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JIEKIINS 10

Teopembr dpendecta. BoaHoBbie nakerbl. 1IpeacraBienne
I'eiizenbepra

Ha npomiioit jiekiuu ObLIO MMOJIyYeHO BbIpaKeHUue JJIsi OlepaTopa MPOU3BOIHON 110
BpEMeHU:

df : Of i o,
%—f—EJFﬁ[Haf]- (10.1)

B mamem Kypce paccMaTpuUBAIOTCH BEJIUYUHBI, HE 3aBUCIIINE OT BPEMEHH, TOITOMY
nepsoe ciaaraemoe B (10.1) (dacTHas MpoU3BOJIHAS 110 BPEMEHH) PABHO HYJIIO:

= =0
ot

BssB cpejaee 3nauenne or obenx dacrei pasercTsa (10.1) mpu 5TOM yCI0BUH, TOJTY-

YNM:

11, ). (10.2)

10.1. Teopembl Dpendecra

Bynmem 119 pocTOTHI paccMaTpUBATHL JIBUKEHWE OJIHONW YacTUIlbl. [aMuiIbTOHMaH B
9TOM CJIyvae OKaXkKeTcs paBeH:

2
2 p

H = o +V(z,y,2). (10.3)
[IycTh cocTosinme TakoBO, YTO B KOH(UIYypallu- AW(2)
OHHOM IIP€JICTABJIEHNN BEPOSATHOCTb HAMTU YACTHUILY
OKOJIO HEKOTOPOI'O CPEJIHET0 3HAYEHUS ITPeJICTaB/IeHa 1 9
Ha pucynke 10.1. \
Cpe/inee 3HaveHHe C TeYEeHHEM BPEMEHU MO-

KeT nepemernatbesi (Kpubasi (1) mepexouT B Kpu-
Byto (2)). Urobbl HaliTh 3aKOH U3MEHEHUsT CPEJHEro
3HAYEHUsI, BO3bMEM

oV

T

S

f=a

Torma, cornacuo (10.2), Pwuc. 10.1.

OmuepaTop & KOMMYTHPYET C [IOTeHInaILHOi sHeprueit V (x, y, z) B rammwibronnane (10.3).
C KOMIIOHEHTAMU WUMITY/IbCa, }33 u p? oneparop & Tak:ke Kommyrtupyer. OjHaxko ¢ -
KOMIIOHEHTO KBa/IpaTa UMITYJIbCa OIePaTop & KOMMYTHPOBATDH He OYJIET, CJIeJ0BATEIbLHO:

.1 [ PR
T=— == 7.
h|2m’

[Pz, x] = —ih

KommyTaTop
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U3BECTEH.
Bocrionbzyemces ciremyrorneir hopmyIioi:

CretoBaTesIbHO,

[Ai;j;] - [ﬁrﬁm;jf] :ﬁm[Amaj:] + [ zy L ] Pz = _Qthz
OTcroma BUIHO, YTO
11 , D
= ——(—2ih)p, = —,
h Qm( JPa m
CJIeJIOBATEIHLHO, CMEIEHNe CPeIHero 3HAYEeHNsT PaBHO:

dz _ @ e (10.4)

dt m

ST

[Toyuennoe BhIparkeHUe aHAJOTHYHO BBIPAYKCHHIO JJIs KJIACCUICCKOH YaCTHUIbL N3-
MeHeHHe CPeJHEro 3HadeHne paBHO CpejiHeMy 3HadeHHio ckopoctu. Haiiem Temepb mpo-
U3BOJIHYIO OIIepaTopa . Oneparop P, KOMMYyTHPYET CO BCEMU TPeMsi KOMIIOHEHTaMI M-
yJibca, HO He KOMMYTHPYeT ¢ moreHimagom V (x,y, z):

5 _1[
px—h

Haiiziem BesmauHy 9TOro KOMMYyTATOPa, HOJIEHCTBOBAB Ha cocTosiane |W).

