
K B ~ H T O B ~ H  T e O p U R  paCCeRHElrR 

P a c c e x ~ ~ e  6eccna~osb1x r a c T M q  

OIIepa~op 3BOJIEOIJMEI B HpeACTaBJIeHMM B ~ ~ E I M o ~ ~ G c T B E I R .  S-MaTpEIqa,  T- 
M a T p H q a .  C e s e ~ ~ l e  paccemmx. A ~ n n m y ~ a  paccemm. Y p a ~ ~ e ~ x e  J I ~ n n ~ m a -  
m B E I ~ r e p a .  CBI I3b  aMIIJIHTYAb1 PaCCeFIHMII C TIOTf2HqEIZiJIOM. @ Y H K ~ H I I  r p M H a  

C B O ~ O A H O ~ ~  YaCTMqbI. Y H ~ I T ~ P H O C T ~  S - M a T ~ M q b 1 .  O ~ T M Y ~ C K ~ S I  T e O p e M a  M ee 
CJIeACTBMSI. EOPHOBCKMG p%A. ,&TarpaMMb1 @ ~ G H M ~ H ~ .  n e p B 0 e  ~ O P H O B C K O ~  

n p ~ 6 n ~ ~ e ~ ~ e .  P a c c e I I H E I e  H a  C O C T ~ B H O ~ ~  CTPYKTYPHO~~ MMILIeHM. @OPM@~KTOP. 

P a c c e ~ ~ ~ e  Y a c T n q  co CIIMHOM 

@oPMZ~JIM~M CIIMHa S=1/2. T - ~ a T p E I q a  Fi IIOTeHqMaJr B ~ ~ M M o A ~ G c T B E I I I  

YaCTkIIJ CIIEIHa 112 C ~~CCIIEIKOBOG MEILUeftbIO. M H B ~ P E I ~ H T H O C T ~  OTHOCMTeJIbHO 

MHBeFCMM CEICTeMbI OTCYeTa. Ha6nm~ae~b1e CJIeACTBMII COXpaHeHEIII YeTHOCTM B 

3KCnepMMeHTaX C HOJIRpM30BaHHbIMEI YaC'TEIUaMH. M a ~ p ~ q a  aMIIJIEITyA. 

B b ~ Y k l ~ f l e H H e  CeYeHMII J.XCCeRHMII, CyMMMPOBaHI.Ie M yCpe)JHeHMe l30 CnMHaM. 

C M ~ I I I ~ H H ~ I ~  COCTOIIHMII. C T ~ T E I C T E I Y ~ C K H ~  OI IepaTOp.  M a ~ p k ~ s a  IIJIOTHOCTEI 

gUCTOrO EI CMeUIaI-IHOTO COCTOIIHI~E. C ~ M H O B ~ A  M a T p E I q a  IIflOTHOCTM 

(nonnpasaquo~~an ~ a T p ~ c q a ) .  g a c ~ i r ~ a r r  nonnprzsaqnrr qac~nq.  
P ~ C C ~ R H H ~  YaCTEIq CO CllMHaMEI 112 M 0. M ~ T ~ B L I ~  IIJIOTHOCTM PaCCeIIHHbIX 

s a c T u q .  C e s e ~ k ~ e  paccemarr. ~ O E I I ~ M ~ ~ ~ M ~ H H F , ~ ~  ~ K C H ~ P M M ~ H T ~ I .  JI~Bo-npasax 
aCEIMMeTpMII. n o J I ~ p I 3 3 a q M I I  YaCTl lq  B ROHCYHOM COCTOREIEIH. 

A H ~ J I E I T M Y ~ c K E I ~  C B O ~ C T B ~  S - MaTPMqbI  

P a 3 J I o X e H M e  IIO napqEIaJIbHb1M BOJIIlaM. A M ~ ~ O H S U I ~ H O C T ~  S - M ~ T P M U ~ I .  
l7apqsmbabre aMnnEITyAb1 M c e s e H m .  @a3osb1e cABHrM. I I a p s ~ a n b ~ ~ r e  
COCTOIIHMII PaCCeIIHHSI. 

A H ~ J I E I T H Y ~ c K M ~  C B O ~ C T B C ~  pZiJ(M&!IbHbIX BOJIHOBbIX @ Y H K ~ E I ~ ~  B 

K O M ~ ~ ~ K C H O G  p-IIJIOCKOCTM. P e r y n ~ p ~ o e  pemeal.;e. Q ~ H K ~ E I R  Moc~a M S - ~ a ~ p ~ q a .  
A H Z ~ J I M T M Y ~ C K O ~  lTpOAOJIXeHkl.e, EiHaJIkITEIYeCKHe C B O ~ ~ C T B ~  @~HKIJEIM kI0cT.a M S- 
MaTPEIqbI. HYJIM @ ~ E I K ~ l ; k i l l  Moc~a, IIOJIIoCbI S - ~ a l ' p k ~ q b I  EI CBSI3aHHbIe COCTOHHEIII. 

P e s o ~ a ~ c ~ o e  paccemme. P e s o ~ a ~ c b ~  EI ' IIOIIEOCSI S-~aTpnqh~, n o s e A e H n e  

CeseHMII M @a3 PaCCeIIHMII. ~ ~ M c T ~ I  P M M ~ H O B O G  IIOBePXHOCTEI S-M~TPEII J~I .  OcoGb~e 
TOYKM H a  P H M ~ H O B O ~ ~  IIOBePXHOCTM. 

C ~ I M M ~ T P E I I I  H PaCnOJIOXeHEIe O C O ~ ~ H H O C T ~ I %  M a T M q b I  PaCCeIIHMR H a  

K O M ~ J I ~ K C H O G  p-IIJIOCKOCTH. @kl3MYe~KEie 3 @ @ e ~ T b 1 ,  CBII3aHHbIe C BMPTyaJlbIlbIM 

COCTOIIHMeM. Teope~a  ~ ~ B E I H c o H ~ .  

A C H M H T O T M ~ ~ C K O ~  n 0 B e A e H H e  aM!TnMTyA PaCCeRHkIR @ ~ ~ O B ~ I X  CfiBHrOE. 

AJIkIHa paCCeIIHMII. ~ @ @ ~ K T H B H ~ I ~ %  PaAMyC. B ~ ~ M R  3 a A e p X K M  YaCTMqbI B O ~ J I ~ C T M  

B ~ ~ H M O A ~ ~ % C T B M X .  



METOH @YHKL1[HOHAJIOB BJIHIIHkIII 
npo6ne~a  OIIHCaHHR COCTaBHbIX CHCTeM B K B ~ H T O B O ~ ~  TeOPHH. M ~ T O A  

( P Y H K ~ M o H ~ J I ~ H o ~ o  HHTerPHPOBaHHII  B C O B ~ ~ M ~ H H O ~ ~  K B ~ H T O B O ~ ~  TeOPMH M 

IIePCIIeKTMBbI er0 IIpHJIOXeHMR K OIIMCaHMIo CJIOXHMX CHCTeM. 

B ~ I P ~ Z K ~ H M R  H ~ ~ J I I ~ ~ ~ ~ M ~ I x  B K B ~ H T O B O ~ ~  TeOPHH sepe3 O I I e p a T O p  3BOJIIoqMH. 

k I H ~ e r p l U I b 1  IIO TpaeKTOpHRM. O I I ~ ~ A ~ J I ~ H M ~  @ ~ H K ~ M o H ~ J I ~ H ~ I x  MHTerpaJIOB AJIR 

OIIHCaHMR 3BOJIIoqHH CMCTeM. Moaen~  KBaHTOBaHMR. C ~ ~ M M ~ T P ~ ~ Y H O ~  
KBaHTOBaHHe IIO Bar~epy .  n O ~ T p 0 e H k l e  R A e p  OI IepaTOpOB AnII CMMMeTPMrHOrQ 

KBaHTOBaHHR. < D Y H K ~ M o H ~ J I ~ H ~ I ~ ~  kIHTelJ3aJI AJIR K B ~ H T O B O ~ ~  CHCTeMbI B @ a 3 0 ~ 0 ~  M 

K O H @ M ~ ~ ~ ~ ~ ~ I O H H O M  IIpOCTpaHCTBaX. 

M~TOA BTOpMYHOrO KBaHTOBaHHR AJIR 6 0 3 0 ~ 0 ~  H @~PMMOHOB. B ~ I P ~ X ~ H M R  
AnR H ~ ~ J I I ~ A ~ ~ M ~ I x  BeJIMsMH B ~OJIOMOP@HOM IIpeACTaBJIeHMM, IIOCpeACTBOM 

Q > ~ H K ~ H o H Z ~ J I ~ H ~ I X  MHTerpaJIOB. 

C O C T ~ B H ~ I ~  CklCTeMbI B K B ~ H T O B O ~ ~  TeOpHkl. OIIpeJ(eJIeHHe @yHKqMoHaJIa  

BJIHRHHR AJIR OIIMCaHHR IIOACHCTeM. K B a ~ p a ~ k l Y ~ b I f i  ( ~ ~ H K ~ H o H ~ J I  BJIMRHMII. 

Q y ~ ~ q a o ~ a n  BJIHRHHR r a p M o H a s e c K o r o  o c q M n n x T o p a .  Q ~ H K ~ H O H ~ J I  B n a R H m  

TepMOCTaTa. @ Y H K ~ M o H ~ J I  BJIHRHMR 3JIeKTPOMarHMTHOrO IIOJIR. &IIOsKa 

y p a B ~ e H H f i  H.H. 5oron1o60sa M @ ~ H K L ~ I I O H ~ J I  BJIEIIIHMR. Q ~ H K ~ M O H ~ J I  BJIMRHHH M 

3BOJIIOqMII CMCTeM C IIaMRTbIo.  K B ~ ~ M K J I ~ c c M Y ~ c K E I ~  MeTOAbI BbIYklCJIeHMR 

( P ~ H K ~ M o H ~ J I ~  BJIHIIHHR. 

PEJIIITHBHCTCICAII KBAHTOBAII MEXAHHKA 
K B ~ H T O B O ~  PeJIRTMBkICTCKOe Y p a B H e H H e  AJM YaCTHu 6e3 CIIHHa. 

