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[Tocobue ocnoBaHO Ha 00sI3ATEIBLHBIX CEMHUHAPAX, ITPOBOIUMBIX aBTOPAME
JUTsT CTYJEHTOB TPEThero Kypca KadeIpbl CyNepKOMIIBIOTEPOB U KBAHTOBOI
nadopmarukn BMK MI'V. B mocobue kpaTko u3/102KeHbI 3J1eMeHTapHbIE OC-
HOBBI KBAaHTOBOI MHMOPMATHKI: (POPMATI3M U CBOMCTBA YUCTHIX U CMEITIaH-
HBIX KBAHTOBBIX COCTOSIHUI, UX IIpeo0pa3oBanus u u3Mepenus. Paccmorpena
3aIlyTAHHOCTH MKy JIByMs nojcucremamu. Ocoboe BHUMaHUE yIEI€HO Ma-
TeMaTUIeCKuM (DaKTaM, BBIXOJSIIUM 32 PAMKH ITPOIPAMMBI TEPBBIX JIBYX
kypcoB dakynbrera BMK (manmpumep, anrebpa Tenzopos, SVD-pasioxenue
marpul). [IpuBesieHbl 3a/1a4u sl CAMOCTOSITEJILHOTO PEIIeHUsT U TPUMEPBI
peIleHrs TUIOBBIX 3aJiad. Y 4eOHOoe 1mocobue MpeHA3HAYEHO JJI CTYIECHTOB
3-4 xkypcoB daxyibreta BMK MI'Y, a Takke Apyrux ecTeCTBEHHBIX U MaTe-
MaTudeckux BY30B.
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1 BBenenne

JlanHoe 1mocobre OCHOBAHO Ha ceMUHapax 110 KBaHTOBOH MHGOpMATHUKE, TIPO-
BOJIMMBIX aBTOPAMHU JIJI CTYAEHTOB TPETHEro Kypca KadeIpbl CyIepKOMITHIO-
TepoB u KBanToBoi nudopmarukn BMK MI'Y. [lenbio jannoro nocodbust ss-
JIIeTCS KPATKOe M3JI02KeHUe 0A30BbIX MOHATUN KBAHTOBOW MHMOPMATUKY, a
TakKe UX ajiredpamdecknx ocHOB. OMpee/IeHHO TPYIHOCTHIO B M3yYI€HUU
KBaHTOBOW NH(MOPMATUKH ABJISIETCA OTCYTCTBAE BO MHOTUX YHUBEPCUTETCKUX
Kypcax ajareOpbl HEKOTOPBIX pa3JiesIoB, HallpuMep TeH30poB. [Tosaromy ocoboe
BHUMAHUE YJIeJIeTCsd MaTepuaJly 10 ajredpe, He BXOJIANIEMY B 00s3aTeIbHY IO
nporpammy BMK.

[Tocobue coepxKuT 3aa4n JJisi CAMOCTOSITEJILHOTO peleHnsi. Hekoropbre
3a/Ia9M MIPEJICTABIAIOT COOOU JT0OKAa3aTebCTBA IIPOCTENITNX TEOPETUIECKUX
CBOMICTB U3y4YaeMbIX OOBEKTOB, HEKOTOPBIE YKe UMEIOT TPAKTHYECKHIT XapaK-
Tep. CiioxKHBbIE 331491 TIOMEYEHbI COOTBETCTBYIOIIUM KOJIMYECTBOM 3BE310-
1ek. Baxkuble Teopernieckue 3aja4uu, KOTOpble, 110 MHEHUIO aBTOPOB, BBI3bI-
BalOT HAaMOOJIee YaCThlie 3aTPY/IHEHNS, CHADXKEHbI yKa3aHUeM Ha, JINTePaTypy,
r7le MOKHO HAWTHU peIleHne, 0JJHAKO PEKOMEH IyeTCs TOMBITATHCS PEITUTh UX
camoctoATesibHO. OJIHON M3 BarKHBIX TIeJIell IPU PEIeHUH IPE/ICTABIEHHbIX
3a/1a4 {ABJISIETCs OCBOEHNE 0DO3HAYEHU, UCIIOJIb3YEMbIX B KBAHTOBOW nH(MOP-
MaTHUKe.

[Tocobue, Kak u 3a/1a9u, HEOOXOIUMO TPOPadATHIBATD IOC/IEI0BATE/IHHO,
T.K. OOJIBIMHCTBO MaTepuaJja CBI3aHO MEXKy CODOIl.

st 6osee riryboKOro m3ydeHus asreOpbl, UCIOJIB3YEMOIl B KBAHTOBOI
nHpOpPMATHKE, PEKOMEH IYETCsI ITPOIECTh KAKOH-T00 YIeOHUK, COIepKaIuit
pasies1, MOCBsAIIEHHBI TeH30paM, Hanpumep [1|. CunrysnspHoe pasioxeHue
MAaTPUIL U CIIOCOOBI €10 BHIYUCIEHUST XOPOIIIO U3JI0KEHbI B [2].

OcHOBHOI1 JImTepaTypoii 110 KBaHTOBOI nHMOpMaTHKe siBisttorcst: [4][5]]6].

