.6), (1.7)—
(1.8) m rpannunbix ycnoBusax (1.9)—(1.10). Ilycte macca m
JIBIDKETCSI CO CKOPOCTBIO V M ycKopeHueM w. [IponsBoaHbie 1O
BPEMEHH OT W OyJieM 0003Ha4yaTh TOYEUKaMH CBEPXY. Tak 4yTo w
U W — 9TO TPEThS M YETBEPTast MPOM3BOIHAS OT PaJHyCca-BeKTOpa.

Hanoxum crnemytomiee TpeOGOBaHHE HA XapaKTep JBMKEHUS
Macchbl m:

2(VXW)+rxw=0. (1.11)
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DTO yCIIOBUE BBINOJIHAETCS, HANPUMEpP, AJsl JBUKEHHUS C
MOCTOSIHHBIM YCKOPEHHEM WJIM K€ B Ciydae, KOIrJa BEKTOp V
KOJUIMHEApEeH W, a I KoyuinHeapeH w . [locinennee nMmeer mecro,
HarpuMmep, Uil Macchl, KOJIEOIOmEeNHcsl BIOIb OJAHOM MPSIMOM ¢
MOCTOSIHHOM aMIUTUTY 0.

[Ipu BemonHennu ycnosust (1.11) cucrema (1.3)—(1.10)
HMMEET peIIeHue

m rxXw
gorm [ pxw (1.
drr a
m | rxw
p=-7. - +r. (1.
dzxrial a
ITonmyuyeHHsle peleHns [IOKA3bIBAIOT, 4TO

IPaBUAMHAMUYECKHE TOJII COCTOAT HE TOJBKO M3 CTaTUYECKOH
qacTu, 3aJlaBaeMoil HauanbHbIMU ycnoBusmu (1.5)—(1.8) (BTopoe
cjaraeMoe B KBaJIpaTHBIX CKOOKax), HO M W3 JUHAMUYECKOM,
pPOTOpPHON 4YacTH (TepBOE claraéMoe B KBAJPATHBIX CKOOKax).
[Iyctb Tenepb B NMPOCTPAHCTBE JBUXKYTCS JBE MAacchl m, U m,,
co3maBas mois G,,D, u G,,D,. Ux yckopenus w, and w,.
Pamnyc-Bektop oT maccel 2 kK macce 1 o00o3HaumM dYepe3
r, =r-r,, & ero MOAylb yepe3 r. 3aech r,and r, — paguyc-
BEKTOPHI K Maccam 1 u 2.

[Ipumem crenyrontyro GopMyiy AJsl CHIIbI, C KOTOPOM MO
G,,D, IEUCTBYIOT HAa noJid G,,D,:

4rar’ d | 4zar
F,, =—grad[ (G1~G2)}+—{ (DlxDz)}. (1.
/4 |y

[ToncraBuB dynkmuum (1.12)—(1.13) B (1.14), momyuum st
rPaUEHTHON YaCTHU:
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m.m m.m
AL 2w, x(r, XW,)+W, x
472'}”3 21 47[73612 1 21 2 2

3(1y x W, ) - (1, sz)r 1=-
I"Z 214 —

1 _
F21 -

ymm,
47

X(Iry, X W)+ I+

(1.15)

ym,m
+47z';j3 22 [Wl(r21 ~W2)+W2(l'21 'W1)+r21(wl 'Wz)_

3(r,, -w,)(r,, -W,)
_ 2 1},2 21 "W r,].

BolpaxkeHue nocsie BTOpOro 3HaKa paBEHCTBA Mbl IOy YHIIH,
pacnuchiBas ABOMHbBIC BEKTOPHBIE IPOU3BEIECHUS B NPEIbLAYIIEM
BBIPAKCHUH.