M ~ T ~ M ~ T M ~ ~ c K M ~  c B 0 f i c T B a  M @ M ~ H Y ~ c K ~ R  MHTepIIpeTaIJHR YpaBHeHMR Knefi~a- 
~ O ~ A O H ~ .  n p o 6 n e ~ a  B ~ ~ O R T H O C T H O ~ ~  MHTepIIpeTaqMH H OTpHqaTeJIbHbIX 3HeprMf i .  

Y ~ c T M ~ ~ I  H aHTMYaCTMqb1. Cne~Tp P ~ J I R T ~ I B H C T C K O ~ ~  3 a p R X e H H O f i  s a C T M q b I  B ' 

KYJIOHOBCKOM ITOJIe RApa .  



FeynCalc. P a c ~ e ~  3 n e ~ e ~ ~ a p ~ ~ x  npoqeccoB pacceaHa2 @OTOHOB a ~ J I ~ K T ~ O H O B :  
eZ ->eZ, ey ->ey, ee->ee, ete- -> ete-, ey ->ey, yy->, e'e-. 

TEOPkIti rPYIIII kI KBAHTOBM MEXAHLIKA 
K O H ~ Y H ~ I ~  rpynnbr. K o M ~ ~ ~ K c ~ I .  nOArpynnb1. Knaccb~ CMeXHOCTEI. Teope~a 

.JIarpaHxa. COnpXXeHHbIe 3neMeHTb1, KnaCCbI, HOPMaJIM3aTOP. ~ H B ~ P M ~ H T H ~ I ~  

noArpynnb1. @ ~ K T O P  - I'pynIIa GEI. U ~ H T ~  lJ3yIInbI. B3aklMHbIe O T O ~ P ~ X ~ H B F I  

rpynn. ki30~0p@k13~, I'OMOMOP@H~M. Teope~a  0 %Ape r 0 ~ 0 ~ 0 p @ k i 3 ~ a .  
ABTOMOP@H~M a ~ H A O M O P @ M ~ M .  ~ ~ I I M O ~  a nonynpmoe npoki3se~e~ae rpynn. 
I ~ ~ O C T ~ I ~  a nonynpocTbIe rpynnbI. Ha~pb~samqas  rpynna. K O M M Y T ~ T O ~ .  
C o ~ e p r u e ~ ~ b ~ e  rpynnb1. Pmperua~b~e a HanbnoTeHTHbIe rpynnb1. rpynna 
IIepeCTaHOBOK. Teope~a  Kma. 

rpyIInb1 A B M X ~ H H ~ ~ .  T ~ ~ H ~ ~ ~ T E I B H O C T ~  EI BHT~~H~MT~~BHOCT~.-MHB~~B~HTH~S~ 
n o ~ r p y ~ ~ n a  TOYKEI. OAHOPOAH~I~ lIPOCTpaHCTBa I'pyrInbI A B H X ~ H H ~ ~ .  
Knacca~ec~ae MaTpaYHbIe rpynnH SO(n), SU(n), SL(n,R), SL(n,C), SO(p,q), 
SU(p,q), Sp(2n,R). rpynna TpeXMepHbIX BpaIQeHPifi. ~ I ~ O M O P @ H ~ M  TPexMepHOfi 
rpynnbI ~pameaafi a @ a ~ ~ o p  - rpynnb1 SU(2)/& . , L ( ~ y ~ e p ~ m  c@epa S2 KaK 
@ a ~ ~ o p  - npocTpaHcTBo SU(2)N(l). Apo6~o - n ~ ~ e f i ~ b ~ e  npeo6pmosa~a~  a ax 
c ~ o f i c ~ ~ a .  MOneJIb n y a ~ ~ a p e  nnocKocTa no6a re~c~oro .  C@epa no6a.1e~c~o1-o. 
Mo,qenb Knefi~a nnocKocTa no6a.1e~c~oro. 3 n n a n ~ a s e c ~ m ,  r a n e p 6 o n a ~ e c ~ a ~  a 
napa6onarec~a~ noarpynnbr rpynnb1 SU(l,l)=S0(2,1). OAHOPOAH~I~ 
npOCTpaHCTBa rpynnbI n0peHua SO(3,l) SL(2,C). 

Tononorkiuec~kie rpynnbI. C B R ~ H O C T ~  a n - CBII~HOCT~.  rpynna ny~eii. 
@ ~ H A ~ M ~ H T ~ J I ~ H ~ ~ I  rpynna. KoMII~KTH~I~ ,  HeKOMnaKTHbIe Pi JIOKaJIbHO -KOMnaKTHbIe 
rpynnbI. rpynnb1 h. Anre6pb1 na. CT~YKTYPHM~ KOHCTaHTbI. Te0pe~b1 0 CBR3M 

lIpe)Jc~aBJIeH~fi I4 BX pa3JIOXeHkIR no HenPHBOAklMbIM IIpeACTaBneHHRM. 
n p e ~ c ~ a s n e ~ a ~  rpynn SU(2), SL(2,C), SU(3), SU(1,l). K O ~ @ @ M I J H ~ H T ~ I  Kne6ma - 
~ O ~ A O H ~ .  

M~TOA HHAYqkIpOBaHElR M~KKLI.  MaJIm rpyllna. Me~o,q KOBaPklaHTHbIX 
@ y ~ ~ q a f i .  n p e ~ c ~ a ~ n e ~ a x  rpynnb1 E(2). rpynna n y a ~ ~ a p e .  P e m ~ a s a c ~ c ~ a e  



~ J I ~ C C H ~ ~ C I C H ~  IIOJIR H I l p U H q U l I b I  C H M M e T P H H  

O n p e ~ e n e ~ k ~ e  rpynnbl. C ~ o i i c ~ ~ a  O C H O B H O ~ ~  rpynri0~0ii onepaqm. 
llo~rpynna. 3 n e ~ e ~ ~ a p ~ a x  ~ n a c c ~ @ n ~ a q a ~  rpynn. 

rpynna JIM. rpynnb~ U(l) M SU(2) KaK npmepb1 rpynn .JIM. M ~ O M O P @ ~ M  M 

TOMOMOP@M~M rpynn. rpynnb1 nklHefiHb1~ npe06pa30~a~~lfi BeKTOPHbIX 
IIPOCTpaHCTB kl MX MaTPMYHaX pea.JIkl3aqklR. 

K O M ~ ~ K T H ~ I ~  EI HeKOMnaKTHbIe rpyIInbI nkl. rpynna CABMrOB 3-MepHOr0 
eBKnMAOBa IIpOCTpaHCTBa KaK npklMep H ~ K O M ~ ~ K T H O ~ ~  rpynnb1 & I .  

JIklHeiiHoe ITpeACTaBJIeHkIe rpyIInb1. ~ P ~ I B O A ~ I M ~ I ~  M HeITPHBOAMMbIe 
npeAcTasneHHx. Y H M T ~ P H ~ I ~  npeAcTasneHHx. r e ~ e p a ~ o p b ~  rpynnb1 AM. Anre6pa 
JIM I'pYnnbI h. ~ K c I I o H ~ H ~ M ~ ~ I ~ H ~ s I  d>opMa OIIepaTOpOB n~HefiHOr0 YHMTaPHOrO 
IIpeACTaBJIeHklR rpJTInbI nkl B BeKTOPHOM npOCTpaHCTBe. 

n p x ~ o e  n p o k l s s e ~ e ~ ~ ~ e  rpynn. A6enesa rpynna JIM KaK npmoe npok13~e~e~ae  
~ H H ~ ~ H L I X  yHaTapHbIx n p e ~ c ~ a s n e ~ ~ f i  rpynnb1 U(1). Anre6pa JIM rpynnb1 SU(2). 
C B I I ~ H ~ I ~  Pi HeCBR3HbIe rpynllbI nkl. OAHOCBII~HM~ kl MHOTOCBR3HbIe I'PJTInbI AH. 
ABYXCBR~HOCT~ I'PYIIIIbI SO(3). YCJIOBH~ pa3JIOXMMOCTM rPYllnbI JIM B npRMOe 
n p o ~ 3 s e ~ e ~ a e  rpynn. l lo~mre6pa K a p ~ a ~ a .  P a ~ r  rpynnb1 JIM. 

~POCTP~HCTBO M~~HKOBCKOI'O. npeo6pa30sa~kle CMCTeMbI 0TCsel.a. 
flpeo6pa3o~a~klx JIope~qa k~ n y a ~ ~ a p e .  C ~ o f i c ~ s a  npeo6pa3o~a~~f i  n o p e ~ q a  M 

HX ~nacck~@k~~aqk~x. rpynna JIopeaqa, ee noArpynnb1 M C B I I ~ H ~ I ~  KoMnoHeHTbI. 
rpynna llyaa~ape, ee noArpynnb1 a C B X ~ H ~ I ~  KoMnoHeHTbI. n a p a ~ e ~ p ~ 3 a 1 ~ a x  
C O ~ C T B ~ H H O ~ ~  O ~ T O X ~ O H H O ~ ~  FpynnbI JIopeHqa. ~ ~ O C T ~ ~ H C T B ~ H H ~ I ~  M 

r~nep6onklsec~kle nOBOP0TbI CMCTeMbI OTCYeTa kl MaTPklqbI COOTBeTCTBYIOmklX 
npeo6pa30sa~~fi nope~qa .  

~ I P O C T ~ ~ H C T B O  noneBbIx @ y ~ ~ q ~ f i .  JIarpa~xtim CMcTeMbI noneii. 
O r p a ~ a r e ~ a x ,  HmaraeMbIe Ha narpaHmaH. I I p e ~ c ~ a s n e ~ ~ x  rpynnb1 n y a ~ ~ a p e  B 

np0CTpaHCTBe IIOneBbIX @yHKqklfi. T ~ H ~ o ~ ~ I , ~ c ~ B A o T ~ H ~ o ~ ~ I  kl CnklHOPbI. 
BapMaqklo~~b~fi IIpMHqkln CTaqMOHapHOrO A ~ ~ ~ C T B H R  AJIR CMCTeMbI nonefi. 
nonesb~e ypaBHeHM9 KaK ypaBHeHm JIarpa~xa-3iinepa. Teope~a  He~ep.  
C O X ~ ~ H X I O ~ M ~ C R  TOKM M AMHaMklYeCKkle MHBaPMaHTbI CMCTeMbI nonefi. Te~30pb1 
3Heprklkl-MMIIyJIbCa, MOMeHTa HMnynbCa, O ~ ~ F I T ~ J I ~ H O ~ O  MOMeHTa kl CnklHOBOrO 
MOMeHTa IIOnR. %KOH ABklXeHklII IJeHTpa HHePqkIM IIOJIII. 