2 JIuneitnag ajgreopa

2.1 TI'mab6epTOBO MPOCTPAHCTBO M CONPA>KEHHBIN orepa-
TOP

O tHuM U3 BaxKHEHNX O0BEKTOB KBAHTOBON WHMOPMATHKY SIBJISIETC 2UAb-
bepmoso npocmparcmeo — 0DOOIEHNE eBKJIMI0Ba IIPOCTPAHCTBA Ha OECKo-
HEYHOMEpHBIN crydail. OOBIYHO MMJIBOEPTOBO IPOCTPAHCTBO PACCMATPUBAET-
¢ B Kypce PYHKIIMOHAJIHHOTO aHa/m3a. B KHUre HaM ITOHAJ00UTCS JIUIID
KOHETHOMEPHBII C/Iydail TaKoro IpoCTpaHCTBa, M, TAKUM 00Pa30M, MbI IO
rIJILOEPTOBBIM ITPOCTPAHCTBOM OyJeM MOHMMATh KOHEYHOMEpPHOE JIMHEHHOe



IPOCTPAHCTBO (OOBIYHO KOMILJIEKCHOE) C BBEJIEHHBIM HA HEM CKAJISIPHBIM ITPO-
u3BejieHneM, obosHadaeMbiM (z,y). VIHODIA Takoe HpOoCTPaHCTBO (KOHEYHO-
MEpHOE KOMILJIEKCHOE TIPOCTPAHCTBO CO CKAJISIPHBIM TIPOU3BEICHUEM) HA3bI-
BaIOT YHUMGDPHHIM.

[Tycrs omepatop A jdeiicTByeT B rujibO€pTOBOM IpocTpaHcTBe H, Toria
conpadcernoim (AT IPMUMOBO-CONPANCENHBIM) K HEMY OIEPATOPOM HA3BI-
BaeTcs orepatop A*, Takoil 9To Jj1s JIIOOBIX JIBYX BEKTOPOB T,y € H BBITOJI-
HsIE€TCS COOTHOITIEHTE

_ *
(z, Ay) = (A"z,y).
3adava 1. Ilokaxkure, 9YTO CONPSIZKEHHBIN OIIEPATOP €/IMHCTBCHHEH.

Samevarue 2.1. Nnorga gepes A* obo3HaTaeTCsT KOMILIEKCHOE COIPSI?KEHNE,
a 5pMuTOBO conpsizkenue yepes Af. B kuure A* 0603HaYaeT SpMHUTOBO COMPS-
JKeHue.

3adava 2. Tlokaxkurte, 9TO B MATPUIHOM IPEJICTABICHUN SPMUTOBO COIIPSi-
JKeHre O3HavdaeT KOMILJIEKCHOE COIPsI?KEHNE W TPAHCIIOHUPOBAHUE.

2.2 Conpsi>keHHOe IPOCTPAHCTBO

Conpastcenrvim npocmparcmeom JuHeitnoro npocrpanctsa V' naj nojem K
HA3BIBAETCS MIPOCTPAHCTBO V™ ero JIMHEeHHbIX (DyHKIIMOHAJIOB, T.€. (DyHKIHi
f:V = K, rakux uro jjis jobbix x,y € Via € K sumosuasercs f(ax) =
af (@), f(z+y) = f(x)+ f(y).

Kazasoch Ob1, uHeitHbIX (DYHKIIMOHAJIOB 0OJIbIe, HeyKe BeKTOpoB. O1-
HAKO 9TO HE TaK:

3adaua 3. Ilycts V — KOHEUHOMEDHOE JInHEHOe TIpocTpancTBO, Toraa dim (V)
dim(V*).

3adaua 4. *Ilokazkure, 9TO yTBEpKICHUE NPEAYAYIIEH 3a1aul MOXKET HAPY-
maThCsd B OECKOHETHOM CJIyvae.

Kpowme Toro, eciin KOHETHOMEPHOE MPOCTPAHCTBO V' HUMeeT CKaJsipHOEe
[IPOM3BEICHIE, TO UMeeTCs yI00HbIH n3omopdusm mexay V u V*. T.k. stor
u3oMopu3M BazKkeH Jisl JaJlbHERIero moHnManusi, mocrpouM ero. (Hamowm-
HUM, 9TO U30MOPMU3MOM JIBYX JIMHEHHBIX ITPOCTPAHCTB HA3BIBACTCS JINHET-
HOe OMEKTUBHOE 0TOOPasKeHUe OJIHOIO TPOCTPAHCTBA B JIPYTOE. )

Paccmorpum nipousBosibabI BekTOp © € V. IloctaBum B cooTBeTCTBHE
5TOMY BeKTopy JinHeitnbiil dbyukimonan f,(y) : f.(y) = (y,x). Tenepsb Heob-
XOJIMMO MOKAa3aTh, 9T [ jioboro f € V* cymecreyer x € V @ f(y) = (y, x).
[Iycrs (€1, ea,...,6€,) — OPTOHOPMUpPOBaHHBI 6aszuc npocrpancrsa V. OyHK-
nmuoHas f B CHJIy JIMHEHHOCTU TOJHOCTBIO OIPEJIEISIeTCS CBOUM JIeHCTBUEM
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Ha GasucHbIX BeKTOpax. Ilycrs f(e;) = ¢;, Torja B KadecTBe T MOXKHO B3SITh

r=> cle;.
i

3adava 5. IlpoBepbTe, 4TO ONMCAHHOE BBIIIE COOTBETCTBHUE HAEHCTBUTE/IHLHO
ABJIAETC M30MOP(MUIMOM.