V(z,y,2),Ps)- (10.5)

Vi, 2), DW= [ V)00 = i (V) 4V <—hi) =

ov ov ov 8V
— i h— 7T °F _ipdt
=ih o +hV o thV o =1ih (91'
CrenosaresbHo, Boipazkenue (10.5) npumer ciemyomuii BuI:
ov. oV
.| = h ——
h[V Pa] = ( )7 e on
DTO O3HAUAET, UTO U3MEHEHHNE CPEIHEr0 3HAYCHUS MUMIIYJIbCa,
dp ov
ot 4 10.6
dr ( Ox ) (106)

9To BRIpaKeHNE TaKrKe HAIIOMHHAET KJIACCHYECKOe YDaBHEHNe JIBUKEHH: N3MEHEHe
UMIIYJIbCa — CPejiHee OT IPOU3BOHOI MOTEeHIInaJIa 110 COOTBETCTBYIOIEMY HalIPpaBJICHUIO.
Bripazkenue (10.6) me coBceM Kiaccuaeckoe. B Kiiaccuke

dp, OV
dx oz’
IIOCKOJIbKY B Ka4eCTBe IIeHTPa JABUKeHus JacTuIpl (eM. puc. 10.1) Gepercs Beuduna T.
B ciygae MasbIxX IJIMH BOJIHBI 00a 9TU BBIPAsKCHUS IPUMEPHO PaBHBI:

(VY v

Ox 8x
Boipazkenuns (10.4), (10.6) Bbipazkaror cyTh TeopeM DpeHdecTa, 3aKII0YAONLYI0CT B
TOM, 9TO U3MEHCHHNE CPECIHUX 3Ha4YEHU UMITYJIbCa W SHEPI'UHN IIOXO02KU Ha KJIaCCUIECKHE.
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10.2. BoaHoBoii maker

[IpounmtocTpupyem Teopembl dpeHdecta pu CBOOOIHOM JIBUKEHUU YaCTUIBL. BoJi-
HOBas (PYHKIUS CBOOOJIHO JIBUKYIIEHCS JacTHUIbI CyTh MOHOXPOMATHYECKasl BOJIHA:

\Ij — Ce—iwt-‘rik‘x’ (107)
rie Jjisd CBOOOIHONM YACTHIILL:
E  hk?
w=—-— = —
h  2m’

a k — BOJIHOBOII BEKTOD.
CocraBuMm ceyrornyo KoMbuHanuio (maker BoJH), npornHTerprposas (10.7) mo Bos-
HOBOMY BeKTOpY k (MOYKHO OBLIO ObI HHTEIPUPOBATH [0 SHEPIHHN ):

ko+ 5%
v=C / e ke .
ko= 5
Bynem nipu sTOM cunTaTh, YTO
Ak < k. (10.8)
[IpescraBuM BOJIHOBOIT BEKTOD k B CJIEIYIONIEM BHJIE:
b=kte <<t

U Pa3JIOZKUM W BOJU3M HEKOTOPOT'O 3HavYeHus ko:

hk*  hkZ  hk 1h ,
_ — o0 iy 10.9

2m 2m + m &+ 2 m5 ( )
DTO0 BbIparKeHHe MOYKHO OBLIO OBl 3aIIMCATH B CJIELYIONIIEM BHUJIE:

£ 9w

[Tpu Bemosrennn ycosus (10.8), moceaee craraemoe B (10.9) MHOTO MeHbIIE IPEJI-
IIOCJIe JHErO:

MIOCKOJIbKY
§ < ko.

Kazasocs 661, 3TuM ciaraeMbIM MOXKHO ipenebpetb. OiHako 910 He Beerjia Tak. /leso
B ToM, 9To B (10.7) BesmunHa w yMHOXKaeTCs Ha ¢, HOCKOJIBKY ¢ MOKET ObITH GOJIBIITIM.

B kypce Teopun 1o 1mogo0Has cuTyarus Hab oA ach ¢ TUMOJIBHBIM TPUOJIMXKEHN-
eM: BeJImInHOil At B BbIparKeHUN

sinw(T + At), At T

IpeHedpevIb HeJIb3s.
[Ipenebpeunb 9ToO BEJIMYUHON MOXKHO Oy/IeT TOJIBKO B TOM CJIydae, KOrja

WAt < 1,
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TO eCcThb n3MeHeHne (ha3bl MaJIO IO CPABHEHUIO C €IMHUIIEH.
[Mocaenaum wienom B Boipazkenuu (10.9) npenebperkem, cauras, 4To