31ech NmepBoe cilaraeéMoe 3aJaeT HbIOTOHOBY CTaTHYECKYIO
Culy rpaBUTauMd. Mpl NOIy4yWId €€ He Kak o0oOuieHue
ONMBITHBIX [JAaHHBIX, a KaK CJeJCTBUE (PyHIAaMEHTAIbHOIO
COOTHOLLIEHUS MEXIY 3Hepruen u cuiaoi. OTMETUM TaKXKe, U4TO B
OTJIMYHUE OT KYJIOHOBCKOIO ciaraeMoro B [1] 31eck 310 ciaraemoe
BXOJIUT CO 3HAKOM MMHYC, T.€. IPEJCKA3bIBAET MPUTSKEHUE, a HE
OTTAJIKMBAaHUE JIByX Macc. B KBajpaTHbIX CKOOKax CTOST
claraeMble, MOSIBIISIFOIIMECS 3a CUeT JABMKeHus Macc. [lepBbie 1Ba
cllaraéMbIX MPEJCKa3blBalOT MOSIBIEHUE CHUJI, HAIpPaBICHHBIX
BJIOJIb YCKOPEHUH paccMaTpUBaeMbIX Macc, BTOpbIE XK€ JBa
NPEJCKa3blBAlOT  JIOTMOJIHUTENbHYI0O K  CTaTHYECKOW  CHIIY,
HAIpaBJIEHHYIO N0 paauycy. Bce 3T cuibl paBHBI HYJIIO, €CIIH
XOTs1 OBl O/IHA U3 MacC MOKOUTCS UJIM e JIBUXKETCS C IOCTOSTHHOM
CKOpOCThIO ((pakTHyecku 3TO npyras (OpMYJIHPOBKA IEPBOTO
3akoHa HproToHa). DTy cuiy MOXHO Ha3BaTh cuiloil ['roifreHca.
Mpl monyuunu ee, cienysl €ro IMpeACTaBICHUI0 O CHJIE KakK O
rpaaveHte oHeprud. IlpaBma, oH ompenensn  ee  Tak
MPUMEHUTEIBHO K OTJIEIBHO JIBUXKYILIEMYCSI MaCCUBHOMY Teny. B
dopmyne xe (1.14) sta mumes wucnoiab3oBaHa s OMMCAHUS
B3aUMOJICVCTBUS MACCUBHBIX TEJl Yepe3 B3aMMOJICHCTBHE IOJEH,
MOPOXK/IaEMBbIX 3TUMH TerdaMU. To ke MOKHO CKa3aTh U O BTOPOH,
HbIOTOHOBOM dYacTu cwibl (1.14). IlepBas mnpousBojgHas IO
BPEMEHU OT BBIPAKEHHUs B KBaJpaTHbIX CKOOKax JacT HaM
MMITYJIbC B3aMMOJICUCTBUSA TOJIEM, a BTOpas MNPOU3BOJHAS IO
BpeMeHu — cuiy. Ilocie COOTBETCTBYIOUIMX —BBIYMCICHUN
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MNOoJIydrnM: HBIKOTOHOBA JAWHaAMHU4YCCKasA CHUJIa COCTOUT H3 JBYX
cjiaraCMabIX. HCpBOC cjjaracémMoc

F221 2&2'123[(w1 =W, ) x(Iy, X (W, =W,))+2(v, -v,) x
drar
X((Vl _VZ)X(WI _Wz))+2("1 -1, )X (I X (W, =W, )) + (116)

+2r,, x((vl —v2)><(v'vl —-W, ))er X (1, X (W, —W,))].

Dra cwia  00paTHO  MPONOPIMOHAIBHA  KBa[paTy
MOCTOSHHOT'O YCKOPCHU a.