B~yTpeHHkle CklMMeTPklEI CEICTeMbI n0neii. rpyIInb1 U(1) kl SU(N) KaK rpynnbI 
BHYTPeHHMX cMMM~TPM~~ CElCTeMbI IIOJIeI?. ~ ~ ~ A C T ~ B J I ~ H M R  rpyl'In U(1) M SU(N) B 

npOClpaHCTBe n0JIeBbIX @yHKqklfi. AM~a~kl~e~Kkle MHBaPklaHTbI IIOJIefi, CBX3aHHbIe 
C BHYTpeHHklMM U(1)- kl SU(N)- CMMMeTPMRMM. 



Knaccuseclca~ TeopuR K ~ ~ H ~ ~ O B O ~ H ~ I X  noneii 
Teopm C B O ~ O A H H X  CKUIRpHOrO kI BeKTOpHOrO n0JIeG: B M ~ O P  n a r p a H x a a H a ;  

AkIHaMEiYeCKMe EIHBapHaHTbI B MMnYnbCHOM npeACTaBJIeHMkI H EiX HHTepl lpeTaqEiX.  

Teop~x C B O ~ O A H O ~ O  3neKTPOMarHHTHOrO TIOJIX: KOBaPHaHTHaSI Q>OpMa 3allHCH 

y p a ~ ~ e ~ a i i  Ma~csenna; K ~ J I E I ~ ~ o B o Y H o ~  npeo6pa30sa~~ie 4 - n o ~ e ~ q ~ m a ;  ycnosue 
Jopesqa; y c n o s H e  n o n e p e Y H o c T E i ;  nepexoa K J I O K ~ J I ~ H O M Y  penepy B ~ - M ~ P H O M  

EIMnyJIbCHOM IIpOCTPaHCTBe; YCJIOBHe n 0 p e H q a  kI AkIHaMMVeCKHe HHBaPklaHTbI B 

H M n y n b c H o M  npeAcTasneHEiEi .  

Teop~rr C B O ~ O A H O ~ O  CIIHHOpHOrO IIOnX: JJpaBHeHkIe  ,@ipa~a; MaTPEiI.(bI 

A k I p a ~ a  H EiX C B O ~ C T B ~ ;  T P ~ H C Q > O P M ~ I J M O H H ~ I ~  C B O ~ ~ C T B ~  CIIMHOPOB; YpaBHeHBX 

A E i p a ~ a  B EIMIlYnbCHOM npeACTaBJIeHkIM EI T P ~ H C @ O ~ M ~ ~ H O H H ~ I ~  C B O ~ ~ C T B ~  

CnEiHOPHbIX aMllJIEITyA; OPTOHOPMEiPOBaHHbIe ~ E I C I I H H O ~ ~ I  I4 EIX CBO%CTB~. 

n a r p a ~ ~ e ~  @ o P M U I ~ I ~ M  Ei AkIHaMMYeCKkIe HHBaPEiaHTbI C B O ~ O A H O ~ O  CnkIHOPHOrO 

n 0 n R .  n e p e x 0 ~  B BbIPaXeHBXX AnX AkIHaMHYeCKMX KHBapkIaHTOB K a M n n H T y A a M  

C O C T O R H ~ I ~ ~  C OIIpeAeJIeHHbIMEi ClIHpZlJbHOCTXMEi. C ~ H H O ~ H O ~  none C HyJleBOfi 

M a c c o i i .  

06~qae n p H H q H I I b 1  nOCTpOeHH% n a q a H X E i a H O B  B ~ ~ E I M o A ~ ~ ~ c T B M X .  ~ P H H ~ ~ I ~ I  

JIOKaJIbHOH K ~ J I H ~ P O B O Y H O G  MHBapklaHTHOCTH. C T P y K T y p a  AHHaMHYeCKEiX 

MHBaPEiaHTOB CkICTeMbI n0JIefi. 
Mo,qenEi TeOPHEi IIOJTII C J I o K U I ~ H O ~ ~  U ( ~ ) - C ~ I M M ~ T P H ~ ~ ~ .  ~ J I ~ K T P o M ~ ~ H ~ I T H o ~  

none KaK K U I M ~ ~ O B O Y H O ~ .  MkIHkIMaJIbH0e 3JIeKTPOMal"HEiTHOe B ~ ~ ~ I M o A ~ ~ c T B ~ I ~ .  

M o ~ e n k I  TeOPEiEi nonx C n O K a J I b H 0 ~  s U ( N ) - c E i ~ ~ e ~ p H e i i .  K U I ~ I ~ ~ O B O = I H ~ I ~  

n O n X  X H r a - M k I n n C a .  X P O M O A ~ I H ~ M ~ I K ~  - K~LTIEI~POBOYH~SI TeOPHX CEiJIbHbIX 

s s a a ~ o ~ e i i c ~ s ~ i i  K s a p I c o s b I x  noneii. 
C a ~ O f l e f i C ~ B y l O L q E i e  CKUIXpHbIe  IIOnX Ei CnOHTaHHOe HapyLUeHkIe CEIMMeTPEiEI. 

M o n e J I b  X~rrca .  M a c c E i ~ ~ b ~ e  nonx &ra-M~nnca. 
EAHH~R TeOPklR 3JIeKTPOMaI'HHTHOrO EI cna60r0 B ~ ~ M M O A ~ ~ C T B H ~ ~ :  rpynIIa 

SU(2)xUY(1) KaK K U I H ~ ~ O B O Y H ~ X  rpynna; C B O ~ ~ C T B ~  K U I ~ I ~ P O B O Y H ~ I X  n0nefi; 
~ ~ ~ K T ~ O C J I Z ~ ~ O ~  B ~ ~ H M o ~ ~ ~ ~ ~ c T B E I ~  JIellTOHHbIX H KBaPKOBbIX I I O n e 6 ;  CnOHTaHHOe 

HapyLUeHkle CEiMMeTPEiEi I? r eHepaqkI5I  MaCC JlenTOHOB, KBaPKOB Ei 6 0 3 0 ~ 0 ~ ;  
c T p y K T y p a  n o n H o r o  n a r p a H x E i a s a  k~ ~ n a c c E i Q > E i ~ a q ~ x  n p o q e c c o B  3ne~~pocna6oro 
B ~ ~ E ~ M o A ~ ~ ~ c T B E I x .  

~ B ~ H T O B ~ R  TeOpUR IIOJIR 

@ Y H K ~ M H  n O n X  KaK JIOKaJIbHbIe O n e p a T O p b I .  T ~ ~ H C Q > O ~ M ~ ~ E I O H H ~ I ~  C B O ~ ~ C T B ~  

lIOneBbIX O n e p a T O p O B  Ei BeKTOPOB COCTORHH~~.  ~ ~ K O H ~ I  n p e o 6 p a 3 0 s a ~ ~ ~  BeKTOPOB 

C O C T O R H H ~ ~  I4 HOJIeBbIX O n e p a T O p O B  npJd C O ~ C T B ~ H H ~ I X  OpTOXpOHHbIX 

n p e o 6 p a 3 0 s a ~ ~ i ~ x  nyaa~ape.  Onepa~opb~ noneii B K a p T m a x  Ulpe~wmepa k~ 

reii3e~6epra. 
OCHOBHO~~ lIOCTyJTaT KBaHTOBaHEiR n0J Ie f i .  



@kl3MYe~KFifi  CMbICn IIOJIOXMTeJIbHO-- M OTPMqaTeJIbHO- YaCTOTHbIX Y a c T e a  

O n e p a T O p O B  CBO~OAHHX n0J Ie f i .  O I I e p a T o p b 1  POXAeHHR Ei YHLIYTOXeHMR YaCTMq. 

O l ' I p e ~ e J I e H k ~ e  B a K y y M a .  ~ O C T ~ O ~ H ~ I ~  BeKTOpa  COCTORHMR I I P O H ~ B O J I ~ H O ~ ~  CHCTeMbI 

CBO~OAHMX YaCTMq. 

T~nb1  lTepeCTaHOBOYHbIX COOTHOLII~HH~~.  T ~ ~ H C ~ R I ~ ( H O H H ~ X  MHBaPHaHTHOCTb 

IIepeCTaHOBOYHbIX @yHKIJPifi. 

Y C T ~ H O B J I ~ H H ~  IIepeCTaHOBOYHbIX C O O T H O L I I ~ H H ~ ~  A n R  n0nefi C QeJIbIM H 

I I O n y q e n b I M  CIIMHOM. CMMM~TPHII  M e X A Y  YaCTMqaMM M aHTMYaCTHqaMM. Teope~a  
n a y J I M  0 CBR3kI CnMHa CO C T ~ T ~ I C T H K O ~ ~ .  Teope~a  n a y J l M  AJIR KOMnJIeKCHOrO 

CKWIRpHOrO n 0 n R  KaK CJIeACTBMe Hpl lHQMna  M ~ K ~ O C K O I I M Y ~ C K O ~ ~  lTPBYJdHHOCTII. 

H o p ~ a r r b ~ a ~  @ o p ~ a  o n e p a T o p o B  a H o p M m b H o e  npoa3se~e~ae  o n e p a T o p o B .  

K B ~ H T O B ~ H B ~  C K ~ ~ H O r O ,  BeKTOPHOI'O, CIIkIHOpHOrO n0nefi . 
~ ~ ~ ~ C T ~ H O B O Y H ~ I ~  @YHKIJ~IM M MX YaCTOTHbIe YaCTM. O n e p a T 0 p b 1  3HeprM&i, 

M M n y n b c a  sapx~a. 
K B ~ H T O B ~ H M ~  3JIeKTPOMaTHMTHOTO IIOJM. ~ ~ ~ ~ C T ~ H O B O Y H ~ I ~  @ Y H K ~ H H .  

n o n e p e Y H b ~ e ,  npOAOJIbHbIe  H B p e M e H H b I e  @OTOH~I.  H ~ O ~ X O A ~ I M O C T ~  BBeAeHHR 

IIpOCTpaHCTBa COCTORHMR C M H A ~ @ I . I H ~ I T H O ~ ~  M ~ T ~ H K O ~ ~ .  M~TOA KBaHTOBaHBR 

r y n ~ b ~  - Eneiinepa. K B ~ H T O B O ~  ycnome nope~qa.  Onepa~opb~ OCHOBH~IX 

A H H a M m e c K a x  n e p e M e H H b I x .  