E(Ak)Z <1 (10.10)

m

Unrerpas (10.7) B 9TOM citydae JErKO BHIUUCIUTD:
A
2

: Ak ow
; sins = \|\x— = t)}
U = (g wottikox / e%f(w— 5 kot) ¢ = Ce—iwnttikor o { 2 ( ok ‘ko

ow t
‘Ak ok ’ ko
2

ko

V100HO BBeCTH CJiejiyIomiue 0003HATCHUS:

t

n=x— =7 )
ko

ok

TOIJIa BhIpaskKeHue Jijisi BOJHOBOH (byHkinn WV mpuMeTr CJIeLyomii BUI:

- Ak
- oo sin =2t
b = 90 iwnttikor M2 1 (10.11)
n
B Borpaxkenun (10.11)
e—iumt—l—ikow
eCTh BOJIHA, MOJIYJIMPOBAHHAS MHOXKHUTEJIEM
- Ak
sin &%
y= 221 (10.12)
n

I'paduk saBucumoctn y?(n) npegcrapien na pucynke 10.2. Makcumym (10.12), ove-
BUJTHO, JIOCTUTAETCH TPU

ow
—0 = 2—(Z) -0 10.13
. o~ ( 8k>0 (10.13)
STO O3Ha4YaeT, 9TO ueHTp ImaKkeTa T HepeMemaeTCH paBHOl\lepHO CO CKOpOCTbIO

Oow
ow 10.14
= (10.14)

0

pasaOMepHO. Besmmanna (10.14) HasbiBaeTcs rpyIMmOBOM CKOPOCTHIO.
HamomuuM, uro ¢pazoBasi CKOPOCTBH onpejesisiercss 13 BosHoBoil dactu (10.11) u

paBHa:
Wo
Vg = —.
b ko

[pynmoasi ckopocts, corsacto (10.9), onpeiensieTcst cie/ly oM COOTHOIEHTEeM:

dw _@ Po

U = — g =
T Ok ko m m’

rJie po — HEHTPAJbHBIA UMITYJIbC.
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CrieoBaTeIbHO, TEHTP MTAKeTa JIBUKETCST CO CKOPOCTBIO, OTBEYAIOIIENH CKOPOCTHIO Ha-
CTHIIBI: TPYHIIOBas CKOPOCTH paBHA CKOPOCTH dacTuilbl. PazoBas CKOPOCTH, OYEBUJIHO, B
JiBa pasa 00JIbIlle IPYIITOBOIl CKOPOCTH:

Vg = k_o = 2Urp.

DTO COOTHOIIEHHE TTO3BOJISIET HATVISIHO YOEIUTHCS B CIIPABEJINBOCTU COOTHOIICHUST
neonpejienennocteit. [lyctn

t = const.
B srom ciyuae, cormacuo (10.13)
Ak AkAx
An=Ar = —np=——.
7 2 2
BepogarHocTh HafiTu YacTHIly IPU IIOCTO- o
N

SIHHOM | OKa3blBAeTCs pABHOM HymO  (CM.
puc. 10.2) B caydae, Korjia

AkAn
— Y = T.
2
HaﬂeHI/Ie BEPOATHOCTU B IIOJIOBUHY 6yﬂ‘eT
HaOII01aTHCsI, KOIIa, N\ /\ /\ A\
AkAp 7

T
2 2 Puc. 10.2.

[TockombKy, Kak yzKe ObLIO CKa3aHo panee, Ipu (PUKCHPOBAHIOM BPEMEHH
An = Az,
TO BEPOATHOCTDH OKAXKETCS PABHOW HYJIIIO IIPU

Az Ak ~ 2.

A TOCKOIBKY
Ap
Ax:? = Azx-Ap~2r-h=h,

YTO COBITQJIAET C paHee MOJIYIeHHBIM COOTHOINIEHUEM HeOIpe e IeHHOCTEN.

W3 5Tux cooTHOIIEHUI BUIIHO, UTO €CJIM BOJIHOBON ITaKeT MMeeT HEeKOTOPBI pa3dbpoc
BOJIHOBBIX BEKTOPOB Ak, T0o 3peKTuBHAas MUPUHA 3TOrO MakeTa Ax CBsa3aHa pasdpocoMm
BOJIHOBBIX BEKTOPOB COOTHOIIIEHHEM HEOIIPeIeIeHHOCTE!].