Bropoe cinaraeMoe B HBIOTOHOBOM YaCTH CHJIBI UMEET BUJL
ymm . .
—4”;3;3 [(ry, x W, ) x (I, x W) + (I, X W, ) x (I, X W,) +
FW, X W,) X (I, X W) = (1, XW,)) +2((V, = V,) X W,) X
X(l‘2] Xw])+2((vl _Vz)sz)x((Vl _V2)le)+ (117)

F2((v, = V) x W, ) X (5, X W, )+ 2((1, X W, ) X ((V; = V,) X W, ) +

3 _
FZI_

F2(ry, X W ) X (1, X W, )+ 2(1, X W, ) X ((V, = V,) X W,)].

Orta cuina 00paTHO MPONOPIMOHANIBHA a .

HamomHuM, YTO MOCTOSIHHOE YCKOpEHHE @ WrpaeT s
IPaBUIMHAMHYECKOTO TIOJNSI Ty M€ pOJib, YTO W IOCTOSIHHAsS
CKOPOCTB CBETa ¢ B DJEKTPOJAMHAMHKE. VIMEIOTCs ornpeeneHHbIe
JOBOJIBI 332 TO, YTO YHCIEHHO 4 HE MeHbIne c. Pacrmmiem
JIBOIHBIE BEKTOPHBIE Tpou3BeAeHus B popmyre (1.16)

FZZ] :ym—inz}{rﬂ[(wl _WZ)Z +2(V1 _Vz)'(wl _W2)+
dra’r
0y (W) = W)) ]+ 2(V, = vo)[(V, = V,) - (W, =W, ) + (1.18)

1, '(Wl _WZ)]_(WI _Wz)[rzl '(Wl _W2)+

+2(V1 _Vz)z]_4(w1 _Wz)[rzl '(V1 _Vz)]_(w1 _Wz)rz}'

Kosddunment npu QurypHeix ckoOKax 37eCh paBeH
KOO(QPHUIMEHTY TpU IUHAMHYECKHX CIIAaTaeMbIX T'PaIHeHTHON
CWJIBI, T.€. 3TU CWJIbl UMEIOT OAMH U TOT e nopsaaok. OaHako
3aBUCUT 3Ta CHJIA OT Pa3HOCTEH MEPBBIX, BTOPHIX, TPETHUX WU
YeTBEPTHIX MPOM3BOJAHBIX MO BPEMEHH. B KBaapaTHBIX CKOOKax
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BBINKUCAHbl CKAJIAPbl M3 MNPOM3BEACHUH TAaKUX MPOU3BOJHBIX.
Ilepen kBaapaTHBIMU CKOOKaMHU CTOSIT BEKTOPBI, YKa3bIBaroOIIKE
HalpaBJICHUs  COOTBETCTBYIOIMX  CWJI U SBJISIOIIMECS
IIPOU3BOJHBIMU PAJNYC-BEKTOpa OT HYJIEBOIO IO YETBEPTOrO
nopsiika. Bce craraemble, KpoMe COAEp)KaIlMX YETBEPTYIO
NPOM3BOJIHYI0, YObIBaloT Kak r°. CrlaraeMmele, cojepiKaiine
4YeTBEPTYI0 MPOM3BOJIHYI0, YObIBAlOT Kak ». Kak u rpanueHTHas
9acTh (HOPMYJIIBI, 3T YACTh COJCPKUT CllaraeMble, HAIPaBJICHHBIC
no pamuycy u “‘mepopmupyronpe”’  CTaTUYECKYI  CHUITY
rpaBUTALUH.

Pacnmmem Ttenepb JBOWHBIE BEKTOPHBIE MPOU3BENEHUS B
BbIpaxkeHUH JU1st cuiibl (1.17). Tlomyuum

231 :ym—lgné{rﬂ[rﬂ (W X W,) = 2(W, X W, )+ (W, X W, )+
dra’r
+2-(v, = v,) (W, x W)+ (W, xW)))]+ (1

+2'(V1 _Vz)[rzl '(W2XW1)+(V1 _VZ)'(WZXW])+

+1y, - (Wy x W)+ (W, —w))[r,, - (W, xw,)]}.

