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Helit motennuanr A’ =(A’, ¢’), TIe
0
A’=A+4-gradf, q>’=q>——i—f,
c ot
ONHCBHIBAET Ty K& (DU3HUECKYIO CHTYAmHIO, yTo H A. BriGop
dbyskIuE [ HaspBaeTCsi BHIOOPOM KaJHOPOBKH.

§:2. KJACCUYECKAS MEXAHMKA NOJIEH

IlonsiTve Dosisi BBOOUTCA AJA ONHCAHUA B3aHMOJAHCTBUS
Ha paccrosHuu. Tak, ec/u 3apsif e NOMellleH B HAuyajo KO-
OpIHMHAT, a ApYrof sapfj e CBOOOJXHO ABMIKETCH, TO MOXKHO
CKa3aTb, UTO IEPBHIH 3apsj CO3LaeT CHJIOBOE IIOJie ¢ Hanps-
KEHHOCTBIO e%/r?, HampaB/leHHOE OT Hayaja KOOpAHHAT, a
BTOpOH 3apsj JBHKETCA B 3ToM noJje. B ganHOM coyuae
MBI HMeeM CTaTH4eCKoe I10Jie, HO, BooOIE ToBOps, moJe,
MOJKeT 3aBHCEeThb TaKXKe OT BpeMeHH. Kpome TOro, moJe cuiie
NoJ0o0HOEe pAaCCMOTPEHHOMY BBIIIE, HMeeT B KaxKHo#W Touke
Hanpasjenne. [lpaBia, B JaHHOM IIpUMEpe HampaBJeHue
BCEI'ia 3a/laeTcsl IPOCTO BEKTOPOM I, HO MOXKHO U[BEACTaBUTh
cebe u Gosee ofmwue cutyauuu. Ilose cusn B HalieM npuMepe,
KaK XOpOLIO H3BECTHO, MOKHO XapaKTepHU30BATh IOJIEM NIOTEH-
nuanbHofi sueprum V (r)=e*/r, u TOrha cuna F onpepesiserca
10 BeJIMYMHE U 110 HaNPaBJICHUIO cOOTHOWenneM F = —gradV(r).
3ameTHM Takke, 4To 7noJe V (r) He HMeeT HampaBJeHHS H
npeicTaBsisieT cobOf NpuUMep CKaJAPHOro MNOJs, TOTAA Kak
F —3T10 npumep BexkTOpHOro noJjsi. MaJble nepemeinenust (,
KOTOpPbie Mbl pacCMaTpuBajH NPH H3YUeHHH KoJeOaHu#l MoJe-
Ky B ri. 6, Apyrofl mpuMep BEKTODHOTO MOJS; TpaBja,
Takoe 7oJie He sABJsieTcsl (GYHKLHell HenpephiBHOH nepemeH-
HOM I, BEKTOD CMeIleHUf B3aBUCUT JIHIIb OT JAUCKPETHOTO
MHOXeCTB4 PaBHOBECHBIX IOJOXKEHWH KOJEGIIOMHXCS aTOMOB.
Huxe mbl gazum Gojiee TOUHOE OIpeJeseHHE TMOHATHH CKa-
JIIPHOTO, BEKTOPHOTO 11 Gosee OOIMX MNOJEH,

A. HpeoGpazosaHusa nogei

Ecaur npu BpameHun R none ¢ (r, ) npeobpasyerca Kax
¢'(r, ty=¢ (R7r, {}, T0 noje ¢ HA3LIBAETCA CKaJSPHBIM I10
OTHOLIEHYIO K BpamieHusiM. Ecnan ke nome umeer 2541 xom-
HoHeuT ¢, (r, f), roge m=s, s—1, ..., —S U m-9 KOMIIO-
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HEeHTa MOBEPHYTOTrO MoJd jpaeTcsd COOTHOIIEHHEM

i (1, )= D% R) @i R711, 1), (16.18)