I I p a s k ~ ~ ~ b ~ e  @YHKUBM r p k ~ ~ a  P ~ ~ J I M Y H ~ I X  nonefi M MX C B I I ~ ~  c 
XpOHOJIOrHYeCKMMM IIpOM3BeAeHHRMH n0JIeBbIX O n e p a T O p O B .  BHKOBO B A ~ ~ ~ C O H O B O  

XpOHOJIOrHYeCKHe lTpOM3BeAeHMR. OCO~~HHOCTH nePeCTaHOBOYHbIX @ Y H K ~ B ~ ~  M 

@ Y H K ~ H ~ ~  ~ P M H ~  H a  CBeTOBOM KOHyCe. n p k l ~ e ~ e ~ k l e  OIIepaTOpHbIX ~ b 1 p a x e H H f i  K 

H O P M ~ J I ~ H O ~ ~  @ o p ~ e .  Teope~a B s ~ a  Anx O ~ ~ I Y H ~ I X  n p o ~ 3 s e ~ e ~ a f i  n o n e s b I x  

o n e p a T o p o B .  

~ ~ M M J I ~ T o H M ~ H  B ~ ~ H M O A ~ ~ ~ C T B H R  PI O l l e p a T O p b I  B ~ ~ M M o ~ ~ ~ ~ c T B Y I O ~ M X  nonefi B 

pa3JIMWIbIX KapTMHaX ABkIXeHEI5I. ~ ~ ~ A C T ~ B J I ~ H M ~  B ~ ~ M M O A ~ ~ ~ C T B E I R .  O I I e p a T 0 p  

~ B O ~ I O ~ M M  a M a q a q a  p a c c e a H m  B n p e A c T a s n e H m  B ~ ~ E I M O A ~ ~ ~ C T B M R .  

P~JMTMBHCTCKM KOBapMaHTHOCTb M YHBTaPHOCTb S - M ~ T P B ~ ~ I .  Y C ~ O B M ~  
llPBYklHHOCTM. C B R 3 b  S - M ~ T P H ~ ~ I  C J I a r p a H X M a H O M  B ~ ~ M M O A ~ ~ ~ C T B ~ I I I .  J I a r p a H x l I a H b 1  

pa3JIkIYHbIX T B n O B  B ~ ~ M M O A ~ ~ ~ C T B M R  M IIPMHIJEl~bI  CMMMeTPMM. 

npeo6pa30sa~a~ IIOJIeBbIX O n e p a T O p O B  Fi BeKTOPOB COCTORHM~~ IIpEl 3aPRAOBOM 

COnpRXeHMH, BHBePCMkI IIpOCTPaHCTBa M 0 6 p a ~ e ~ s ~  BpeMeHM. C P T - T e o p e M a .  

A M ~ J ~ E I T Y A ~ I  M BePORTHOCTH lTpOqeCCOB B ~ ~ M M O A ~ ~ ~ C T B M R  YaCTHQ. 

P a c n p e ~ e n e ~ a e  K o H e s H a I x  s a c T a q ,  PoxAamuaxcx B o 6 n a c ~ ~  n e p e c e v e H m  n Y q K o B  

HaYUIbHbIX YaCTHq, no M M n y n b C a M  M AklCKPeTHbIM KBaHTOBbIM YMCJIaM. 

P ~ ~ R T M B ~ I C T C K M  MHBapMaHTHOe OITpeAeneHMe aMHJIHTYAbI PeaKIJBH. 

~ I H B ~ ~ M ~ H T H ~ I ~  @a30BbIe  o6ae~b1. 
Ynpyr0e M H e y n p y r O e  CTOJIKHOBeHkIe AByX Y a C T B q  Pi ~ ~ @ ~ K T ~ I B H ~ I ~  CeYeHHX 

3TMX IIPOqeCCOB. ~ ~ H B ~ P M ~ H T H ~ I ~  I I e p e M e H H b I e  Am AByXYaCTMYHbIX p e a ~ q k l f i  (s, t, u). 
KPOCC-CMMM~TPEIR. COOTHOLII~HH~ YHMTaPHOCTFi AnX MHBaPklaHTHbIX aMnJIkITyA 

paccerrasx. O n ~ ~ ~ e c ~ a r r .  T e o p e M a .  Ynpyroe a H e y n p y r o e  paccexme q a c T a q b 1  BO 

BHeLLIHeM CTaIJMOHaPHOM IIOJIe M ~ @ @ ~ K T E I B H ~ I ~  CeYeHMH 3TMX ~ T ~ o L ~ ( ~ c c o B .  

~ B ~ X Y ~ C T ~ I Y H ~ I ~ ~  P a C n a A .  ~ o J I H ~ R  rUMPMHa P a C I I a A a  M BPeMR XkI3HkI H ~ c T ~ ~ B J I ~ H o ~ ~  

YaCTkI9bI. 





PRA TeOPHkI ~ 0 3 M y u e H k I f i  AJIR Q Y H K ~ M M  P a C n p O C T p a H e H H R  HepeJIRTkIBHCTCKOrO 

3JIeKTpOHa B 3JIeKTPOMarHkITHOM nOJIe.  n p O I I a r a ~ 0 p  3JIeKTpOHa B kIMnYJIbCH0M 

n p e A c T a B n e H m .  I 'paQmec~ae npasma nocTpoeascr Q Y H K ~ ~ I ~ I  P a c n p o c T p a H e H m .  

P ~ J I X T M B M C T C K ~ ~ ~ I  @ Y H K ~ H H  PaCIIPOCTpaHeHHR. PRA TeOPkIkI B 0 3 M ~ u e H k I f i  AJIR 

QyHKqkIkl PaCnpOCTpaHeHElR PeJIRTHBHCTCKOrO 3JIeKTPOHa. P ~ J I R T H B ~ I C T C K M ~ ~  

nponara-rop B M M n y n b c H o M  n p e A c T a B n e H a H .  H ~ ~ e p n p e ~ a q ~ l r r  p e r u e ~ ~ i i  c 
oTp~qa~enb~of i  3 ~ e p r k 1 e i 2  no @eii~~a~y-LLIrn~enbGepry. Perue~ae YpaBHeHr-ia 

Aapa~a C I l O M O ~ b E o  ~ ~ J I R T M B M C T C K O ~ ~  @ Y H K ~ H E I  ~ P H H ~ .  A M I I J I M T ~ A ~  I I e p e X O a a  

3JIeKTPOHa k13 H a Y N I b H O r O  IIOJIOXeHMR B KOHeYHOe. n p a B H J I a  BbIWiCJIeHkIR 

B ~ ~ O R T H O C T ~ ~ ~  I IepeXOAa.  AHaI 'paMMbI @efiHMaHa.  n O ~ T p 0 e H k I e  AkIa rpaMM 

Qef iHMaHa C YYaCTkIeM QOTOHOB. n p a B k I J I a  @ e f i H M a H a  B K B ~ H T O B O ~ ~  

3JIeKTpOAFiHaMkIKe. 

3 J I e M e H ~ a p H b I e  I IpOqeCCbI  K B ~ H T O B O ~ ~  3JIeKTpOAMHaMkIKB. ~ Q @ ~ K T  
K O M ~ T O H ~ .  A M ~ J I M T ~ A ~  3JIeKTpOH - @OTOHHO~O B ~ ~ M M O A ~ ~ ~ C T B H R  B HMllYJIbCHOM 

npeACTaBJIeHkIkI. B s ~ c n e ~ k I e  BepORTHOCTll K O M ~ T O H - 3 Q Q e K T a .  ~ ~ K O H ~ I  

COXpaHeHHR 3 H e p r M H  kIMnYJIbCa. Y c p e ~ H e H k I e  H CYMMkIPOBaHHe no IIOJIRpkI3aqHRM 

HasZUIbHOrO Pi KOHeYHOrO 3JIeKTpOHa. C ~ M M H ~ O B ~ H H ~  no IIOJIRpH3aqHRM $ 0 ~ 0 ~ 0 ~ .  

f l ~ @ @ e p e ~ q ~ a s r b ~ o e  ~ Q Q ~ K T H B H O ~  C e q e H H e  K O M ~ T O H O B C K O ~ O  paccemm. 
@OpMyJIa  Knefi~a-HHrukI~b~-Ta~~a. IIoJIHo~ CeYeHMe KOMIITOHOBCKOrO 

paccexsm. Yrno~oe p a c n p e A e n e H M e  ~ e n o ~ ~ ~ p a s o s a ~ ~ b ~ x  QOTOHOB. Paccex~ae 
3JIeKTpOHOB B KYJIOHOBCKOM none. A M ~ J I H T ~ A ~  PaCCeRHkIR. B~POFITHOCT~ n e p e X O A a  

B eAI;IHMIJY BpeMeHH.  A k I q > q > e p e ~ q k I N I b ~ o e  ~ @ @ ~ K T H B H O ~  CeYeHkIe PaCCeRHkIR - 

c e s e H H e  Mona. @op~yna  PesepQopAa. 3 ~ c n e p k 1 ~ e ~ ~ m b ~ a x  n p o s e p K a  Q o p ~ y n  
Mona  H Pesep@op~a. l l p e s p a u e ~ ~ l e  ~ J I ~ K T ~ O H - ~ O ~ M T ~ O H H O ~ ~  n a p b I  B Asa Qo~oaa. 
B ~ I Y H C J I ~ H M ~  A F I @ ~ > ~ ~ ~ H ~ ~ I Z U I ~ H O ~ O  ~ Q @ ~ K T ~ I B H O ~ O  CeYeHkIR aHHkIr'klJIRIJHkl B 

CHCTeMe I J e H v a  MaCC. AkIg>QepeHqkIZUIbHOe ~ Q ~ > ~ K T H B H O ~  CeYeHkIe aHHH~kIJ IXqHH 

B CHCTeMe nOKOH 3JIeKTpOHa. @ 0 p M y J I a  A H p a ~ a  - T ~ M M ~ .  npe,I(eJI MaJlbIX 3 H e p r H f i  

n o 3 a ~ p o ~ a  - a H H a r M n x q H l s  ~ e ~ n e ~ ~ o i i  n a p b I .  B b r s H c n e ~ k I e  III~IPHHM pacnaaa 
n a p a n O 3 H T p O H H R .  Bon~osax QyHKqkIR lT03MTpOHkIR. 3 a p ~ ~ O B l i 5 I  seTHOCTb 

lI03BTPOHklR. @ O P M Y J I ~  A k l p a ~ a  - Y k I J I e p a  AJIR BpeMeHkI Xkl3HkI napan03kITpOHkIR.  