Ota cuna oOpaTHO MPOMOPIMOHANbHA &’ B OTIUYHE OT
cunbl (1.18). Ecnum mocTossHHOE YCKOpEHHE a, € KOTOPBIM
pacmpocTpaHsieTcss TpaBUTALMOHHOE II0Jie, BEJIHUKO, TO JTO
03HAYaeT, YTO 3Ta CHUJia TI0 MOJYJ0 MeHbIe Kak cuibl (1.18)
(mepBoMf YacTH TpaBUAMHAMHYECKOW cuiabl HpioTOHA), Tak
JUHAMUYECKOW vacTu TpaaueHTHou cuibsl (1.15) (cuubl
I'toiirenca). Kak w B BeIpakenun s cwibl (1.18), mepen
KBaJPaTHBIMU CKOOKaMU CTOSIT BEKTODPBI, YKa3bIBAIOIIHE
HamnpaBJICHUE COOTBETCTBYIOMIEH CHJIBL. JTO PaguyC-BEKTOpP H
pa3HOCTH CKOpOCTel M ycKopeHuid. B KkBaapaTHBIX ckoOKax
CTOSIT CKajsipbl, COCTaBJICHHBbIE W3 PA3NTHYHBIX MPOU3BOJHBIX
paauyc-BeKTOpa OT HYJEBOIO 10 ueTBepToro mnopsaka. OHH
OTIPENIESAIOT BEIMYUHY COOTBETCTBYIOLIEH CUIIBI.

Kak um B nuHammyeckoit dactu cuibl I'torirenca (1.15) mu
nepBoil yactu AuHamudeckoi cwibl Hetotona (1.18), B dhopmyne
(1.19) wumeercs cnaraeMoe, HalpaBI€HHOE 10 paauycy u
MpelCKa3blBalollee  MOSABIEHUE  CUJIbL,  JAedopmupyromiei
CTaTUYECKYI0 cuily. B oTiMume OT TMHAMUYECKOW 4YacTU CHUIIbI
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I'toitrenca cunbt (1.18) u (1.19) He paBHBI HyINIO, €CliM OfHA U3
Macc TMOKOWTCSl WA JIBMXKETCS C TIOCTOSSHHOW CKOpPOCThI0. CHITBI
(1.18) u (1.19) He conepkaT CTATUYECKOTO CIAraeMoro B OTIUYHE
ot cuJbl ['toitrenca (1.15), T.e. oHU paBHBI HYJIIO, €clii 00€ Macchl
nokosiTcs. Eciu ke Maccel m, M m, ABWKYTCS C OJMHAKOBBIMU

CKOPOCTAMU, YCKOPCHHUAMU u TPETbUMHU n YCTBCPTHIMH
MPOM3BOJIHBIMU TI0 BpeMeHH, To cuia (1.18) Oynmer paBHa HyIItO,
HO B BbIpakeHUUW g cwibl (1.19) B oOmem ciydae He Oyner
paBHA HYJIIO KOMIIOHEHTA, HAIIPABJICHHAS 110 PaIHyCYy.
OKOHYATEIBHO rpaBuAMHaMHU4CCKad cujia, I[ef/'ICTBYIOHIaﬂ Ha
JBWKYIIYIOCS MacCy m, CO CTOPOHBI JBIDKYIIEHCS MacChl m,

HUMCECT BU] :

ymm, ymm,
- 47’ g 4rria® [wox (e xWo)

3(1‘21 XW])-(r2] X Wz) r

! 2 3 _
F, =F, +F, +F, =

+W, x(Iy, XxW, )+ 5 e
r

T (W, = W) % (0 X (W, = W,) + 2(¥, ~ V)%

drr’a
X(V; =V )X (W, X W)+ 2(v, =V, ) X (Iry, X (W, —W,))+
H20, X (V) = V,) X (W, =W,)) 15, X (15, X (W, =W,))]+ (1.20)
er-[(r21 XW, )X (Ly X W, )+ (1, X W, )X (1, X W, )+