TO TOJI€ HA3HIBAETCS] TEH30PHBIM II0JIEM S-TO paHra. JT0 TO Ca-
MOe npeobpasoBanue, KOTOpoe MBI NoJyuHaHd B dopMyiie (8.20)
JJ151 KOMIIOHEHT BOJIHOBOH GYHKIMH cO coupoMm §. Cambiit
M3BECTHBIA IIPHMED —BeKTOPHOE IoJe ¢ s=1. 31ec» Hanpas-
JEeHHC 10J1s1 B KaxgoH Touke NPOCTPAHCTBA ONPEAEsAETCS
TpeMsl KOMIOHEHTaMH. MOXKHO IOCTPOUTb, KOHEUHO, II0Js,
SIBJIAIOMHECS KOMOMHALMAMH noJjefl ¢ pasHeiMuH s. Ilpu 3a-
ILaHHOM S TI0JIe HEIPHBOAMMO IO OTHOIUEHHIO K TPyIIe Bpa-
wenud M npeobpasyercs N0 HENPHBOAUMOMY' IpeACTaBJIe-
HUIO D), '

B ueTpipexmepHOM Ciyyae NOJS MOXKHO KJacCHOHUIHUPO-
BaThb 10 HMX NOBEJCHHIO NpH npeoOpasoBanusx [lyauxkape.

Mpr Mornu 6nl na3BaTh BEJAHYHHY @ (e) (B 0003HaueHusIX
ra. 15, § 4, n. B) ckanapHsyv HoJeM, ecid IpeoOpasoBaHue
ITyankape paer HoBoe moje ¢’ (e)=¢q (L™*(e—=e)). Tensop-
Hble MOJISI MOMKHO KJacCHQUIHPOBATh N0 IIPEACTABJIEHHAM
LG/ ROTOpBIM OHH I[PHHANJIEKAT, B COOTBETCTBHHU C ECTECT-
BeHIBIM obolmenueM pasencTBa (16.18)

Omme (€)= 20 LY e (L) @z (L7 (e—e)). (16.19)

mm’

b. ¥YpasHenue Jlarpanxka jasa noJei

Bo BTopom mpumepe B § 1, 1. B MBI BKJtounJn noJie B Jiar-
parKuad, HO TaM IoJie CUHTAN0Ch 3aAaHHbM. Mbl paccmar-
pHBAaJ/K TOJILKO JBUIKEHNE YaCTHLB B 3aJaHHEOM moJe. Tenepn
MbI IOCMOTPHM, KaK MoJie MO2KeT BeCTH ce0st caMo Mo cebe, T. €.
B cBoGoanoM npocrpancte. Bosee obuyio u Gosee cii0KHYIO
3a7auy, Korja NoJie B3auMOAeHCTBYET ¢ YacTHIAMH, ABMKe-
HHe KOTODBIX B,CBOIO OYePeJb BO3JEHCTBYET Ha I0JIe, MbI
3aTPOHEM JIMIIb O4YeHb KpaTko. Ha ocHoBaHHHM BapHaHOHHOTO
npunnuna (16.1) ¢ NMoAXoAsfMmMMM NArpaHKHAHOM MOMKHO BbI-
BECTII YDaBHEHHS, ONUCHLIBAIOIHE NOBeJeHHe moJisi. JlarpaH-

Xuay OVACT 3aBUCETh OT KOMIOHEHT HOJS Q- (€), a He OT
KOOpAHHAT ¢;. Ero MoxHO TNpeJCTaBHTb B BuIE HHTerpana
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no BceMy NpocTpaHcTBY. B cayuae ckasnsipHoro mnoss

L={av 2 (9, Vo, o), (16.20)

rage % —OQYHKIHSA HOJS1 ¢ U €ro NpousBoAHBIX V¢ No mpo-
CTPAHCTBEHHBIM HepeMeHHbLIM, a TaKXKe ero IPOU3BOJHOH IO
BpeMeHH @ (= Og/0t). Takasn QyHKLMSA HasblBaeTcst IJOTHO-
CTBbIO JlarpaHxkuaHa. Jlajee M3 BapHANHOHHOIO TNpHHIMMNA
8S =0 nosnyuaem oGoOmennoe ypabHeHHe Jlarpanka

0 (0L 0.2 0L
W(%)""V'W“W_O’ (16.21)

KOTOpOe Ha3blBaeTcs ypaBHEHHEM I10JIs.