B MaTpuaHOM TIpeAcTaBIeHnN STOT U30MOPMU3M OYeHb IIPOCT: JIJI BEK-
TOpa & MBI MOYKEM PACCMaTPUBATDH €0 CONPS?KEHHBII BEKTOP ™, MATPUIHOE
YMHOKEHIE 9TOr0 BEKTOPa Ha MPOU3BOJIBHBII BeKTOp ¥y € V @ ¥y = (y,z) —
OIIpEJIe/ISIeT JTUHEHHBIH (DYHKITMOHAL.

Sameuanue 2.2. B 6eCKOHETHOMEPHBIX THIHOEPTOBBIX ITPOCTPAHCTBAX 110100~
HbIiT m30MOpdu3M Takxke cymecrsyer. O6 sToM rosoput Teopema Puccal3).

2.3 YHuTapHble U 3PMUTOBBI OIIEPATOPHI

Omnpenenenne 2.3. Oneparop U HazwBaercs ynumaphowm, ecau UU = 1.

3adava 6. lokaxure, uto U*U = [ < UU* = [ & U — obparuma u U* =
U—l
Sameuarue 2.4. CpoiicTBa 00pPATUMOCTH KBAHTOBBIX OIEPATOPOB, JTOKA3bIBA~

IoIyecs B NpeIbIIyIei 3ajiade, OyaeT urparh BaXKHYIO POJib B KBAHTOBBIX
BBIYHCJICHUAX.

yHI/ITaprIG MaTpPHUILbI O6JI&,H&IOT eme OAHNM BazKHBIM CBOMCTBOM:

3adava 7. Hokaxkure, aro ecyiu U : V' — V' — yaurapHbIit oneparop, To Jjis
aobbix x,y € Vi (x,y) = (Uzx,Uy).

[IepeunciuMm B BuJie 3318491 pa3audHble MOJE3HbIE CBOMCTBA YHUTAPHBIX
MAaTPWUIIL,.

3adavwa 8. Jokaxkute, 4TO:

1. Vaurapsbie mpeodbpa3oBaHusI COXPAHSIOT IJIMHBI BEKTOPOB U YTJIbI MEXK-
Jly HUMH, TAKUM 00OPa30M SBJISAsiCh [IOBOPOTAMHU M OTPAYKEHUSIMH.

2. YuutapHoe mpeobpa3oBaHme MePEBOIUT OJIMH OPTOHOPMUPOBAHHBIN Oa-
3UC B JIPYIrOil.

3. CobcTBeHHbIE 3HAYEHHUSI YHUTAPHON MATPHUIILI IO MOJLYJIFO PABHBI €/11-
HUIIE.

4. JlerepMUHAHT YHUTAPHOW MATPHUIILI IO MOJLY/IIO PaBEH €JINHHUIIC.

5. Crosbupl (CTPOKM) YHUTAPHOH MATPUIBI 00Pa3y0T OPTOHOPMUPOBAH-
HBII Ha3uc.

Onpepesienne 2.5. Oneparop H HasbiBaeTCsl IpMumosvim (WM camoco-
npsscernnvim), ecan H* = H.



3adaua 9. Tlokazkure, 9TO ONpeIeeHIs YHUTAPHOTO U SPMUTOBA OITEpaTOpa
MIOJIXOAT U JIJISI MATPUIHOTO TIPEICTABIEHNUS.

3adava 10. Jlokaxkure, 970 COOCTBEHHBIE 3HATEHUST SPMUTOBON MATPUIIHI Be-
IIECTBEHHBI.

O HIM 13 BayKHEHUIINX CBOMCTB SPMHUTOBBIX MATPHIL SIBJIIETCSA CNEKMPAND-

HOE Pa3A0IHCEHUE:

Teopema 2.6. Jlaa 2060t spmumosoti mampuus, H cywecmsyem pasao-
oicenue H = VDV* 2de V — ynumapnasa mampuya, a D — sewecmeennasn
Jua2oHANDHAA.

Sameuanue 2.7. T.k. coOcTBeHHBIE 3HAYEHNUS U BEKTOPa HE 3aBUCIT OT Oa-
31cCa, MO2KHO 3aME€TUTDh, 9TO Ha JuaroHaJinu D CTOAT CO6CTB€HHbIe 3HaYCHUA
MaTpunbl H, a marpura U cocTouT u3 €€ cOOCTBEHHBIX BEKTOPOB.

CaencrBue 2.8. 9pMumosv. Mampuybt UME0OM OPMOHOPMUPOSAHHBLT 6a3UC
U3 COOCMBEHHBLT BEKMOPOE.

Sameuanue 2.9. Chemayer OTMETUTD, 9TO OOJIBITUHCTBO 33144, CBA3AHHBIX C
SPMUTOBBIMU MATPUIIAMU, PEIIAETCs IPU MOMOIIU CIEKTPAJILHOI'O Pa3JIoXKe-
HUS.