BbIsklcJIeHkIe  paAkIZ3IJklOHHbIX n O n p a B O K  X ~ ~ ~ H C O M - ~ ~ ~ ~ H O M .  C ~ ~ B H ~ H H ~  TeOpHH 

I4 3KCnepMMeHTa AJIR BpeMeHEl XkI3Hkl IIapalIO3kITpOHMR. B ~ I Y M c J I ~ H H ~  LZIHPklHM 

pacnaga O ~ T O ~ O ~ ~ T ~ O H E I R  - @op~yna  Oppa-IIay3~1na. B b I s k l c n e H k I e  

PeJIRTHBEICTCKHX ~ ~ ) @ ~ K T o B  B LUHPHHe P a C I I a A a  OPTOlT03HTpOHHR. ~ K c I I ~ ~ H M ~ H T  

r p y n n b I  T O K M ~ ~ C K O ~ O  YHkIBePCkITeTa. 

P a ~ H a q k l O ~ ~ b ~ e  IIOIIpaBKH. 

A M I I J I ~ I T ~ A ~  PaCCeRHkIR AByX YaCTkiq B K B ~ H T O B O ~ ~  3JIeKTpOAHHaMMKe. 

B ~ I ~ H c ~ ~ H H ~  o n e p a T o p a  B ~ ~ M M O A ~ ~ ~ C T B ~ X  YacTkIq  no a M n n a T y A e  paccesrasx. 
C I I ~ I H - O ~ ~ ~ I T ~ J I ~ H O ~  B ~ ~ M M O A ~ ~ ~ C T B M ~ ,  CIIHH-CIIMHOBOe ~3ak1~0,qef icTBkIe ,  

PeJUITkIBHCTCKkle I IOnpaBKH. BbIYkIcJIeHkIe O n e p a T O p a  ~ 3 a k I M 0 a e f i ~ ~ ~ k l R  B 

KOOPAkIHaTHOM npeACTaBJIeHHkl.  Y ~ ~ B H ~ H H ~  E p e f i T a .  O l T p e ~ e J I e H k I e  

n o n x p k 1 3 a q ~ i o ~ ~ o r o  o n e p a T o p a ,  M a c c o B o r o  onepa-ropa, B e p r u a H H o r o  onepa-ropa B 

K B ~ H T O B O ~ ~  3JIeKTpOAkIHaMkIKe. T o g ~ b ~ e  n P O n a r a T O P b 1  YaCTHq.  O ~ ~ P ~ T O P ~ I  n 0 J I e f i  

B r e f i 3 e ~ 6 e p r 0 ~ ~ ~ 0 ~  HpeACTaBJIeHkIkI kI npeACTaBJIeHMM B ~ ~ ~ I M O A ~ ~ ~ C T B ~ I R .  

C o o ~ ~ o r u e ~ ~ a  Term-M~HH~-noy. r p a Q ~ s e c ~ o e  n p e A c T a s n e H n e  T o r H o r o  



nponaraTopa ~ J I ~ K T ~ O H ~  H @ O T O H ~ .  Y P ~ B H ~ H M R  LLIsa~repa-Aafico~a. C ~ e n e ~ ~ o e  
pa3noxeHHe BeprunHHoro onepaTopa. B ~ I W C ~ ~ H H ~  n o n r r p ~ 3 a q ~ o ~ ~ o r o  
OnepaTOpa. COOTHOIII~HH~ YHHTaPHOCTM AnX aMnnHTynbI PaCCeXHHX. 
~ H c n e p c H o ~ ~ o e  cooTHorneHxe am n o n r r p ~ 3 a q ~ o ~ ~ o r o  onepaTopa. IIonepesaax 
CTpyKTypa nOnXpH3aqHOHHOrO TeH3Opa. M H H M ~  YaCTb IIOJIXPE13aqHOHHOTO 
onepaTopa. I I p e ~ e n b ~ b ~ e  BbIpaxeHHx nnx n o m p ~ 3 a q ~ o ~ ~ o r o  onepa-ropa. 
M o ~ H @ M K ~ ~ H x  3aKOHa Kyno~a  3a CseT nOnA'pH3aqHH BaKyyMa. ~ o T ~ H ~ H Z I J I  

YJIHHra - Cep6epa. IIoHXTH~ ~ @ @ ~ K T M B H O ~ O  3apXna. B ~ I Y H C ~ ~ H M ~  BKnaAa 
nOnIIpH3aIJHH BaKyyMa B J I ~ M ~ O B C K M ~ ~  CnBHr aTOMa BOnOPOna. TOYHO~ BbIpZDKeHHe 
AnII KYJIOHOBCKOrO IIOTeHqHl3JIa C JTeTOM nOJIXpH3aqHH BaKJJyMa. B ~ I ~ H c ~ ~ H M ~  
BKnaAa IIOnIIpH3aqHH BaKyyMa B J I ~ M ~ O B C K M ~ ~  CABHr aTOMa MIOOHHOrO BOAOPOna. 
npo6ne~a  ~ ~ M ~ O B C K O ~ O  CnBHra B aTOMe MIOOHHOrO BOnOPOna. Bb~v~cne~kle  
M H H M O ~ ~  Yacm I I O J I X ~ H ~ ~ ~ H O H H O ~ O  OnepaTopa no HHTerpany c D e i i ~ ~ a ~ a .  n p a ~ ~ n o  
MaH~enbcTaMa - K~TKOCKO~O.  Maccosb~fi OlTepaTOp B CTapIIIeM HOpRAKe TeOpHH 
~03My~eHHfi. Y J I ~ T P ~ @ B O ~ ~ T O B ~ S I  PaCXOAHMOCTb HHTerpUa. M ~ T O A ~ I  
perynxp~3aq~1.1 HHTerpanoB B e f i ~ ~ a ~ a .  B b ~ q ~ c n e ~ H e  MaccoBoro onepaTopa B 

~annGpos~e  Qpaaa --R~HHA c ~ O M O ~ ~ I O  p e r y n ~ p ~ 3 a q ~ ~  0 6 p e 3 a ~ e e ~ .  
C ~ p y ~ ~ y p a  MaccoBoro onepaTopa nocne CHXTHII perynrrpma~~-i~. 
~ e p e ~ ~ p ~ ~ p ~ ~ a ~ ~ b ~ f i  M ~ C C O B ~ I ~ ~  OnepaTOp. CBII3b MaCCOBOrO OIIepaTOpa Pi 

nponaraTopa 3 n e ~ ~ p o ~ a .  I I e p e ~ o p ~ a p o ~ ~ a  MaccbI 3 n e ~ ~ p o ~ a .  Bbrq~cne~k~e 
BepIUHHHOl70 OIIepaTOpa B CTapILIeM n0pXnKe TeOpHH ~03My~eHkifi. 
~ J I ~ K T ~ o M ~ ~ H H T H ~ I ~  @ O P M @ ~ K T O P ~ I  3neKTpOHa. 3HaYeHPie MarHHTHOTO 
@ o ~ M @ ~ K T o ~ ~  3neKTpOHa B Hyne. BbIsHcne~k~e aHOMl3JIbHOrO MarHHTHOrO 
MOMeHTa 3nHeTpOHa. n p o 6 n e ~ a  H H @ ~ ~ K ~ ~ c H ~ I X  P ~ C X O A M M O C T ~ ~ ~ .  T O X ~ ~ C T B O  
Y o p ~ a  - Ta~axarrrk~. Oop~yna  LLIsu~repa. P a c x o ~ k ~ ~ o c ~ s  H pa3~ep~a11 
perynxp~saq~x K3A. Bb~Yk~cne~~le n o n ~ p ~ 3 a q ~ o ~ ~ o r o  H MaccoBoro onepaTopa c 
nOMOLJJbIO pa3MepHofi perynXpH3aqHH. O ~ H O I I ~ T J I ~ B ~ X  IIepeHOPMHpOBKa K3A. 
ki3MepeHHe aHOMLUIbHbIX MarHMTHbIX MOMeHTOB JIenTOHOB. ~ K c I I ~ ~ H M ~ H T  no 
H3MePeHHIO aHOMaJIbHOr0 MarHHTHOrO MOMeHTa MIOOHa B ] S P Y K X ~ ~ ~ B ~ H C K O ~ ~  

H ~ ~ M o H Z ~ J I ~ H O ~ ~  na6opa~ops~ .  ~ K C ~ I ~ ~ H M ~ H T ~ ~ J I ~ H ~  IlpOBepKa K B ~ H T O B O ~ ~  

3neKTpOnHHaMHKM. B~IYHcJI~HM~ J I ~ M ~ O B C K O ~ O  CABHra yp0BHefi 3HeprMH aTOMa 
Bonopona. B o p ~ y n a  E e ~ e .  



P~JIRTHB~ICTCKO~ BOJIHOBOe YpaBHeHEle K n e f i ~ a - r O p ~ O ~ a - @ O ~ a  (KT@). 
Teopm T O H K O ~ ~  CTPYKTypbI CIIeKTpa 3HeprkIkI a T O M a  BOAOPOAa H a  OCHOBe 

YpaBHeHklX KT@. 
Y ~ ~ B H ~ H M ~  Anpa~a.  C B O ~ ~ C T B ~  MaTPMq A k 1 p a ~ a .  PeIIIeHk1e YpaBHeHHX A k l p a ~ a  

An2 CBO~OAHMX YaCTElq. COOTHOLLI~HE~~ IIOnHOTbI Pi 0PTOrOHa.JIbHOCTkI. 

A H T M Y ~ C T H ~ ~ I .  A B M X ~ H E ~ ~  AklpaKOBCKOrO 3 n e K T P O H a  B none qeHTPaJrbHbIX CHIT. 