¥ paprenue (16.21)—3T0 ypaBHenne, ONUCHIBAOUIEE H3ME-
HEHHE T0JI5I, TaK Xke Kak ypaBHeHue (16.2)—>3To ypaBreHue
JBYKeHUA vacTuupl. Ecju Mel, kak oObl4HO, BhiOepeM B Ka-
yecTBe ¥ KBaZpaTHUHYIO (YHKIHIO TepeMeHHBIX @, Vo U
¢, To ypaBuenue (16.21) mas noneir ¢(r, ¢) Oymer nuHeH-
HBIM yDABHEHWEM C UYaCTHBIMH NPCH3BOJAHLIMHM He OoJiee BTO-
poro mopsiaka. 3HauHT, 0ObKHOBeHHbIe HU(bepeHIHanbHbR
YpaBHERHS A1 KOOPAMHAT uacTHIbl g; (1) (§ 1) samensiorcs
Telleph ypaBHEHHWEM B YaCTHEIX TPOHM3BOJHBIX ISl TOJIS
@ (r, ?). YpaBHeHus: 1oJisi HENoC pejCTBEHHO 0000maloTcsl Ha
cilyuall TEHBODHBIX MOJIEH. ‘

Cummerpus mnodeii

[Tpu mocTpoenuu JarpankuanoB yacTull B § 1, m. B mul
N0JIb30BAJIUCh HHBAPHUAHTHOCTHIO OTHOCUTEJBHO Ipeobpaso-
Banuii Ilyankape nogpiHTerpanbHoro Boipaxenus L dt B unte-
rpasne peficTBusi. IlpuMeHuWM TOT e NPHHLOHUN K TIOJEBBLIM
JarpankHanam, mogoGuuiM Beipaxkenuio (16.20). Torpa mior-
HOCTb JlarpamkHaHa % JosKHA ObTh HHBapHaAHTHOH, mo-
CKOJIbKY WHBapHanTeH sjaemMenT obbema dV dt. (Onpepenurenn
Marpuibl npeobpasosanus Jlopenua paser 1.) Mraue rosops,
IJIOTHOCTD JIarpaHKuaHa & JOJKHA YJIOBJIETBOPSTL Yypab-
HEHHUIO, KOTOPoe GopMajIbHO MOKHO 3anucaTh B Buje % [¢ (€)=
=$[(p’(Le+£)], re TMPOU3BOAHBIE TOJSA Mbl AT KpParko-
ctu onyctuii. Ckansiproe noJe, onpesieleHHoe B M. A, y10B-
JIETBOpseT 3ToMy TpeGOBABHIO, UTO Ke KacaeTCs TPOU3BOA-
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HbiX 1o Vo, ¢ U TeH30pHBIX NoJel, TO OHH JOJIXKHEI BXO-
JUTh B ILIOTHOCTb JlarpaHKHaHa B BHAC CYMM IO KOMIIOHEH-
TaM, yToOBl IJIOTHOCTb Oblia CKajisipOM.

3aKoHH CoXpaHeHus

FamunbToHHan Mul onpejensdeM Tak e, kKak u B § 1,
n. b. Ox Toxke 6Gyfer AMHaMUYeCKHMM HHBapuaHTOM. B cuay-
yae nojed MOXKHO ONpefeNUThb MJIOTHOCTb TaMHJLTOHHAHa
tdopmyaoit

H=0(0L109)—2.

Torga Ha OCHOBaHHW MHBAPWAHTHOCTH IJIOTHOCTH % MO OT-
HOWIEHHUIO K BPEMEHHBIM CJABHraM MOXHO J0OKasaTh, 4TO

raMUJbTOHHAH [ = S F2 dV noctosHed. AHAaJOrHYyHO, €CJH

MJIOTHOCTD JlarpaHKHaHa UHBApHAHTHA N0 OTHOLICHHUIO XK MPO-
CTPAHCTBEHHHIM CJIBUTaM, TO NOCTOsIHEH BekTop P ¢ xommo-
HeHTamMu P = S P,dV, rpe

‘0p 0L

F/”x=a~q}‘—.— HT. I
X aq)

Jloka3aTe/IbCTBO THX Pe3yJ/IbTATOB HaMmeueHo B 3anaue 16.2.
KoMroHeHTsl P, €CTeCTBEHHO Ha3BaTb KOMIIOHEHTaMH IIJIOT-
HOCTH HMITYJbca, NOCKOJNBKY 3TO IIOCTOA HHBIE BeJNHUYHHBI,
BO3HHKAIOUIHE B pe3yJIbTAT€ TPAHC/ASIHOHHOR HHBAPUAHTHO-
cTH. AHANOTHYHO W3 HHBAPHAHTHOCTH NJIOTHOCTH .¥ OTHOCH-
TeJbHO BpalleHHH CjaelyeT 3aKOH COXpaHEHHA YIJIOBOTO
MOMEHTA.