2.4 Marpuuyable QYyHKINN

[Iycts mmeercs kBajpaTHas Matpuna A u QyHKIUs, IPEJICTABUMAT CBOUM

o
paznoxkenuem B psiyi Teiopa: f(x) = Y. a;z'. Torma MOXKHO ompeesnTh
i=0

£(A), xax f(z) = i’f aA'

[Ipu TakoM ompejie/ieHn OYeHb JIETKO BBIYUCIATH (DYHKIIMH OT SPMUTO-
BBIX MAaTPWUIL;

3adava 11. Ilycte H — spmMuToBa MaTpuria,

d 0

0
o |V*

0 0 d,

— ee CHeKTpaﬂbHOC paBJIO}KGHI/Ie. ﬂOKa}KI/ITe, qTO0
f(di) O 0
f(H)=V 0 . 0 %4
0 0 f(dn)
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7 =10
Badava 12. M =| —1 7 0 |, seramcants 2V,
0 0 4

Pewenue. Cobersennbie BekTopa Marpuiibl M Oymyt e; = (0,0,1), e =
(1,1,0),e3 = (1,—1,0), a coorBercrByIomue cobcrBenube 3Hadenus (4,6,8).
Yr0o06b! HOCTPOUTH YHUTAPHYO MATpHUILly U CIIEKTPAIBLHOTO PA3JIOXKeHUs, He0O-
XOJIMIMO B3sITh 3a €€ CTOJIOIBI HOpMUPOBaHHBIE COOCTBEHHBIE BeKTOpa. B nrore
TIOJTY IUM:

0 1/V2 1/V2 24 0 0 0 0 1
2 =10 1/vV2 -1/Vv2 0 20 0 0 1/vV2 1/V2
1 0 0 0 0 28 1/vV2 1/V/2 —1/V2

160 —-96 0
=| -9 160 O
0 0 16

[Ipu pemennu npeabLIyIieil 3ajadn MOYKHO HCIIOJIB30BaTh OYEBUIHBIN
npueM JJisd COKpalleHUsl BbIYUCIEHUIA:

3adavwa 13. Jlokaxkure, 910 i OJOTHO-TUATOHATIBLHON MATPUIIBI

Ay 0 0
0 A, 0
A= . .
0 O A,
f(A1)) 0 0
0 f(A2) 0
0 0 f(A)
3adava 14.
89 —48 0
M=| —48 61 0 |,
0 0 1

BBIYUCTUTD [ogs(M).
3adaua 15. * Ilpusennre npumep HespmuToBoit Marpunbl M n dyHIKIN

o0
f(x) = > a;x", nas koropwix ne cymecrsyer f(M) (T.e. cooTBeTcTBYyOMMIT
i=0

o)
psan Y a;M* me cxomures).
i=0



CJIG,HYIOH_H/IG ABeE 3a/Ja9i ITOKa3bIBalOT CBA3b MEXKJ/y YHUTAPHBIMU W 3D-
MHTOBBIMU MaTpHUIIaMU:

3adava 16. Iycrs H — spuurosa MaTpuia, Torya U = ¢! — yamrapnas.

3adavwa 17. Ilycts U — yHuTapHas MaTpuiia, TOrja CYIIECTBYET SPMUTOBA
marpuna H Takad, aro U = ¢! — yaurapnas.

3 IIpocTpaHCTBO KBAHTOBBLIX COCTOSHUIA

3.1 OcHoBHbIE TTOHATUSA TE€H30PHOI aJredphI

ILJ'IH TOT'O qTO6bI oIrmcaTb CbOpMaJII/I3M MHOT'OYaCTUYHBIX KBAHTOBBIX COCTOA-
HIi, HeOOXOINMO JIaTh OIpe/ie/IeHns] HEKOTOPBIX ITOHATHI TeH30PHOH aJred-
pbl. JLjist Jjrydniero moHUMaHUs PEKOMEHIYeTCsl IPOYeCTh COOTBETCTBYIONIMIA
pasjies1 Kakoro-jubo yuebHuka 110 ajrebpe, Hanpumep [1].

[Iepes Tem Kax mepeiiTu K opMaJIbHBIM OIPEIeIEHUSIM, CKazKeM HECKOJIb-
KO CJIOB O TOM, UTO K€ TAKOe TEeH30PhI U 3a9UeM OHU HY2KHbI. BeKTOp siBJIsieTcst
CTPOKO#1 3JIEMEHTOB, WJIH, €CJIN PACCMATPUBATH €0 MPOrPAMMHYIO peajIn3a-
IIMIO, OJIHOMEPHBIM MaccHBOM. MaTpuiia mpejactaB/isieT coOoi TabJIUILy, W
JIByMepHBIT MaccuB. Kpome TOro MaTpuilbl COOTBETCTBYIOT JIMHEHHBIM OIle-
paTopaM B KOHETHOMEPHBIX IIPOCTPAHCTBAX, T.€. OIMCHIBAIOT JIUHEHHbBIE IIpe-
o0pa3oBaHms HAJI BEKTOPAME - OOBEKTAME MEHbIIEH Pa3MEePHOCTH.

Hecioxkno mnpecraBuTh cebe TpexMepHYIO TaOJIUILY, YyTh CJI0KHEe MHO-
TOMEPHYIO, a IMOHATHE MHOI'OMEPHOI'O MaCCHBa XOPOHIO U3BECTHO U aKTHUBHO
HCITOJIb3YIOTCS B MPOrpaMMUPOBaHny. TeH30pbl KaK pa3-TaKu IMPeICTaBIISIOT
cobOoil MHOTOMEPHOE PACIIUPEHUE IOHATUS MATPHIILI (UJIH, 9T0 GoJiee TOJHO,
JIMHEHOTO orepaTopa).