PeIJ.IeHk1e YPaBHeHkIR A k ~ p a ~ a  B KYJIOHOBCKOM IIOTeHqIIaTIbHOM ITOJIe. @OPMYJI~  

T O H K O ~ ~  C T P Y K T ~ P ~ I  c n e K T p a  3 ~ e p r ~ 1 ~ .  
C B R ~ ~ H H ~ I ~  COCTOXHHR B K B ~ H T O B O ~ ~  3JIeKTPOAICIHaMHKe 

A M n n k 1 T y ~ a  PaCCeXHkla ABYX saCTk1q B K B ~ H T O B O ~ ~  3neKTPOAklHaMHKe. 

B b 1 s ~ c n e ~ k 1 e  o n e p a T o p a  B ~ ~ H M O A ~ ~ ~ C T B H X  sacmq no a M n n m y A e  pacceaatla. C ~ H H -  
o p 6 a ~ a ~ 1 b ~ o e  B ~ ~ M M O A ~ ~ ~ C T B H ~ ,  CnHH-Cnk1HOBOe B ~ ~ H M O A ~ ~ ~ C T B H ~ ,  pen5ITHBklCTCKkIe 

nonpaBKk1.  B b ~ ~ ~ l c n e ~ k ~ e  O n e p a T O p a  B ~ ~ H M O A ~ ~ ~ C T B ~ ~ R  B KOOPAklHaTHOM 

npeAcTaBneHHk1.  B ~ I = I H c J I ~ H ~ I ~  ~ ~ M ~ O B C K O ~ O  CABHra y p 0 B H e f i  3HePrEIH a T 0 M a  

B o A o p o A a .  mop~yna  Ee~e.  Y p a ~ ~ e ~ k ~ e  Ee~e -Conn~~epa .  AB~XY~CTHYHO- 
H e n p m o A m o e  a ~ p o .  C n e ~ T p a J r b ~ o e  n p e A c T a s n e H M e  @ ~ H K ~ H M  r p a ~ a  
B ~ ~ H M O A ~ ~ ~ C T B Y I O Q ~ ~ O  CnMHOpHOrO lTOJI5I. B b ~ s k ~ c n e ~ k ~ e  @ Y H K ~ H ~ ~  ~ P R H ~  MeTOAOM 

T e o p m  B O ~ M Y Q ~ H H ~ ~ .  Y p a ~ ~ e ~ a e  E e ~ e - C o n n ~ ~ e p a  Aria BOJIHOBO~~ aMIInMTyAb1. 

Bon~osaa @ Y H K ~ E I R  E e ~ e - C o n n ~ ~ e p a  H ee @ M ~ R Y ~ C K ~ F I  M H T e p n p e T a q x a .  Y c n o s k ~ e  

HOPMMPOBKM Ana BOJIHOBO~~ @ Y H K ~ H E I  Ee~e -Conn~~epa .  O C O ~ ~ H H O C T ~  
KOBaPkIaHTHOrO YpaBHeHRR E e T e - C o n n P i T e p a .  Mo~enb  B k ~ ~ a - K y ~ ~ o c ~ o r o .  T O Y H ~ I ~  
p e r u e H k I a  MOAenkl B k ~ ~ a - K y ~ ~ o c ~ o r o .  Y ~ ~ B H ~ H M ~  COnIIP iTepa .  Bon~osaa @ Y H K ~ E I R  

Connn~epa. H e p e n a ~ ~ ~ ~ c ~ c ~ ~ f i  npeaen y p a B H e H a a  C o n n ~ ~ e p a .  l l p e ~ e n  
y p a B H e H a a  C o n n ~ ~ e p a  B cnysae 6 e c ~ o H e r ~ o  T a x e n o r o  aapa. A s y x s a c ~ k l r ~ m  

KkIHeMaTMKa. K B a 3 1 1 1 ~ 0 ~ e ~ q k l a J r b ~ 0 e  YpaBHeHkle  J I O r y ~ O B a - T 2 i B X e n k 1 ~ 3 e .  

M C K ~ I O ~ ~ H M ~  OTHOCHTenbHOrO BpeMeHPi k13 A B Y X Y ~ C T H Y H O ~ ~  @ Y H K ~ H H  Tpk1Ha. 

M ~ T O A ~ I  IIOCTPOeHk15I O I I e p a T O p a  ~ 3 a k 1 ~ 0 ~ e f i ~ ~ B k 1 ~  YaCTklq - KBa3HIIOTeHqMaJra. 

Y C ~ O B H ~  HOPMHPOBKM ~ B a 3 ~ n O ~ e ~ q k 1 a J r b ~ 0 f i  B O ~ H O B O ~ ~  @ Y H K ~ H M .  B b ~ s k ~ c n e ~ k ~ e  

K s a 3 m o T e H q m . n a  no a M n m T y A e  pacceaam. Y p a ~ ~ e ~ t ~ e  J I ~ l n n ~ a ~ a - U l s ~ ~ r e p a .  

~ O C T ~ O ~ H H ~  KBa3MIIOTeHIl(Ma.JIa OAHO@OTOHHO~O B ~ ~ ~ I M O A ~ ~ ~ C T B E I X .  C B ~ P X T O H K ~ H  
C T p y K T y p a  OCHOBHOrO COCTORHHR MIOOHHII: BbIYkICJIeHLle nOIIpaBOK H a  OTAazIy 

A B ~ X @ O T O H H ~ I X  O ~ M ~ H H ~ I X  A H a r p a M M .  B b ~ s k ~ c n e ~ k ~ e  PaAkIaIJFiOHHbIX n O n p a B O K  B 

CBepXTOHKOM PaCIIJeIIJIeHHH C n e K T p a  3HeprMk1 ~ 0 ~ 0 p 0 ~ 0 ~ 0 ~ 0 6 ~ 0 r 0  aTOMa B 

Ka.JIH6pOBKe Q ~ H ~ ~ - ~ ~ ~ H H M .  B b ~ Y n c n e ~ a e  I I I H ~ E I H ~ I  pacnana napanosa~posan. 
Bon~osaa @ Y H K ~ H R  ~ O ~ ~ I T P O H M I I .  O ~ T O ~ O ~ H T ~ O H H ~ ~  H n a p a n o 3 ~ i ~ p o ~ ~ i i .  3apa~osaa 
YeTHOCTb n03HTpOHk1cI. @ o p M y J I a  A k l p a ~ a  - Y l l J T e p a  An2 BpeMeHkI XM3Hl-i 

n a p a n o 3 ~ ~ p o ~ a a .  B b 1 r H c n e ~ k 1 e  p a A a a q H o H H b r x  n o n p a B o K  X a p p ~ c o ~ - E p a y ~ o ~ .  
C p a B H e H k l e  TeOPklEI k1 3 K C n e p H M e H T a  An2 B p e M e H H  Xkl3HH kIaPalT03klTPOHHX. 

B b ~ s k l c n e ~ k l e  IIIHPMH~I pacnwa O ~ T O ~ O ~ H T ~ O H ~ I I I  - @ o p ~ y n a  Oppa-llay3nna. 
npo6ne~a  P a C I I a A a  O P T O ~ 0 3 H T P O H H R .  B b ~ s ~ c n e ~ ~ l e  PeJIXTkIBIlCTCKIlX ~ @ @ ~ K T O B  B 

IIIklpHHe P a C n a A a  OPTOlT0311TPOHkItI. ~ K C ~ ~ ~ M M ~ H T  lJ3ynnbI T o ~ H f i c ~ o r o  

yHklBepCk1TeTa. 3@@eKTb1 IIOJUIPk13yeMOCTkI IiApa B ~ ~ M ~ O B C K O M  CABklre H 

C B ~ ~ X T O H K O ~  CTpyfcType  aTOMa BOAOpOAa. O 6 ~ a a  C T p y K T y p a  ElMIInHTyAbI 

KOMnTOHOBCKOrO PaCCeXHklR B n e p e A  IIpOTOHa. CTPYKTYPH~I~ @ ~ H K ~ H H  JIenTOH - 
IIpOTOHHOrO paCCeRHk15I. B K ~ ~ A  llOJUIpk13yeMOCTH R A p a  B J I ~ M ~ O B C K ~ I ~ ~  CABHr. 



PaAMyC IIpOTOHa H C p a B H e H H e  TeOpeTHYeCKHX PaCYeTOB C 3KCnepHMeHTOM. 

~ o ~ I I ~ H ~ ~ ~ H o H H ~ I ~  CTPYKTYPHbIe @ Y H K ~ ~ I H  ~ J I Y ~ O K O H ~ ~ I I P Y ~ O ~ O  PaCCeIIHkIR. B K ~ A  
n o n x p ~ 3 y e ~ o c ~ ~  n p o T o H a  B c s e p x T o H K o e  pacrqenneame. P a ~ k ~ y c  3 e ~ a ~ a .  B K ~ ~ A  
~ A ~ O H H O ~ ~  lTOJIIIpkI3aqHkI B a K y y M a  B CBepXTOHKyIo CTPYKTYPY aTOMOB. C ~ ~ B H ~ H M ~  
TeOPHkI H 3KCIIepMMeHTa AnII CBepXTOHKOrO PaCIIJeIIJIeHHX MIOOHHII H aTOMa 

BOAOpOAa. MaI'HklTHbIfi MOMeHT ABYXYaCTHYHOrO CBII3aHHOI'O COCTORHHII B 

K B ~ H T O B O ~ ~  3JIeKTPOAHHaMkIKe. ~ E Z P O M ~ ~ H E I T H ~ I ~  @ ~ K T O P ~ I  C B O ~ O A H ~ I X  H CBII3aHHbIX 

JIenTOHOB. M a T p k l = % ~ b ~ e  3JIeMeHTbI JIOKaJIbHbIX OIIepaTOPOB M e X A y  CBII3aHHbIMH 

COCTOIIHEIIIMH. ITIITHTOY~YH~JI  @ Y H K ~ H I I  T p k ~ ~ a .  C n e ~ ~ p a n b ~ o e  n p e A c T a s n e H M e  

~ I R T ~ I T O Y ~ Y H O ~ ~  @ Y H K ~ M M  ~ P E I H S ~ .  M a ' r p k ~ ~ ~ b ~ i i  3JIeMeHT O n e p a T O p a  BeKTOpHOrO TOKa 

M e X A y  CBII3aHHbIMH COCTOIIHHIIMH. ~ o c T P o ~ H H ~  ABYXYaCTHYHOrO BePLUkIHHOI'O 

o n e p a T o p a  no T e o p m  ~ 0 3 ~ y r q e ~ ~ f i .  B ~ I Y H C J I ~ H H ~  n o n p a B o K  B T o p o r o  H r p e T b e r o  

llOpIIAKa lI0 ITOCTORHHO~~ T O H K O ~ ~  CTPYKTYPbI B rHPOMarHHTHbIX @ ~ K T O ~ ~ X  

CBII3aHHbIX JIenTOHOB. ~ K C ~ ~ ~ H M ~ H T ~ J I ~ H ~ I ~  A a H H b I e  no rHPOMarHHTHbIM ~ > ~ K T O P ~ M  

CBR3aHHbIX JIeIITOHOB, CpaBHeHkIe  TeOPHH H 3KCnePHMeHTa.  O n p e ~ e J I e H H e  

@ Y H A ~ M ~ H T ~ J I ~ H ~ I X  @ H ~ H Y ~ C K E I X  KOHCTaHT. 