B. dJeKTpOMarHuTHOe MoJie

PaccmoTpuM B KayecTBe HpHMepa 3JeKTPOMATHUTHOE HOJIE,
KOTOpOe, Kak MH ybeyguauch B § 1, n. B, omucuiBaercss yers-
pexXMepHBIM BEKTODHBIM MOTEHIHAJOM A WJIH BEKTOpaMH Ha-
npsizkesHoctel E u B. IlnoTHOCTh Jlarpankmaga  JOJKHA
ObiTh MHBapuaHTHOH. /s NJOTHOCTH JarpaH:KuaHa MOMKHO
6710 OBl BHIOpAaTh ouyeBHAHOe Bhipaxenwe A-A. Ho Ttakoe
BHIpaXkeHHE NPUBOJUT K TPHBHAILHOMY YPaBHEHHUIO MM HOAS,
H, KpoMme TOro, CorsiacHo ckasauuoMy B § 1, nm. B, auums

npoussoiHbie E n B norennuana A pMetor Gu3HYECKHI CMBICI.
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B cuay Toro uro BekTop E-4iB mnpeoGpasyercs mo npen-
cTaBJjiennto L 9 | a gektop E—iB —no npejcrapienuo LO Y,
BripaxkenHa E*—B? u E-B snopenu-unBapuanTHel. [locaeanee
BBHIpa’KeHHE HEe HMHBAPHAHTHO NO OTHOIIEHHUIO K IPOCTPaH-
cTBeHHOH uHBepcuu. IlosroMy Ans NJAOTHOCTH JiarpaHxkKHaHa
Gosiee NpeANOUTHTENLHO IepBoe BbulpaxKeHue. Takofl BHIOOD
coryiacyercst ¢ 3kcmepuMentoM. OGLIYHO NOJIATAOT

g =E=8 (16.22)

Mol He moxkem npumeHuTs ypaenenme (16.21) uenocpepcr-

BCHHO, TaK KakK OHO HamucaHo s ckajsipHoro nojas. Ho

ecnn B Bhipaxkenuu (16.20) savenuTh noJie ¢ ueThpexMep-

HHIM BeKTOpOM A, TO HJA KaXJOH W3 YeThblpeX KOMIOHEHT
~

noTenuNana A Iojiyuaercss ypaBHeHWe MOJsl THIA ypaBHe-
Hua (16.21). B cuny onpenesenusi BektopoB E u B [dop-
myqa (16.17)] Bripaxenue (16.22) mns maotHocTH ¥ KBaj-
pamrmo OTHOCHTEJIBHO NePBLIX INPOM3BOJHBIX IOTEHUHMANa

. Hocne anre6panuecknx npeo6pasoBaHHH yeThIpe MOJIEBBIX
ypaBHEhI/IH OPUHUMAKOT CJlefyiomuli Bu:

1 {OE
tB=-LE,

o "ot (16.23)
div E=0.

Oto ypaBHenus MakcBesa, OmMHCHIBAIOMME NOBEJEHHME MOJIA
B OTCYTCTBHe 3apsiXKeHHBIX uactuu. [Ba ApyruX ypaBHeuus
MakcBeia  MoJyyaloTcs . HeNOCPEACTBEHHO * M3 | ONpejele-
uuft (16.17): -
divB=0, rotE=— L% - I(16.24)
¢ at
B § I, n. B™Msl paccmarpuBasu | ioBejieHHe YacCTHILBI
B IoJie, KOTOpOe CuHTasoCh (PMKCHPOBAHHBIM, T. €. uacTuma
He BJaysAJga Ha caMo noJje. Bouue Mbl fonucalu nobejiesHe
noJisk B OTCYTCTBHe 3apsjoB. B ofmeM ciyuae Mbl JOJIKHBI
y4ecTb, UTO 3apsKeHHbIE YacTUIB! JeHCTBYIOT Ha noJe. Pop-
MaJBHO STO YUHTBIBAETCH TyTeM BHIOOpPa B KaueCTBe IIJIOT-
HOCTH Jarpadskiava cymviel uiena (16.22), otBeuarommero noJio,
H ujgeHa THna Boipaxenus (16.12), npocyMMupoBaHHOTO 1O
BCeM TPHCYTCTBYIOIHM 3apsiKeHHBIM yacTuuam. Toraa moJy-
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YalTCA ypaBHEHHsi mnoasi, OoJee o0liMe, HEXeJH ypaBHe-
Hust (16.23). Omnu copepkar useHbl, BO3HHKAIOUlIE H3-33