DTOT IpUMeEp MO3BOJIAET TaKKe IOJYIUTH COOTHOIIEHNE HEOIPEIeIeHHOCTEH MEeK Iy
sHeprueil u BpemeneM. Ha mpormioil jiekmun OBLIO IOKa3aHO, 9TO 9TO COOTHOIIEHHE CO-
BEPIIEHHO JIPYrOTr0O THIIA, 9eM COOTHOINEHWe HeOIpeIeIeHHOCTeNH MeXKIy WMITYJIbCOM U
KOOPJIMHATON 9acTHUIIbI, IIOCKOJIbKY BPEMsI CIMTAETCS U3MEPEHHBIM TOTHO.

[Tox At monuMaeTcst BpeMs, 3a KOTOPOE CYIIECTBEHHO M3MEHSIETCsI U3MepsieMasi BeJIu-
YrHa, He KOMMYTHPYIOIIAsa ¢ TaMIIbToHuaHoM. IlycTs Tenepn

x = const.
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B stom ciyaae

Ow

Hepes HEKOTOPYIO BbIeIeHHY0 TOUKY (cM. puc. 10.3) GoJiblasi 4acTh akera mpoxo-

JUT 3a BpelVIHf
AT L o () AkAr~on
2 ot ),

[Tockousbky

Oow
TNk =A
ok g w

TO
AwAt ~ 27 = AFEAt ~21h = h,

rae At — BpeMs, 3a KOTOPOE BOJIHOBOI ITakeT

U3MEHSTCSI Ha BEJIUIUHY OOJIBIIYIO, 9IeM JIHC- N\ /\ \ /\ N\

[epcusi TaKeTa. Ty i
B wnamem nupubsmkenun ¢popma BOJIHBI CO

BpeMeHeM He MeHHAeTCs, MOCKOJIbKY 3TO IpH- Puc. 10.3.

6mzkerne 6b110 pacemorpero npu yejaosun (10.10). Ecsu 661 9710 ycjioBue He BBINOJIHSI-

JIOCh, TO (bOpMa BOJIHOBOIO TakeTa Morjia Obl m3MeHuTbes. [lepernmmem yemosue (10.10)

CJIEIYIOIIUM 0OPa30M:

h 1
—Ak -t —~A 10.15
m < Ak “ ( )
rae Axr — IMUApUHA HaKeTa.

B seBoit wactu mepasencrsa (10.15)

hAk — Ap Ap

m m m

rjie Ap — HEOIPE/IeJIEHHOCTh MMITYJIbCa,

Av — HEOTPeJIeJIEHHOCTh CKOPOCTH.

Taxum 06pa30oM, B BOJTHOBOM IMAKETE UMITYJIbC H, CJAETOBATETHHO, CKOPOCThb, MEHSIOTCS
B HEKOTOPBIX IpejiesiaX. Pa3Hbie dyacTu makera, JIBUXKYIIHECS CO CKOPOCTbIO B MHTEPBa-
J1e Av, pacxomaTcs.

Takum o6paszom, JsieBasi gacthb (10.15) N
B 1
—Ak-t=Av-t
m 2
€CTh HE YTO MHOe, KaK PaclIupeHne MakeTa.
CaenoBaresibio, yesosue (10.10) oznavaer,
4YTO OBLIO B3ATO BPEMS, IIPU KOTOPOM IIAKET HE
yCIeJI PACIIUPUTHCH 3HATUTEIBLHO:
Av -t < Ax. 1
Ecim 310 ycnoBue HapymaeTcs, TO BOJHO- Puc. 10.4.