[lepeitaem K bopMaIbHBIM OIPE/IEC/IEHIIM.

Onpenenenne 3.1. Ten3opHbIM TPOU3BEJICHUEM BEKTOPHBIX ITPOCTPAHCTB
V u W (obosnaugaerca V ® W) man obmum moiaem K (s KBAHTOBON WH-
bopMaTHKN BasKHBIM SIBJISETCS MOJIe KOMILJIEKCHBIX YUCET) HA3BIBAETCS BEK-
TOPHOE MPOCTPaHCTBO T BMecTe ¢ OUJIMHEHHBIM (JTMHEHHBIM 110 060UM apry-
MEHTOM) OTOOpaKEHIEM

RQ:VXW =T, (r,y) » 1Ry,
YZOBJIETBOPSIONIAM CJIEIYyIOMeMY yCaoBUIO: ecoi e; ¢ € I u f; 1 5 € J —

6asucel mpoctpancTs V' u W coorsercTBenHo, To €, ® f; i € I,j € J —
basuc mpocrpancTsa 1.
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Samevwarue 3.2. BaxkHO MOHUMATH, 9TO 3alUCh T ® Yy 000O3HAYAET HE TAPY
BEKTOPOB, & OAUH BeKTOp npocTpanctsa 1. A mapa BeKTopos (x,y) sBJIseTCst
JIMIIB ero 1poobpa3oM. BekTop = ® y HAa3bIBAIOT TEH30PHBIM IIPOU3BEIEHUEM
BEKTOPOB T 1 .

3adaua 18. Ilycts smuHeitHoe pocTpancTBo V' nmeer 6asuc (a, b, ), a guHeil-
Hoe rpoctpancTBo W Gasuc (d, e). Kakos 6asuc npocrpancrea V @ W7

3adawa 19. Ilycrs KoHeuHoMepHbIe mpocTpancTBa V' u W Hax obmmM 1mo-
JIEM UMEIOT Pa3MepHOCTH 1 U 1. COOTBETCTBeHHO. KakoBa pasMepHOCTb WX
TEH30PHOIO IPOU3BEIEHNUST !

BakHO MOMHHUTDL, UTO €CJIM OmpeeIeHne JIMHEHHOW aaredpbl OMUpaeTCs
Ha KakKoi-Iub0o 6a3uc IMPOCTPAHCTBA, TO OHO JIOJIZKHO OBITH HE3aBUCUMO OT
3TOro Hasuca:

3adava 20. dokazarsb, uro Omnp. 3.1 He 3aBUCHT OT BBIOOpa 0A3UCOB IPO-
crpancts V u W.[1]

Tak:ke BaxKHa CIMHCTBECHHOCTDL OIIpEAEJICHUA:

3adaua 21. JokazaThb, 9TO I ABYX TEH30PHBIX IIPOU3BEICHUIT IPOCTPAHCTB
VauW (T),®1), (Tr,®,) uMeercs enuHCTBeHHBIT n3oMopdusMm ¢ : 17 — T,
yAoBIeTBOpsTIoNuil yeaosuo ¥(r ®1 y) = (r Qg y), 1is a0bbix € V,y €
W.[1]

Vkazanue. /I1g pernenns 3a1a49u HEOOXOAMMO BCIIOMHUTD, 9TO TAKOE U30-
MOp(QU3M, IIOCTPOUTH TPUBUAJILHBI M30MOP(U3M, YIOBJIETBOPSIONIMIT Tpe-
OyeMOMy yCJIOBHUIO Ha 0A3UCHBIX BEKTOPAX, U MCIOJb30BATH CBOMCTBO OWJIM-
HEeHOCTY TEH30PHOIO IPOU3BEICHNUS.

Tax Kak TeH30pHOE IIPOU3BEICHNE eIUHCTBEHHO, Mbl MOYXKEM pacCMaTpU-
BaTh MMEHHO TO, KOTOPOE CTPOUTCS B CAMOM OIIpeie/IeHn. A NMEHHO, B Ka-
JecTBe TEH30PHOIO Ipou3BejieHus mpocTpaHcTB V u W MBI MOXKeM B34Tb
JHeitnoe mpocrpancTso 1 ¢ 6asucoM e; ® f; 1 oTobparkeHue, 3ajJaBaeMoe
Ha GasucHbIX BekTOpax (e;, f;) — e; @ f;. Ha ocrampHbIX BekTOpax mail-
HOe 0TODparKeHre CTPOUTCs U3 CBoicTBa OmanHeiHOCTH. OOBIYHO B Ka4eCTBe
TEH30PHOI'O IIPOU3BEIEHUs IIPOCTPAHCTB PACCMATPUBAIOT MMEHHO TAKOe I10-
CTpOeHWe, TIPU ITOM He yKa3bIBas SBHO OMJIMHEHHOEe OTOOpaskeHre, a BMECTO
9TOr0 OIUCKHIBas IPaBUJIa OOPAIIEHUS CO 3HAKOM TEH30PHOI'O IIPOU3BEICHIS
"®": aucTpuOYTUBHOCTH OTHOCUTEIBHO CJIOKEHUsI U BBIHECEHHE YHCJIOBOIO
MHOXKHUTeIsA. BaXKHO HOMHUTEH 00 OTCYTCTBAN KOMMYTATUBHOCTH. MBI TakKe
OyIeM UCIIOIBL30BATh Jlajiee TaKyH KOHCTPYKIIHIO.