C B R ~ ~ H H ~ I ~  COCTOIIHHII B K B ~ H T O B O ~ ~  XPOMOAHHaMHKe. 

n a I ' p a H X H a H  K B ~ H T O B O ~ ~  XPOMOAEIHaMMKH. ~ B ~ T O B ~ X  CHMMeTPHII. 

A c H M ~ T o T H Y ~ c K ~ I I  C B O ~ O A ~  B Km. Kmpanb~asr CkIMMeTPklII I4 ee ClIOHTaHHOe 

H a p y m e m e .  C o o ~ ~ o r u e ~ k ~ e  ro~-~,@jeprepa - Tpeii~ma. I I o ~ x ~ r n e  B a K y y M H o r o  

KOHAeHCaTa. ~ I H C T ~ H T O H ~ I .  ~ ~ I O O H H ~ I ~  KOHAeHCaT. O n e p a T O p H ~ e  p a 3 J I O X e H H e  

B ~ n b c o ~ a .  Ok1311~ec~mf i  CM~ICJI  o n e p a T o p H o r o  pa3noxe~arr. M ~ T O A  npamn CYMM 

KXA. B b ~ s a c n e ~ ~ e  CTeHeHHbIX I I ~ ~ T ~ ~ ~ ~ T H B H ~ I x  Pi H ~ I I ~ ~ T ~ ~ ~ ~ T H B H ~ I x  

n o n p a B o K .  l l p a s ~ n o  CYMM Anx p - ~ e 3 o ~ a .  llponara~op n e r K o r o  K s a p K a  BO 

TEOPHH IIEPEHOPMHPOBOK 
C O ~ C T B ~ H H ~ S  3 ~ e p r ~ 1 1  s n e K T p o H a .  n o ~ c s e ~  ynb~pa@mone~osb~x 

~ ~ C X O A F ~ M O C T ~ ~ ~ .  ~ e p e H 0 p ~ ~ l p y e ~ a I I  TeOpHII ~03MyLIJeHklf i .  n e p e H 0 p M ~ p 0 B K a  

ICOTEPEHTHbIE H KOOIIEPATMBHbIE HBJlEHMII 
r n a y 6 e p o ~ c ~ ~ e  K o r e p e H T H b I e  COCTOIIHHII (KC). rpynna refi3e~6epra-Befin11, ee 

npeACTaBJIeHHII H CBII3b C r n a y 6 e p O B ~ K H ~ k i  KC. KC AJIX I I ~ O H ~ B O J I ~ H O ~ ~  r p y n n b I  

JIM B c M b I c n e  A.M. Hepeno~osa. 



OCIJHJIJIRTOpa, POTaTOpa ,  a T O M a  BOAOpOAa. 

Anre6pb1, r e H e p a p y I o q H e  c n e K T p .  K B ~ H T O B ~ I ~  c a c T e M b I  c naaeiiaoii rpynnoii 
A H H ~ M H Y ~ C K O G  CBMMeTPBB B O n e p a T O p  3BOJIIOIJBkI. 

r p y n I I b 1  SO(3) H SU(2) B CBR3aHHbIe C HHMH KC. rpynIIb1 S0(2,1), SU(1,1), 
rpynna .JIope~qa M K o r e p e H T H b r e  COCTORHHR. 

Cyneprpynnb~ B cynepmre6pb1 J I B  EI C y n e p K o r e p e H T H b r e  COCTORHHR. K B ~ H T O B ~ I ~ ~  
o c s n n n x T o p  B none ~ ~ e m ~ e i i  CBJI~I .  l l a p m e ~ p ~ r e c ~ o e  ~ 0 3 6 y x ~ e ~ ~ e  
I'apMOHMYeCKOrO OCqHJIJIRTOpa. 

C ~ M H  B OAHOPOAHOM BHeIIIHeM n e p e M e H H O M  MarHHTHOM H o n e .  Ko~qenqarr 
r e o ~ e ~ p ~ s e c ~ o i i  @ m b ~  Eepp~ .  @ma E e p p ~  A n x  c n B H a  B n p e q e c c B p y m u e M  

MarHWTHOM none. @ma Aapo~osa - A H ~ H A O H ~ .  ~ ~ o M ~ T ~ I I ~ ~ c K ~ R  g>li3a AnR 

MHOrOYPOBHeBbIX aTOMOB. 

BOJlHOBbIe naKeTbI .  

K B ~ H T O B ~ X  M e X a H B K a  H @ O ~ M Z U I H ~ M  HHTW'paJIOB no TpaeKTOpHRM 

( K O H T B H ~ E U I ~ H ~ I X  M H T ~ ~ ~ Z L J I O B ) .  ~ ~ M H J I ~ T O H O B ~ I  B H T e r p a J I b I  no TpaeKTOpHRM. S- 
M a T p B q a  B TeOPHR B O ~ M Y U ~ ( ~ H M ~ ~ .  k ; ] [ ~ ~ e ~ p ~ b 1  no TpaeKTOPMRM B npeACTaBJIeHMB 

KC. C M M B O ~ ~ I  O n e p a T o p o B  H K n a c c H r e c K a x  M e x a H m a  H a  Ksneposb~x 

Teopm B O ~ M Y U ~ H B ~  B M H O ~ O ~ O T O H H ~ I ~  ITPOQeCCbI. Y p a B H e H B e  Aaiico~a H 

A H a r p a M M H a R  TeXHHKa. K B L ~ ~ H ~ H ~ ~ T B B  B MeTOAe @ Y H K ~ B %  T p H H a .  

OAHO@OTOHH~I~ p e 3 0 H a H C  B ABYXYPOBHeBOM aTOMe.  K ~ a 3 ~ 3 ~ e p r ~ ~  
B ~ I C O K O B O ~ ~ Y X A ~ H H O ~ O  a T O M a  BOAOPOAa. C A B B ~ B  II LUHPBHbI aTOMHbIX y p 0 B H e f i  B 

CBJIbHOM n a 3 e p H O M  none. O ~ ~ T H Y ~ C K ~ U I  HYTaqBR B ABYXYPOBHeBOM aTOMe. 

M~TOA YPaBHeHHR @ O K K ~ P ~  - ~ J I ~ H K ~ .  P e n a K c a q H R  3KBBAHCTaHTHbIX 

KBaHTOBbIX CHCTeM. P e n a K c a q H R  KBaHTOBOrO OCIJHnJIRTOpa, B ~ ~ B M o A ~ ~ c T B ~ I ~ I I J ~ ~ o  

C K J I ~ c c B ~ ~ c K o ~  BHeLIIHefi cHJI0fi. K B ~ H T O B ~ I ~  ~ ~ T Y x ~ E o I I J M ~ ~  OCqBnJIRTOP KaK 

MOAenb  A e T e K T O p a  ~ O T O H O B .  P e J I a ~ c a q k ~ R  CnHHOBbIX CkICTeM B ~ H C ~ M ~ J I I I  

ABYXYPOBHeBbIX aTOMOB H y p a B H e H H e  @ O K K ~ P ~  - l h 3 H K a  B npeACTaBJIeHMB KC H a  

rpynne SU(2) 
A B Y X Y ~ O B H ~ B ~ I ~ ~  aTOM BO BHeIIIHeM KJlaCCHYeCKOM none. rpynna SU(N) B 

3JIeKTPOMaTHHTHOTO n O n R  no KOrepeHTHbIM COCTORHBRM. X ~ O T H Y ~ C K M ~  H 



T e n n O B b I e  COCTORHHR. K B ~ H T O B ~ I ~  KOppeJIRqBOHHbIe @ Y H K ~ H H .  kI~ea .JIbHb1e 

AeTeKTOpbI B CKOPOCTb CYeTa  YMCJIa KBtWTOB. n 0 J I H a R  H YaCTHYHaJi 

KOrepeHTHOCTb. P a c I I p e ~ e J I e H F i e  @OTOOTCY~TOB. C X a T b I f i  CBeT kI 

KOppenMpOBaHHbIe  K O r e p e H T H b I e  COCTORHHR. r e H e p a ~ B R  H AeTeKTkIpOBaHHe 

C X a T O r O  CBeTa. K B ~ H T O B ~ I ~ ~  I I a p a ~ e T p B Y e c K B f i  YCBJIBTeJIb. 

@OTOHHZUI M O A e n b  OAHOMOAOBOrO J I a 3 e p a ,  CKOPOCTHbIe YPZiBHeHHR. 

n 0 n y ~ n a C C B ~ e C ~ a s I  TeOpBR.  K B ~ H T O B O M ~ X ~ H ~ I Y ~ C K ~ I ~  TeOpHM na3epa. Teopm 
C ~ a n n ~  - f l3~6a .  Aonoporosb~fi p e x a M .  n o s e ~ e ~ k ~ e  B b I r u e  nopora resepaqm. 
n o s e ~ e ~ ~ e  ~6na31-1 nopora, C T a T H c T m a  @OTOHOB. 

C B R 3 b  KOOnePaTBBHbIX H H e J I F i H e f i H b 1 ~  n p 0 q e C C O B .  C B e p x T e K y Y e c T b  603e - ra3a. 
M ~ T O A  KBa3HCpeAHHX Eoronm60sa. T e o p ~ ~  r ~ ~ 3 6 y p r a - f l a ~ ~ a y .  @a3osb1e 
nepeXOAb1 kI CnOHTaHHOe HaPYII IeHBe  CHMMeTpHH. 503e - ~ ~ ~ H L U T ~ ~ ~ H O B C K ~ R  

KOHAeHCaqBR. A T O M H ~ I ~  KOHAeHCaTbI B ~ T O M H ~ I ~ ~  na3ep. K B ~ H T O B ~ I ~ ~  3@@eKT 

Xonna. AHBOHH. 
3 a q e n n e H H b I e  COCTORHHR I4 ((KBaHTOBaR TeJIellOPTaqMR)) H ~ B O ~ M O X H O C T ~  

KJIOHMPOBaHHR KBaHTOBbIX COCTORHH~~.  " K B ~ H T O B ~ X  T e n e r I O p ~ a q B R " .  