4rria’®

(W, X W, )X (0, X W) = (1, X W) +2((V, = V,) X W, ) X
X (0, X W)+ 2((v; = v,)x W, )x (v, = v,)xw, )+

+2((V1 —V2)><W2)><(l‘2] XW,)+2(r,, XWZ)X((VI _Vz)Xw1)+

+ 2(1y X W)X (I X W, )+ 2(1y, ><W2)><((V1 _Vz)xw1)]'

PacriucaB faBoiiHbIE BEKTOPHBIE TPOU3BEACHNUS, IOTYyUYUM
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mm m
F21:_7 132r21+7 1
drr drr

m

3a22 [

3(1‘21 'WJ)(r21 'W2)
2

W, (I, -W,)+ W, (1, -w,)+

1, (W] : Wz)_

r21]+ 7"’!1:7122 {r2l[(wl -

drr’a
_W2)2 +2:(v, = Vy) (W, =Wy ) 41y, (W, —W,)]+2-
(v, — V2)[(V1 - Vz)'(w1 _Wz)+r21 '(Wl _Wz)}_(“ﬁ _Wz)'
'I:rzl '(Wl _W2)+2(V1 - V2)2:|_4(W1 _WZ)[rZI (v, — Vz)]_ (121)
— (3%, =W, o+ 2 (G, )W) =200, X

drr’a

XW )4+ (W, xW))+2(v, = v,) - (W, x W)+ (W, xW, )]+
F2(v; = V[, - (Wy X W)+ (V) = V,) - (W, XW, )+ 1y, - (W, X

XW )]+ (W, =W )[r,, - (W, xw,)]}.

2. IIpumepsl
Ilpumep 1
Ilycts nBe Maccel ™ w ™  pBuwKyTcs ¢ paBHBIMH
IOCTOSIHHBIMH  YCKOPEHHMSIMH /'~ 2 =W BJI0oJIb  MapauleIbHbIX
IPAMEIX, T.€.
2
W, W, =w (21)

Vron mexay ™ wm Wi, paBmbii yromy mexmy ™ oum W2,

0003HaYUM qepes 9. HJ’IH TaKuX MacCcC BCiA AMHAMHYCCKas 4aCTb
HBIOTOHOBCKOM CHIIBI 6YI[€T paBHa HYJIO, a ITpaduCHTHAsA 4aCTb
MMPpUMCET BU

_ymm,
3

F, = [2wrwcos @ +1,w* (1-3cos” )]

ymm
I, -2
drra

Arr

(2.2)

Hanpasnennas no paauycy u JegopMmupyromas KyJIOHOBY
CWIy JAMHAMHMYECKas paJualibHas cuia (BTOpPOE CllaraéMoe B
KBaJpaTHBIX CKOOKax) 3aBUCHUT oT yriaa ¢, T.e. oT pacnosoxkeHus
Macc JpyT OTHOCUTENIBHO ApyTa.
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2 —
Korya (1-3cos”0)=0 (okono 55° u 125°), To TMHAMUYECKas

0 0
paauanbHas cwia paBHa Hyro. Korma 0[0,55]V(125%180°] 5

Chjla OTpULaTC]ibHa W YCWIMUBACT CTATUYCCKYHO YaCThb. Korz[a

0 0
055,125 ], OHA TIOJIOKUTEIIBHA M OCIA0JIIET CTaTUYCCKYIO

CUILy. HanpaBneHHaﬁ N0 YCKOPCHHIO CHJIa (nepBoe cJlaracMo€ B

_ 0
KBaJpaTHBIX CKOOKax) paBHa Hymo, korma ¢=90" | t.e. macchl

0 0
netar ‘Gok o Gox’. Korma ¢€(80°.90 )(nepBasI Macca Io3ajau

BTOpOM), 3Ta CHJIa HAlpaBlieHA MO YCKOPEHHWIO W YBEINYHBACT
YCKOpEHHUE TMEepBOM Macchl (BTOpas Macca ‘moMoraer’ MepBOM