IIpumep 3.3. PaccMorpuM jBa JIMHEHHBIX ITPOCTPAHCTBA HAJL MOJIEM JIeii-
CTBUTEJIbHBIX YHCET: MPOCTpaHcTBO V' ¢ 6asmcom (vq, vy) u npoctpancTso W
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¢ 6azucom (wy, wy, w3). Torma ux TenzopHoe npouseeenue V @ W Gyser 1e-
CTUMEPHBIM IIPOCTPAHCTBOM € DA3MCOM (v1 R wy, V1 QWa, V1 Q@ W3, Vo Q W1, V2 K
W, Vg @ wg). JI1060it BEKTOP 9TOr0 MPOCTPaHCTBA Oy/IeT UMETh BU/I

2 3
=) it @wj =
i=17=1 (1>
a11V1 Q@ W1 + Qa1 ® Wwo + 3V Q Wi+

F01U2 @ W1 + Qraa¥s & Wa + a3V @ W3,

Q5 € R.

Tak>ke MOXKHO paccMaTpUBaTh U IPOU3BOJIbHBIE BEKTOPA BUJIA T ® Y U UX
JINHEeTHbIe KOMOMHAITNY, IIPU 9TOM OIIEPUPYS CO 3HAKOM TEH30PHOTO IIPOU3Be-
JeHunsd TakK>Ke, KakK C O6bI“IHbIM YMHOXKEHUEM, UCKJII09ad KOMMYTAaTUBHOCTD.
Takue BeKTOpa JIErKO 3alUCATh B BUJIE 3.3, HAIIPUMED:

(31)1 -+ 41]2) (24 (5U)1 —+ 611)3) — V2 (24 V3 =

= 1501 ® wy + 18v; ® w3 + 2009 ® wy + 23v9 ® ws.

B cuny accommaTUBHOCTH OIpeJiesIeHNsT TEH30PHOTO ITPOM3BEJIEHUd, T.€.
(URV)@W uzomopduo UR(VRW'), MOXKHO paccMaTpUBaTh TEH30PHBIE ITPO-
U3BEJIEHHS JTI000T0 KOHEYHOTo 1ncjia npocrpacts Vi @ Vo ® ... ® V,. Bax-
HBIMY 3JIEMEHTAMU BEKTOPOB TAKOT'O IPOCTPAHCTBA SIBJISIOTCS BEKTOPA, TTPEJI-
CTaBUMbIE B BUJIE

T1RL2 X ... R0 T, (2)

Takue BeKTOpa UMEIOT Pa3/JINnIHbIe HAZBAHU: PA3A0ACUMDLE, CENAPAOENDLHDIE,
Monomol. B KBaHTOBO# mMH(MOPMATUKE COCTOSIHUS, COOTBETCTBYIOIINE ITUM
BEKTOPaM, HA3bIBAIOTCH He3anymannvmu. 1loapodHee 3amyTaHHOCTD KBaH-
TOBBIX COCTOSIHUIT OyJIeT pacCMOTpeHa B COOTBETCTBYIOINIEM Iaparpade.

3adava 22. IlpuBeaure npuMep HEPa3J/IOKUMOTO BEKTOPA, /I TEH30PHOIO
npou3BejieHusd mpocTpancts u3 [pumepa 3.3.

3.2 TenzopHoe mpousBegeHNE OIIEPATOPOB.

OmnpeiesiuM TEH30pHOE MPOU3BEJCHNE JTMHEHHBIX onepaTopoB. llycTs manbt
JiBa JuHENHbIX npocTpancrBa V' u W najg obmmuM mosiem ¢ 6a3ucamu e; u
fj. TemsopubiM npoussenennem omeparopoB A : V. — Vu B : W — W
HA3bIBAETCs JINHEITHBIN orteparop AR B : VW — VW, onpejie/ieHHbI Ha
Oa3HCHBIX BEKTOPAX eCTeCTBeHHBIM 00pazoM: (AR B)(e;® f;) = (Ae;) @ (Bf;).
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3adava 23. JlokaxknuTe, 9TO JAaHHOE BBHIIIE OMpPeIesIeHne TOIXOAUT 10, (Pop-
MaJibHOe onpejiesenue 3.1 Jist HpOCTPaHCTB JinHeHHbIX onepaTopos. (Heob-
XOJIMMO TIOCTPOUTH COOTBETCTBYIOIINE OMINHENHOE 0TOOparKEHNMeE. )

3adava 24. IlycTs B 1aHHOM BbIIIe OIpeJie/IeHuH B Oa3ucax e; 1 f; onepaTopbl
A u B umetor marpurpst {a;;} u {b;;} coorsercrBenno. Kax OyeT BHIVIAIETH
Marpuiia oneparopa A ® B B 6asuce e; ® f; (TeH30pHOE IPOU3BEEHNE MAT-
puIy).

Badawa 25. Haiitu tr(A ® B).

Badava 26. ** Haiitu det(A ® B).

Badaua 27. *Marpuna oneparopa Ajgamapa UMeeT BH/I

(1)

Haiture dopmyity mia (i,j)-ro saementa marpunpl H*" = H® ... Q H .
——
n

Badava 28. Ecin obe marpunsr A n B: a) yHuTapHB 6) SPMUTOBBI B) HOJIO-
JKUTEJIBLHO OIpejiesieHbl, To 1 Marpuria A ® B obsajaer TeM xKe CBOfCTBOM.