NPUCYTCTBHS B Bulpaxkenuwu (16.12) notenunana A. 9Ty UJICHb
HPEACTABJSIOT COB0OH MJIOTHOCTH 3apsifid M IJIOTHOCTh TOKa
3apsXKeHHbIX dYactul. Takum o0pasoMm, [BHXKeHME UYaCTHL
B COOTBEICTBHM C ypasHeHueM (16.16) u noBeneHne Camoro
NOJIsl OKa3bIBAIOTCS CBA3AHHLIMH.

§ 3. KBAHTOBAHHBIE HOJA

Knaccuueckoe noHsTHE M0Js1 OBLIO BBEACHO AJSI OMHcA-
HMS B3aUMOJIeHCTBHA Mexkay uacTuuamu. Hanpumep, ecau
OJlHA 3apsAXeHHAs YacTHIlAa CO3JaeT mnoJe ¥ 3T0 NoJje jel-
CTBYeT Ha JPYTYIO 3apsI?KEHHYIO YacTHUILY, TO MLl HMeeM B3au-
MOJeHCTBHe MeXIy MAByMsl YacTHUaMH. XOpOIIO H3BECTHO,
4TO JBUXKEHUE YACTHUI HA MaJIBIX PACCTOSIHUSIX JOJIZKHO OIIH-
ChIBAThCsl KBAHTOBOH MEXAHMKOH M B COOTBETCTBUH ¢ NPUHIM-
IIOM HEONDEJeJEHHOCTH Heu3beXHa HEeKOTOpas HEeTOUHOCTh
onucauuda, IlosToMy npu uccliegoBaHUM JBUKEHHS 4aCTHILLE
B M0Jie BO3HUKAET HECOOTBETCTBHUE MEXKAY KBAHTOBOMEXAHHU-
YeCKUM ONHCaHHEM YAaCTUILl H YUCTO KJIACCHUECKUM ONHCAHHEM
noJist. 3HauuT, Mbl JOJKHBL BBECTH KBAHTOBOE OMHCAHUE MOJIfA.
J1s 3TOro 3aMeHsIIOT MoJe OoNepaTopoM NoJs M paccMaTpH-
BalOT MATPUUHBIE 3JIEMEHTHI MOCJeJHero, Kak 3T0 CObIUHO
JenaeTcsi B KBAHTOBOH Mexanuke, Oneparop nons npeficTas-
JafeT coboi JMHEHHYI0 KOMOMHAUHIO TaK HAasbiBAEMBIX OIle-
paropa pOKIEHUS M ONlepaTopa YHUUYTOXKEHUS KBANTOB IIOJs.
CrnepoBarte/iblio, B JIONOJIHEHHE K YACTHIIAM, B3AHMOJLHCTBY-
IOLUM C OMOMIBIO MOJIST, MBI BBOZHM HOBBIE UACTHLLI— KBAHTLI
nojsi. Harnpumep, ¢oTOH--3T0 KBaHT 3JIEKTPOMAIH{ITIOTO
noNsl, a f-ME30H eCTh OCHOBHOM KBaHT NOAA SJEPHHX CHJb-
HBIX B3auMogefcTBuH. BBeleHue oneparopoB poxjcHHUS H
YHUYTOXKEHHSI YaCTHI[ — 3TO He IPOCTO MaTEeMATHYeCK Ul TpHeM.
Takue mponecchl POKAEHUS U YHHUTOXKEHU S OOBIMHLL KaK AJd
6e3MaccoBbiX (DOTOHOB IPH M3JAYUEHUM CBETA, TaK W JJd
MAcCHBHBIX 4aCTHIl, NOJOOHBIX JI-ME30HY, IIPH BHICOKO3HEP-
TFeTHYECKUX CTOJKHOBEHHUSX TMPOTOHOB p+p — p+p+a’.
PoikjeHne MaccuBHOM YacTHIBI He IPOTHBOPEUHUT HHBAPHAHT-
HOCTH CHCTeMBl OTHOCUTEJbHO TipeoBpasoBanuil Ilyankape
(sapaua 16.4). B ofmell Teopun camm B3aUMOJeHCTByMOmIHE
JacTUIB! TOXE JOJIKHB PacCMaTPHBATHCS KaK HEKHe IoJs.