BoOil maker yejmuuBaer muputy (cm. puc. 10.4). Ecim xapakrepuoe paccrosiaue L, Ha
KOTOPOM JIBUZKETCH TTAKET, 3HAYUTE/IHHO OOJIBITE JIJTHHBI BOJTHBI:

L> A,
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TO BCerja MOYKHO BBIOpATh Takoi pa3mep makera Ax, KOTOPBIl OyIeT MeHbIe pa3mepa
paccTosHMsA, Ha KOTOPOM PacCMATPUBAETCs JBUKEHHE ITaKeTa, HO OOJIbINe JJINHBI BOJTHBI:

L> Az > )\
Pasmepnl akera, jgazke IIPU €ro PaCHIMPEHUH, PaBHbI
Av - t,

ITO9TOMY €CJIN JITMHA BOJIHBI MaJia, TO Pa3Mephl TaKeTa OKayKyTCd MaJIbIMU 110 CPABHEHUIO
C PAcCTOTHUEM, KOTOPOe MpoxXoauT maker. Cuan-

TAETCsI, YTO v
Ak < k. (10.16)
[Tockosbky )
1 A 1
— =X =— Ak ~ —
ko 07 op Az’
ciiesopareibio, coornomenne (10.16) upumer g ,A{M\M\
BUI; n
! < ! = Az > X
— < - x
ko —k ’ Puc. 10.5.

TO €CTh IINPUHA MAKETa 3HATUTEIHLHO OOJIBIIe JJIMHBI BOJIHBL.
PaccmarpuBaeMblii akeT COCTOUT U3 MHOTHX JUIMH BOJIH, UTO SIBJISIETCS YCJIOBHEM €r0
JIBIZKEHMs KakK JacTuipl (cM. puc. 10.5).

IIpumep 10.1. Bosbmme s3ueprun npu oCyIecTBIIe-
HUW TEPMOSIJIEPHON PeaKIuu HYKHBI JIJIsT TOTO, 4YTO-
OBI MIPEOI0JIETh KYJIOHOBCKOE OTTAJKUBAHHUE. 4 e

Wnest ocyrnecTB/ieHnsl TepMOsIIEPHON peakiwuu — ° <
[IPU MaJIbIX SHEPrudX 3aK/odaeTcd B CJIeIYIONeM:

IIyCTh K gJIpY JleiiTepusi, BOKPYT KOTOPOT'O BpalllaeT-

Cd JJICKTPOH, IOJJIETaeT JPYroil aTom Jieirepud (CM.

puc. 10.6). OkazaBIIUCh MEXK /Ty JIBYMsI ATOMaMHU Jefi- Puc. 10.6.

Tepusd, 3JTEKTPOH Oy/IeT SKPaHUPOBATH 3apsl, UTO MPUBEJET K COTMKEHNIO 3aPAI0B.

B cBoe Bpewms mianmpoBaJsics SKCIIEPUMEHT, OCHOBAHHBIN Ha 3TOM sgBjeHuu. OJIHAKO
3aTeM CTaJo MOHATHO, YTO BOJIHOBOI ITaKeT 3JIEKTPOHA PACHIUPUTCA 3a BpeMs Iopas3jio
MEHBITIEE, YeM BpeMsl COTMKEHUS SJIeP JIPYT € JIDYTOM, UTO IPUBEJIET K OTCYTCTBUIO KPa-
HUPOBAHUA. DKCIIEPUMEHT OBbLIT OTMEHEH.

10.3. DBoaIOHUsI COCTOSTHUS

[Iycrs B MoMenT Bpemenn t = 0 usBecten BeKTop cocrosiuus |Wy). Pacemorpum criocob
HAXOKJIEHUsI BEKTOpa cocTosiaust |W);, B MOMEHT BpeMeHH

t 40,

ecJii TaMuJIbTOHUaH H He 3aBuCHAT OT BpEMEHU.
PasznoxxkumM cocrogmnne |\IJQ> 110 COOCTBEHHBIM COCTOSHUSIM orepaTopa lamuabTona:
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npudeM cOOCTBEHHBIE BEKTODA |p,,) COCTABIISIIOT TOIHBIH Gasuc.
B sTom ciryudae Beerjia MOXKHO pasioxkuTh |Wo) mo sTomy 6asucy:

To) =) calepn). (10.17)

Bnast K03 OUIMEHTHI ¢, MOXKHO 3aIIUCATh, ITO

iEnt
(U)r = cae™ 7 ). (10.18)

Takum o6pa3om, 9TOOBI HATH BeKTOp cocTostaust | W) B JIIOOON MOMEHT BpEMEHNU, HAJIO
Pa3JIOKUTh HAYAJIbHBIH BEKTOpP cocTostHust |Wo) 10 COBCTBEHHBIM COCTOSIHUSIM SHEPTUU U
JIOMHOYKUTH H& COOTBETCTBYIOIIMI MHOKUTED.