3.3 0Ob6ozHnauenns /lupaxa.

st paboThl ¢ TeH30paMu B KBAHTOBON MeXaHHKe, U OCOOEHHO B KBAHTO-
BOIT nH(MOPMAaTHUKE, IMPUHATHI YI00HBIE 0003HaUYeHNsT — 0bo3HavdeHus /lupaka.
[Iycth numeercst ruibOepTOBO JIMHEHTHOE TPOCTPAHCTBO V, T.€. IIPOCTPAHCTBO
CO CKaJISTPHBIM TIPOU3BEIEHNEeM, BO3MOXKHO OeCKOHEeTHOMepHOe. B Harei Kau-
re Mbl OPPaAHIUYUMCS KOHEYHOMEPHBIMU IIPOCTPpaHCTBaMu. Byiem obo3HavaTh
BeKTOpa u3 mpocrpancrBa V' kak |r) ("ker-BekTop'"), a coOTBETCTBYIOIIIE
(cm. maparpad 2.2) BeKTOpa M3 CONPSZKEHHOIO IpocTpaHcTBa V* Kak (z]
(6pa-BekTOp). B KOHEUHOMEPHOM MPOCTPAHCTBE 9TO OYeT COOTBETCTBOBATH
OOBITHOMY CONpsiZKeHUIo BekTopa. Takum obpasom (z||y) - Gymer obosnavarsh
CKaJIsIpHOe TipousBeierne. JIjist mpocToThl OJIHY U3 JIBYX CPEJIHUX YePT OIIyC-
KAIOT U 3aIUChIBAIOT (T|y).

IIpumep 3.4. Paccmorpum TpexmepHOe MPOCTPAHCTBO ¢ OPTOHOPMUPOBAH-
ubIM 6aszucoMm |[1),]2), |3). Torma s1r060it BEKTOP POCTPAHCTBA MOYKHO 3aIlH-
carb Kak |v) = x|1) +y|2)+2|3), a yciaoBue OPTOHOPMUPOBAHHOCTH BBILVISIIHT
caegyonmm obpasom: (i]j) = 0;;.

Teneps pacemorpum rpocrpanctBo V ® ... ® V. Torma 6a3ucom 3T0r0
—_————

P
pocTpaHcTBa OyiayT BeKTopa |i1) ® |ig) ® ... & |i,). i BeKTOPOB Takoro
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pocTpaHcTBa obo3HadeHus Jlupaka JIOMycKaeT ele OJfHO YIIPOIIEHUE: BeK-
Topa Buja |i1) ® |iz) ® ... & |i,) MOXKHO 3amUChIBATL B BUJIE |i1)|is) ... |iy)
Wi Jaxe |iyiy . ..10,). T.e. MOXKHO yOupaTh 3HAK TEH30PHOI'O ITPOM3BEICHIsI
U KOHCTDYKIIMIO )|, €CJIM 9TO He MeIaeT YUTaeMOCTH U He MPOU3BOIUT IIyTa-
HUIIBI, YTO K KAKOMY HPOCTPAHCTBY OTHOCHUTCsI (T.K. 3HAK TEH30PHOTO IIPO-
U3BEJIEHNs BEKTOPOB HEKOMMYTATHBEH). B HEKOTOPBIX CIydasXx MOXKHO JIJIst
YUTAEMOCTH OTJIEJISITh UHIEKCHI 3alsIThIMU: |11, 19, . . ., ipy)-

3.4 Tensopnl.
[Iycts V' — n-MepHOE BEKTOPHOE IIPOCTPAHCTBO HaJ mojgeM K.

Omnpenenenne 3.5. [IpocrpancTso

TPV)=V®..0VeV'®..eV"

~
q

p

HA3BIBACTCSL TIPOCTPAHCTBOM Tenzopos Tuma (p,q) ma V. TY(V) nomaramor
paBHBIM K.

3adava 29. Kakosa pasmepnocts TP (V')?

BazkubiM mpuMepoM, KOTOPBI ellle HA pa3 BCTPETUTCH HaM B KHUTE SBJIs-
eTcst IpocTpaHcTBO TeH30pos Tuna (1,1). Yuraresnb yxke MoxkeT j10rajaThes,
YTO 9TO MPOCTPAHCTBO MIPEJICTABJISET COOOI ITPOCTPAHCTBO JTUHEHHBIX Oepa-
TOpOB, JeficTBytonmux B V. U neficTBUTEIbHO, KaXKJIbIil 9JIEMEHT TTPOCTPaH-
CTBa MpeJICTaB/IgeT COOON JTMHEHHYI0 KOMOMHAIMIO 3JIEeMEHTOB Buja = & ),
riae a(.) — JimHeiHbIN dyHKIMoHal, aelictBytomuii B V. Eciu nojeiicrBoBaTh
TaKOoil KOHCTPYKIIHEN Ha BEKTOP Yy mpocrpancTsa V' mosydnm x ® a(y) = kx,
riae k — 9JIeMEHT I10JIsL.