0 0
neuratbes). Korma ¢<(90°,07) (mepBasi Macca BHEpeau BTOPOIl),

3Ta CcUJjia HaIpaBJICHAa MPOTUB YCKOPEHUS MEPBOI Macchl (BTOpas
Macca TOPMO3WT JBWIKEHWE TIEpBOM). PaBHas 1Mo BenWYMHE W
MPOTUBOTOJIOKHO HAMpaBlIeHHAs] CWIA TPUKIAABIBACTCS KO
BTOPOM Macce CO CTOPOHBI MEPBOM, TaK YTO MACChl CTPEMSTCS
neTeTb ‘00K 0 OOK’, 4TO COOTBETCTBYET CHTYaIlMH PAaBHOBECHSI.
Otor 3ddekt HabmomaeTcs NpH ABMKEHWW TutaHer. OH B
TOYHOCTH  QHAJIOTHYEH  COOTBETCTByMOIEeMYy d3(pdekry B
0000mIeHHOM dnekTpoauHamMuke [1], Tme OH mposBIsSeTCS B
kiaactep-3Qdexre: 3apsapl B YCKOPUTENSAX TNpU  OONBIINX
CKOPOCTSIX BMECTO TOT'0, YTOOBI pa3feTeThCsl MO/ ACHCTBUEM CHII
Kynona, cobuparorcs B KOMOUKH-KJIACTEPHI.

Ilpumep 2

IlycTh B yCcnoBUsX IMPEAbIAYILEro IPUMEPA YCKOPEHUs Macc
HE TIOCTOSIHHBI, a MacChl COBEpLIAIOT KoiebaHus BJOJb
NapaJuIeIbHBIX NPSMbBIX C aMIUIUTYJ0M A U yIJIOBOW CKOPOCTBIO
o, T.E.

w, =w, =—A*w’ coswrd , (2.3)

rae d — eIUHUYHBIA BEKTOp, 33JAIOIIUN HampaBlICHHUE
MPSIMBIX, BAOJL KOTOPBIX COBEPIIAOTCS KoyiebaHus. HproToHOBa
TUHAMHUYECKasl CHJIa 37IeCh ONSATh paBHA HYJNIO, a TpaTucHTHAS
MIPUHUMAET BU/T
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ymm, ymm, A°w* cos” wt

L [-2rcos@-d+(1-3cos’ O)r,, ] (2.4)

F, =

drria®

31ech @, Kak ¥ B MPEABIAYIICM IPUMEPE, YOl MeXKAY r,, H
d. Msbl mnomyumnu QopMmydy, CXOAHYIO C MPEAbIIyLIUM
npumepoMm. OJHAKO OHAa WHTEPECHA TEM, YTO TIOKAa3bIBAcT
KOHCTPYKTUBHBIM MyTh K MONy4YEHHUIO ‘aHTUrpaButauuu’. Jlns
ATOr0 MAacChl JIOJDKHBI KoyebaTtbecst ‘00K 0 00k’ (cos@=0).

CraTtuueckas TpaBUTAIlMOHHAsI cuia OyJeT TpeojoJieHa, Koraa
BBITIOJIHUTCSI HEPABEHCTBO

A’w' cos® wt > a’ (2.5)

Ilpumep 3

Ilycte Macca m, Bpalaercs BOKPYI HENOJBHYKHOM MacChl
m, C IOCTOSTHHOM KacaTeJIbHON CKOPOCTBHIO V, U COOTBETCTBEHHO
C IIOCTOSIHHBIM LIEHTPOCTPEMUTEIBHBIM YCKOPEHUEM w, . B aTOM

clly4yae TpaJueHTHas CHJIa paBHa HyNO, OOJbIIas 4YacTb
ClIaraéMbIX B HBIOTOHOBOW JAWHAMHYECKOW CHJIE, COAEpKaIIUX
TPETbM W YETBEPThIE NPOU3BOAHBIC, TAKKE pPaBHbI HYJIIO.
OcraeTrcs cuia