Hokazem, aro coorHorenne (10.18) Beproe. [1jist cOCTOSIHUS B TPOM3BOJIBHBINA MOMEHT
BPEMEHHU JIOJIZKHBI BBITOTHATHCS JIBAa TPeOOBAHUS:

i) _ H|T)
ot
[W)i=0 = [¥)o

(10.19)

Bropoe yciosue B (10.19) 6yner 04eBUHO BBIIOIHATHCS, TOCKOIBKY:

_iBpt

t=0 = e r» =1

u Boipazkerue (10.18) nepexonur B (10.17).
Bropoe TpeboBaHne BBINOIHIETCS, TOCKOJIBKY CTAIIMOHAPHOE COCTOSTHUE

_iBpt
(W) =e™ 1 [pon)

YZ0BJIETBOPsieT nepBoMy cooTHornenuo B (10.19).
[Tockonmbky

H|U,)) = E,|¥,),

kazkj0e ciaraemoe B (10.18) yaosiersopsier ypasuenuto [Ipeaunrepa u, ciienoBareibHo,
BCd cyMMa OyJieT yI0BJIeTBOPATH ypaBuenuto IIpeaunrepa.
Bynem Ternepnb mckaTh BeKTOp cocrositus |W) B cieyiomem Buje:

|0) = U(t)|Ty). (10.20)
[Toxcrapnssa 9To BeIpazkeHue B ypapHenue Illpenunrepa, mOTy9uM:
0 N
th—|W) = H|U).
2w = )
[Tockosbky B (10.20) oT BpeMeHH 3aBUCUT TOJBKO OIEPATOD U, 10
dU -
h—|Wo) = HU|W).
Bk W) W)
B cuy npoussosibrOCTH W) JTOTZKHO BBIIOJIHATHCS PABEHCTBO:
v -

ih— = HU.
7
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Ecmu 661 H u U ObLn He onepaTopaMu, a YuCJaMu, TO PelleHre YPaBHEHU

dU
th— = HU
dt
UMeJI0 Obl CJIEIy IO BT
iHt _iHt
U=ce n =e n,
e
c=1,

ocKoJIbKY 1pu ¢ = 0 Beqmmunnaa U J10717KHa pABHATLCA €JIUHUTIC.
it onepaTopoB, COOTBETCTBEHHO:

U=e"n. (10.21)

Kazasoce Obl, onepaTop He JOJKEH HAXOAUThCA B 9KcroHeHTe. OIHAKO, ecin pasiio-
2KUTH IKCIIOHEHTY 110 CTEIEHAM, TO IOJYUUTCI HEKOTOPBII OIIEPATOPHBIA PAJl, CYIIECTBO-
BaHUE KOTOPOI'O He KayKeTCsl CTPAHHBIM.

[Tokaxkem, uro crocober (10.18) u (10.21) amanormanst. s sToro nojeiicrByem ore-
paropom (10.21) Ha cobcrBenHoe cocrosinue [amuabroHnana |¢;,):

. k . k
Zm ) 1 1 1
‘Son> *Z _ﬁt _Hk‘90n> *Z _ﬁt _Ek’(»pn>
k k
B sTOM BBIpaKeHNN HECJIOXKHO CYMMY CBEPHYTH OOpATHO B 9KCIIOHEHTY:

. k
1 1 iEnt zEnt
——t] =EF=e¢h = |U,)= n
}k:(h)w e Ta) = e ou),

B pe3yJibTaTe 9ero MoJyduM y2Ke HailJleHHOe paHee 3HAYEHUE.

Omnepatop U nasbiBaercs OIIepaTOpPOM IBOJIIONNH. BOCIO/IBE30BABIIUCH OIIEPATOPOM
9BOJIIOINH, MOYKHO 3allICaTh U3MEHEHHe BOJTHOBOU (DYHKIIMH CO BPEMEHEM U PeIaTh CO-
OTBETCTBYIOIINE 3a/Ia4N.