3 ~ c n e p ~ ~ e ~ ~ b 1  JJafina~repa B n a p a A o K c a I 3 1 T P .  K B ~ H T O B ~ R  ~ p ~ n ~ o r p a @ m .  
K B ~ H T O B ~ I ~  BbIYBCJIeHBR. K B ~ H T O B ~ ~ I  K O p p e K q H R  01r.1~60~. C X ~ M ~  pa6o~b1 
KBaHTOBOrO KOMnbEoTepa.  A ~ ~ O ~ M T M ~ I  m0pa I4 K ~ ~ a e s a .  

@ H ~ H Y ~ C K ~ H  pea.JIH3aqMR KBaHTOBbIX KOMnbIOTePOB. ~ I O H H ~ I ~  JIOBYLUKM. 

X ~ e p H b I f i  M a ~ H M T H b I f i  p e 3 0 H a H C .  B ~ I C O K O A O ~ ~ O T H ~ I ~  KBaHTOBO-OnTMYeCKBe 

p e 3 0 H a T O p b I .  A T O M H ~ I ~  KOHAeHCaTbI. 3 @ @ e K T  , @ K o ~ ~ @ c o H ~ .  K B ~ H T O B ~ I ~  T09KB.  

K B ~ H T O B ~ R  T e O p H R  T B e p A O r O  Tens 

A ~ B a 6 a ~ B r e c ~ ~ f i  n p m q m  E o p ~ a - 3 p e ~ @ e c ~ a .  I I p o c T p a ~ c ~ s e ~ ~ a ~  peruema 
KpBCTaJmOB. 0 6 p a ~ H a s I  PeLUeTKa KpBCTaJma .  3 0 H b 1  E p H n J I I 0 3 H a .  C O ~ C T B ~ H H ~ I ~  
3HaYeHBR H C O ~ C T B ~ H H ~ I ~  @yHKqklkl O l I e p a T O p a  TpaHCJIRqBfi.  O 6 ~ q ~ e  C B O ~ ~ C T B ~  

CTaIJMOHapHbIX COCTOIIHB~~ KpHCTaJIna.  

@OHOHM B OAHOMePHOM KpHCTaJIJIe C OAHHM aTOMOM B ~ J I ~ M ~ H T ~ P H O ~ ~  

RYefiKe. @OHOHH. @OHOHM B OAHOMePHOM KpBCTaJIJIe C ABYMR aTOMaMB B 

3 n e ~ e ~ ~ a p ~ O f i  RYefiKe. AKYCTMY~CKH~ H OnTHYeCKBe @OHOHM. @ O H O H ~ I  B 

TpeXMepHOM KpBCTaJIJIe. @OHOH-@OHOHHO~ B ~ ~ ~ I M O A ~ ~ ~ C T B H ~ .  T ~ ~ ~ O ~ ~ O B O A H O C T ~ .  
IIornorqeaae s s y ~ a .  

M ~ K ~ O C K O ~ I ~ Y ~ C K ~ R  TeOPMR OnTMYeCKMX ~ 0 n e 6 a ~ H f i  B BOHHbIX KpBCTaJUIaX. 

M ~ K ~ o c K o I I B Y ~ c K ~ R  TeOpkIR lTOJIRpMTOHOB. B ~ ~ I ~ M o A ~ ~ ~ c T B I ~ ~  CBeTa  C @ O H O H ~ M H .  

O n p e ~ e n e ~ ~ e  c n e K T p a  ~ o n e 6 a ~ a f i  p e r u e T K u  c n o M o W b m  p a c c e r r H m  H ~ ~ T P O H O B .  

~ n Z l . 3 M e ~ H b I e  BOJIHbI B TBePAbIX T e n a x .  n n a 3 ~ 0 H b 1 .  C I I B H O B ~ I ~  BOsIHbI B 

@ e p p O M a r H e T B K a ~ .  M ~ T H O H ~ I .  B ~ ~ B M o A ~ ~ ~ c T B I ~ ~  MarHOHOB C @OHOH~MLI. 

T ~ ~ J I o ~ M K o c T ~  ra3a MarHOHOB.. 

~ J I ~ K T P O H  B IIePMOAkIYeCKOM H o n e  KpBCTalIJIa. n p k 1 6 n k l ~ e H ~ b I e  MeTOAbI 

BbIYHCJIeHHR OAH03JIeKTpOHHbIX COCTORHH~~. M ~ T O A  ~ @ @ ~ K T H B H O ~ ~  MaCCbI. 

~ ~ B ~ J I B X ~ H H R  n 0 Y T H  CBO~OAHMX H CBnbHO CBR3aHHbIX 3neKTPOHOB. M ~ T O A  
n c e B A o n o T e H q H u a .  Knacc~@a~aqwi T s e p A b I x  T e n  H a  o c H o s e  3 ~ e p r e ~ ~ ~ e c ~ o r o  
C n e K T p a  B X  OAH03JIeKTpOHHbIX COCTOIIHH~~. 



H e p a ~ ~ o s e c ~ a a  cTaTucTugecIcaa a u s u ~ a  
Y H C T ~ I ~  Pi CMeIIIaHHbIe KBaHTOBbIe COCTOXHBII. C T ~ T H C T ~ I Y ~ C K M ~ ~  O n e p a T O p .  

K B ~ H T O B ~ I ~  KaHOHHYeCKkIe PaCIIPeAeJIeHHII. K B ~ H T O B O ~  Y p a B H e H H e  nkIyBklJIJIII. 

kIepapxll5f BpeMeHHbIX M ~ C U T ~ ~ O B  Eoron1o60sa H COKpCiIJ.JeHHOe OnklCaHHe 

H ~ ~ ~ B H O B ~ C H O ~ ~  CkICTeMbI H a  Pa3JIllYHbIX 3 T a n a X  ee 3 B O J I I o ~ H H .  

M e ~ o g  AByXBpeMeHHbIX T e M n e p a T y p H b I X  g > y H ~ q k l f i  T P M H ~ .  B b ~ ~ k ~ c n e ~ a e  

O A H O Y ~ C T H Y H O ~ ~  @YHK~MEI :  TpFTHa. K B ~ ~ M Y ~ C T H ~ ~ I .  m e a n [ b H b I e  @epMIi-  H 603e- 
ram. M O A ~ J I ~  re83e~6epra. @ e p p o ~ a r ~ e ~ a s ~ .  M0Aenb Eapn~~a-Kynepa- 
mp~@g>epa. C B ~ ~ X ~ ~ O B O A M M O C T ~ .  

naaefiaax p e a K q a x  c a c T e M  H a  M e x a H m e c K a e  B O ~ M ~ L . ~ H M I I .  Qop~yna  Ky6o. 
@ ~ P P O M Z ~ T H B T H ~ I ~ ~  p e 3 0 H a H C .  T e M n e p a T y p H a I I  3aBkICkIMOCTb COlIPOTMBJTeHBFI 

M e T m n o B  (sa c Y e T  paccemax H a  g>oaoaax). Cna~osax p e n a K c a q m .  

M e T o A  n p o e K q H o H H o r o  o n e p a T o p a .  Y p a ~ ~ e ~ a e  IIayna. 
H ~ ~ ~ B H o B ~ c H ~ I ~ ~  C T ~ T E ~ C T ~ I Y ~ C K B ~ ~  Ol IePaTOP 3y6apesa. ~ B M X ~ H H ~  C T p e H H e M  

B ~ ~ B H O B ~ C H O ~ ~  CpeAe .  C ~ M O A ~ I ~ > @ Y ~ H S I .  
M e T o a  m K n I o s e s a r r  6 0 3 0 ~ ~ ~ ~  n e p e M e H H b I x .  Csepxasny~e~ae.  

k I 3 y ~ e ~ a e  n a K e T 0 B  CkIMBOJIbHbIX Bb1Yki~JIeHHfi:  Mathernatica, Mathcad, 
Maple. npa~.u;l*rnbI IIpOrpaMMHpOBaHkIII B C p e A e  Delphi. A H ~ J I M T ~ I Y ~ C K ~ ~ ~  p a c Y e T b I  

a M n n m y A  B n a K e T e  FeynCalc. P a c ~ e ~  ~ J I ~ M ~ H T ~ ~ H ~ I X  n p o q e c c o B  paccemm 
@OTOHOB kI 3neKTpOHOB. M O A ~ J I T I ~ I P O B ~ H H ~  IIPOXOXfCAeHkIII H e f i T p 0 ~ 0 ~  Y e p e 3  

B e q e C T B O  MeTOAOM MOHT~-Kapn0. M o ~ ~ ~ J I H ~ o B ~ H M ~  IIpOXOXAeHMII 3JIeKTPOHOB 

Y e p e 3  BeweCTBO MeTOAOM M O H T ~ - K a p J I 0 .  M O A ~ J I M ~ O B ~ H M ~  ~ 0 n e 6 a ~ H f i  B CkICTeMe 

CBFI3aHHbIX nk lHef iH0r0  kl H ~ J I B H ~ ~ ~ H o ~ o  K o J I ~ ~ ~ T ~ J I ~ H ~ I x  KOHTYPOB. 

M0,qensposa~se p a c n p o c T p a H e H a R  B o n H  H a  ~ e n ~ o f i  B o n e  a n o n y s e H a e  

y e A a H e H H a I x  B o n H .  Mogenaposa~ae ~ B O J I I O ~ ~ B  6enoro K a p n a K a .  

K s a 3 a ~ n a c c a Y e c ~ o e  KBaHTOBaHEle ~ B ~ X ~ T O M H O ~ ~  MOJIeKyJIbI. M o ~ e n k l p o s a ~ k l e  

KBaHTOBOMeXaHHYeCKOrO ABEIXeHMSI B none aHrapMOHElYeCKOr0 OC~HJIJIRTOpa.  