_ymn, ym,m,

E, = 4 r,+ drrad [W]ZrZI +(2V12 —-m)w,]. (26)

YuureiBas, 4to
2
W, = _\:_lerI > (2.7)

T.e. YTO IEHTPOCTPEMUTENIbHAs CHJIa aHTHUMapaielbHa
pagnyc-BeKTOpY, MOJyYHMM, YTO CjlaraéMbleé B KBaJpaTHBIX
CKOOKax B (2.6) B3aMMHO YHHYTOXKAIOTCSI U OCTACTCS TOJIBKO
cTaTHuyecKas 4yacThb (nepBoe ciaraemoe B (2.6)). OTOT pe3ynbTar
MBI MOTJIM Obl, KOHEUHO, IPeIyrajaTh U 3apaHee, BCMOTPEBIINUCH
B hopmymny (1.13), 3amaronryro Bu rpaBUMarHuTHOTO mosst. s
Macchl m, MEPBOE CIaraéMoe 37eCh paBHO HYJIIO IOTOMY, YTO OHA

nokoutcst (w, =0), a Il m, OHO PaBHO HYJIO MOTOMY, YTO W,
aHTUIIapasJIesIbHa paznnyc-BeKTopy. BekropHoe xKe
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MPOM3BEICHNE PaJNyC-BEKTOpa Ha ce0s 1acT HOMb, B OTIMYHE OT
WX CKaJSPHOTO IMPOM3BEACHHS, KOTOPOE y4acTByeT B (hopmyiie
JUIsT TPAAMEHTHOM YacTH M JOCTAaBISIET TaM CTaTUYECKOE
cmaraemoe. [IoBTOpUM yXe YIOMUHABIIYIOCS MBICTE: (hopmya
JUTSL CHJIBI B3aMMOJCWMCTBHUSI MAarHUTHBIX TIOJIEW HE COICPKUT
CTaTHYECKOH YacTH, B OTIMYUE OT (QOPMYIBI I
B3aMMOJICHCTBHSI SJICKTPUUECKUX M TPABUTALIMOHHBIX MOJICH.

ACTpOHOMHYECKHE HAOIIOJCHUSI MOKA3bIBAIOT, YTO MEXKIY
IUIAHETaMd W COJHIIEM HMEIOTCS CHJIbI, JOMOJHUTEIbHBIE K
CTaTHYECKUM. JTO 3HAYUT, 4TO IUIaHEeThl W CONHIE SBISIOTCS
‘rpaBU(eppoMarHeTukamMu’, T.e. TOCTOSHHBIMH MarHUTaMH
IPaBUTAIMOHHOTO TMOJIsl. JTOW TpoOiieMe OyaeT TOCBSIICHO
OTJIeIbHOE UCCIICIOBAHHE.
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IMMPMJIOXXEHME 4.

BTopoe ypaBHeHHEe HENPEPLIBHOCTH

Pe3rome. Haxoaurcst ypaBHeHue, 00o011ao1iee ypaBHEHUE
HEMPEepHIBHOCTH  HAa  ClIydail  yCKOPEHHOTO  IepeTeKaHus
KHUJIKOCTH.