10.4. IIpeacraBiienne laiizenbepra

Cpemnee 3HaUeHNE HEKOTOPOI (PU3MIECKON BEJIUIHHBI OIPEIE/IACTCA CIEIYIOMNIM 00-
pazom:

= (V| f| ),

rJe, ecyin f He 3aBUCUT OT BPEMEHU, TO 3aBUCUMOCTb OT BPEMEHHU 3aKJI0UAeTCsd B 3aBUCH-
MOCTH OT BPEMEHU BEKTOPOB COCTOSHUSI.

BaBI/ICI/IMOCTb OT BpEMEHU BEKTOPOB COCTOAHHA MO2KHO II€EPpEHECTU Ha 3aBUCHUMOCTDL
0IIepaTOPOB, MTOCKOJIBKY

O) = UWy), (] = ([
CrenoBaTeIbHO, BhIpasKEHNE JJIsi CPEIHEr0 3HAUYEHUS IPUMET BUL:

F= (wolUTfU[ W),
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A

npudeM orepaTop sBosonuu U 3aBUCAT OT BpeMeHH, a cocrosinue |Wo) He 3aBHCHT OT
BPEMEHU, TO €CTh 3aBUCUMOCThH OT BPEMEHU JIEUCTBUTEIHHO IIEPEHECEHA HA OIIEPATOPHI.
Orneparopom B mipejicTaBiiennn [aiizenbepra Ha3bIBaeTCs BEINIMHA!

fu=01f0

Onepatop fy SBHO 3aBUCHUT OT BPEMEHH, IIOSTOMY IPOM3BOjHAas oneparopa l[aiizen-
Gepra COCTOUT M3 CyMMBI TPEX IMPOU3BOIHBIX (10 KazKJOMY U3 MHOXKHUTEJEN ):

dfy ([ 0f T
S (E) + <A, fu). (10.22)
H
okazkem coornorenne (10.22):
dfu _ (Of out .. .00
= <8t> + o fU+ U (10.23)
H
[Tockosbky )
ou -
h— = HU
ot !

TO, IIePeHOoCs th B JIEBYIO YaCTh, ITOJIYTUM:

oU i out i
ot R o R
[Moncraisist tu Beipazkenus B (10.23), moxyunm Boipazkerne (10.22). Takum obpaszowm,
BBhIparkeHue JIjIsI IIPOU3BOJIHOI oneparopa laitzenbepra He OTIMYAeTCs OT IPOU3BOIHOM
orepaTopa cpejiHeil BeJIMYUHbBI 110 BPEMEHU.
[IycTh B K/IaCCHYECKON MEXaHWKE CYIIECTBYET (DYHKIUS, 3aBUCAINAS OT ¢, P:

fg:p,t).
B kmaccuueckom citydae:

i of of.  of.
ait ot " ag?l T ot

B ypaBuenmax ['amuibrona

_om . on

CJIG,H,OB&TGJIBHO, KJIaCCUYIE€CKOE BbIpazKeHue Jjid HpOHBBO,ZLHOﬁ IIpuMeT BUI:

df 9f _0f0H 9foH  of

dt ot  dq op Op dg Ot A fhas

rJjie, KaK U3BECTHO U3 KypCca TeOPEeTHIeCKON MEXaHUKH,

{H, [}

ecTb ckoOKa Ilyaccona.
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DTO BbIpazKeHne, KaK BIUJIHO, AaHAJIOTUIHO TTPOU3BOTHON OllepaTropa Mo BpeMeHH! U JIJIsd
npejicrapienus laiizendepra, u jyra npejgcrasienus [peaunrepa. B kiaccuaeckoMm mpe-
Jiejie KOMMYTATOp OIepaTOpOB Hu f nepexoauT B cKOOKy Ilyaccona mjist cooTBETCTBYIO-
X (U3MIECKUX BEJTUINH:

L, f) = {1, 1)

O0600IB 3TO BBIpaXKeHUe JIJIs JIFOOBIX OIEPATOPOB, MOXKHO IOTPEOOBATH BBIIOJIHE-
HUE CJIEIYIONIEr0 COOTHOIIEHUsI: €CJIU CYIIEeCTBYIOT BEJIUYINHBI [ M ¢, COOTBETCTBYIOIINE
orrepaTopam f u g, TO

N —

W3 mpunnmia cooTBETCTBUS BUIHO, 9TO U3 KJIACCUIECKON MEXaHUKH MOXKHO IOy IUTH
YCJIOBHE KOMMYTAIIUN BEJIMYUH. 3HasI 9TO YCJIOBHE KOMMYTAIIUH, MOYKHO, KaK OBLIO ITOKa-
3aHO paHee, HANTH SHEPIUIO0 W BOJTHOBBIE (DYHKIIUN CACTEMBbI. TaKoil IMOAX0H B TOYHOCTHU
COOTBETCTBYET 110,1X0/1y [aiizendepra.

[Mpemuarep MOCTPOUJI BOJHOBYIO MEXaHUKY U JIOKA3aJ €€ TOXKJIECTBEHHOCTb C MaT-
pudHON MexaHMKOi. JlokazkeM HeCKOJIBKO MPOCTHIX YTBEPZKICHHIA.

YrBepkaenune 10.1. CobcTBeHHbIE 3HaUEHUs onleparopa laiizendepra fy COBIIAIAIOT ¢
cobcTBeHHbIME 3HadeHusIMU oreparopa [lpeaunrepa f.

U IIycre B nipejsicraBiennu lpeaunrepa
f1o) = f19). (10.24)

Torma, MockoIbKY
UUt =1,
yMmuOKuB Bhpazkerne (10.24) ciesa ma UT, momywm:
UtfOUT) = fuUT|W) = fUT).
CirieioBaresibHO, cobcTBeHHBIE 3HAUeHMs! ollepaTopos L aiizen6epra u [lpegunrepa cos-

[1aJIaI0T, 9YTO U TpeboBaoCch JIoka3aTh.

YrBepxkaeane 10.2. Buji nepecTaHOBOYHBIX COOTHOIIEHUN MeK 1y orneparopamu laii-
3enOepra u oneparopamu [lIpeannrepa He MeHsieTCH.

U ITycTh ecTh KOMMYTATOP

~ A A A

iC=f.q=fi—af, Ct=0, (10.25)

TO ecThb oneparop C' — 9pMUTOB.
Kak y»ke ObL710 1TOKa3aHO paHee,

Uut = 1.
Yuuoxkus (10.25) cieBa Ha U T, a crpasa Ha U , IIOJLYyI1M:
010 01507 — 0760 080 = fugun — gufu = U117, 910 = i07CO = iCa.

Taxum o6pazoM, BUJI TEPECTAHOBOYHBIX COOTHOIIEHUN HE MEHSIETCS, 9YTO U TPeOOBAJIOCH
nokasaTrh. M
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[Ipencrapnenne laiizendepra ypo00HO ¢ HEKOTOPOI TOUKHU 3peHud. [[ycTh ecTh HEKOTO-
pas KJlaccudeckasi CHCTeMa, HallpUMep — JIEKTPOMArHUTHOE 110JIe. 3aMEHUB BXOJIAIINE B
ypasHenus MakcBesia husndeckre BeJIMYUHBI Ha OllepaTophl [aiizenbepra, u ycTraHOBUB,
IIOJIb3YACH IIPUHIUIIOM COOTBETCTBULA, II€PECTaAHOBOYHbIE COOTHOIIECHU A, ITIOJIYy9IUM TECOPUIO
Maxkcpesia B KBaIPATUIHOM IIPEJICTABJICHIH.

V100HO nepexonTh OT onepaTopos [aiizeHOepra K KJIacCUIecKoi MeXaHuKe, 3aMeHsisl
3aBUCAIINE OT BPEMEHN BeJIMYUHBI HA COOTBETCTBYIOIINE UM OIEPATOPHI, TaAKKe 3aBUCS-
e OT BPEMEHH.

Ecim oneparop B npencrasiennn Ilpegunrepa f KOMMyTHpPYET ¢ TaMHIBTOHHAHOM H:

[f, H] =0,

TO BeJIMYUHA [ COXPaHSIETCs.
B ciyaae oneparopos laiizentepra fy Takzke OyaeT KOMMYTHPOBATH C TaMUJIBTOHUA-
HOM:

[fu, H] =0,

TO ecTh onepaTop laiizendepra fy OyIeT MOCTOSTHHBIM.
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