CKOpoCTh IPOTEKaHUsI 4epe3 MOBEPXHOCTh S KOJIMYECTBA
KHUJIKOCTH Q

L Jovds n

o€ Vy — IIPOCKIUA V Ha BHCIIHIOKO HOpMAJlb K S .
CKOpOCTB KE€ HU3MCHCHHA KOJIHNYECTBA XHUJIKOCTH B o0BeMe v,
OTpaHNUYCHHOM ITOBECPXHOCTBIO S, 6YI[CT

[lTpdv

3mech, Kak W HIDKE, HIWDKHAM HHAEKCOM t 0003HaueHa
JacTHas Mpou3BoAHas 1o t. Mcnonb3ys teopemy ["aycca, npumem
K TOKJECTBY, I BCAKOTO 00beMa L

[Jlpav @)

OTtkyna MOJTy4YUM KJIACCUYECKOe ypaBHEHUE
HENPEPBHIBHOCTH:

P+ div(pv) =0 3)

Ecnu neperekaHune NpoOMCXOAUT YCKOPEHHO, BTOpas
NpOM3BOJIHAs MO BpeMeHH oT Q He OyneT paBHa HYJIO, U M3
paBeHcTBa (1) nonyuum

LLillpv.) v ) -
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i div[(pv) ot vdiv( pv)]do 4)

C napyroil CTOpOHBI YCKOpPEHHE, C KOTOPHIM H3MEHSETCS
IUIOTHOCTH B 00BeMe L, OyIeT UMETh BUJT

Ilp.av )

Jist Besikoro oobema v u3 (4) u (5) umeem

Py + div[( pv)t + VdiV(pV)”dU =0 6)
L

Ortcroza moy4aeM BTOPOE YpaBHEHUE HENIPEPBIBHOCTH

Py + diV[(pV) VdiV(pV)] =0 7)

Ecnu neperekanne mpoUCXOTUT C MOCTOSIHHOM CKOPOCTBIO,
T.€. pt = 0, v¢ = 0, TO, KaK HETPYJHO NPOBEPUTH, ypaBHeHUE (7)
nepexoauT B (3). YuurteiBas (3) B cooTHOMIEHUH (7), MOTYyYUM

Py + div(pvt) =0 ®)

J171 HeyCKOpEHHOTO MepeTeKaHus JKUIKOCTH (8) CBOAUTCS K
TOXJIeCcTBY. B o00meM ciydae OHO JOJKHO BBINOJIHATHCS
onHoBpeMmeHHO ¢ (3). Kak u cootHomenue (3) cooTHomenue (8)
ecTh (aKT KUHEMATHUYSCKHUW, HE 3aBUCSAIIMA HU OT KaKHX
MPEINONIOKeHUH, KpoMe TMPEANoNoKeHUuss 00 OTCYyTCTBHHU
HMCTOYHUKOB BHYTPH pacCMaTpUBaEMOro o0bema.

VYpaBHeHHE HEMmpephIBHOCTU (3) MIMPOKO HCHOIB3YETCS B
($u3HKe ¥ TOHUMAETCS KaK MaTeMaTHYECKOE BBHIPAXKEHHE 3aKOHOB
coxpaneHus. IlomydeHHBI pe3ynbTaT oO3HA4aeT dYTO ATO
IPEIONIOKEHNE CIPABEAJIUMBO TOJNBKO ISl  IPOLECCOB €
MOCTOSIHHOM CKOPOCThI0. B 9acTHOCTH, ero JoCcTaToOYyHO Koraa
3aKOH COXpaHEHMs JJIEKTPUYECKOro 3apsjia Mbl IOJyYaeM U3
ypaBHeHUs MakcBea.

Ho cootHomenue (3) oka3bIBaeTCs TOJIBKO HEOOXOIMMBIM
yCIIOBHEM, KOI'Jla pacCCMAaTPUBAIOTCA YCKOPEHHbIE MPOLECCHl WU
IIPOLIECCHI, 3aBUCSILME OT TPETHEH U YETBEPTOU MPOU3BOJHON 110
BpeMeHu. B gacTHocTH, ypaBHeHHE (8) HaM HEOOXOAUMO Koraa
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MBIl [OJy4aeM 3aKOHbI COXPAHEHHs MacChl B YpPaBHEHHSIX
00001IeHHOM TPaBUITHAMHUKH.
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