Eciu mpocTpaHCTBO THIBOEPTOBO, TO SKBUBAJIEHTHOCTH TeH30poB (1,1)
orniepaTopaM yBHETDH eme mpoire. [Iycrs V' — runbbepToBo n-mepHoe mpo-
CTPAHCTBO € OPTOHOPMUPOBaHHBIM Gasucom ([1),]2),. .., |n)). IIpocrpancTio
Tenzopos (1,1) - sTo npocrpancreo T} = V®V*. Basuc npocrpancrsa V* Gy-

n
ner ((1],(2],...,(n]). O6uwmit Bux cocrosaus us T} 6yxer M = > a;;|i){j]|.
ij=1
[Momeiicteyem M Ha Kakoe-1ub0 6asucHoe cocrosnue |k)
n n
MIE) = 37 gl lk) = 3 auli

ij=1 i
Kak mozkno Bujiers M — nmuneiinstit oneparop. IIpuyem marpumna m;; onepa-
topa M Oynmer umers smementst my;; = (i|M|7) = ai;.

n
T.e. 3ammcn ) a;;]i)(j| MOKHO paccMaTpUBATL KaK MaTPHILY.
ig=1
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3adaya 30. Kak B qupakoBcKux 0003HaUEHUSAX Oy/I€T BHITJISIIETH THATOHA b
Hasi MaTpuia?

IIpumep 3.6. PaccmorpuM mpocrpanctso R? co cTaHIapTHBIM CKaJIAPHBIM
pOM3BE/IeHIeM ¢ opToHOpMEpoBaHHbIM OasucoMm (|0), |1)). Bekrop |0) Gymer

COOTBETCTBOBATh BEKTOPY ( (1) ) , a BekTOp |1) BeKTOpY 2

Paccmorpum maTpuiry

1 BEKTOD

Torna

- (2).

Terneps B JlupakoBcKux 0003HATEHUSIX:
Muv = (|0)(0]4+3]1)(0]4+4]1)(1])(2]0)+5]1)) = 2|0)+6|1)+20|1) = 2|0)+26|1).

KaK MbI BUJIHWM, BbIYUCJIEHUA 9KBUBaJICHTHBI. Hepe,ZLKO JazKe B ManI/I'-I—
HBIX CJIydasX JJIsd Pa3peKeHHbIX MaTPUIL yJI00Hee MCIIOJIb30BaTh JIUPAKOB-
ckue 0003HAYCHUS.

3adava 31. IlpousBecTu Takue ke BbIMUC/IEHUsI, KAK B IIPEJIBLIYIIEM ITPUMEDE

100 2 1
0000 p
ara M=1"0 5 00 |""7| 3
300 4 4

Ormmmiem 60J1ee TOYHO TTPOU3BOAUMBIE HaMu omntepariun. PaceMoTpum 0To0-
~1
axkeame TP — TP || 3amaBaeMoe Ha Pa3JIOKMMBIX BEKTOPaxX Kak
q q—1>

T1RT2X...0 T, Qa1 Qg ® ... qyq —

= (T,)T1 QX2 ® ... QT 1 RV ® ... Q Q1.

Takoe oTobpazkeHrne Ha3bIBAETCS CBEPTKOW, OYEBHJIHO, UTO OHO JIMHEITHO.
Mo2KHO TTPOU3BOJUTL CBEPTKY HE TOJBKO IO TOCEJIHUM, HO U MO JIH0OOM
JIpyroii ape npoctpancTB. Korjia Mbl jieficTByeM 371eMEHTOM ITPOCTPAHCTBA
V ® V* na snement npocrpancTsa V' Mbl cHavdaja «IIPUKPEILIeMy ero Ipu
MIOMOIIU T€H30PHOTO TPOU3BE/IEHNsI, & 3aTeM IIPOU3BO/IUM CBEpTKY. B cBs3u
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C IPOU3BOJILHBIM BBIGOPOM IAphl IIPOCTPAHCTB JIJisl CBEPTKHU 1IpHU paboTe co
CJIOKHBIMU BBIPAYKEHUSIMU B KeT-Opa 0003HAYEHUSIX BAYKHO MOMHHUTH, UTO U
C 9eM MbI XOTUM CBOpauuBaTh. [l03TOMY 9acTo y106HO MHIEKCHPOBATD IIPO-
crpancrsa, nanpumep: (|z),(0[,]0), + |y}, (1],]1),)|1), - BekTOp U3 MPOCTPAH-
crea Tj. IIpoussesem cBepTKy 10 2 1 4 IpocTpaHcTBAM | IOLyIuM |y), |1),.
Bo MHOrmx ciydasix HalmcaHue WHJEKCOB JIOBOJBHO YJOOHO ¥, HAIIPUMED,
[O3BOJISIET [IEPECTABJISITH IPOCTPAHCTBA MECTAMU.

3adava 32. IlpousBenure CBEPTKY B ONMMCAHHOM BBIIIIE TIPUMEPE IO TPOCTPAH-
cTBaM 2 1 3.

3adava 33. Kakoit BeKTOp Oy/ieT sBIATHCS CBEPTKOi

(10),10), + [1),]1)5) ((O[5(0], + (1]5(1],) € T3
o 1 u 4 npocrpancrBamM. KakoMy IpocTpaHCTBY OY/IeT NPUHA/IEKATD ITOT

BekTop? Ilpomssejure cBEPTKY 1O BCEM OCTABIIUMCH BO3MOXKHBIM Iapam
IIPOCTPAHCTB.

3.5 MHOrokKyanTHble KBAHTOBbIE COCTOSTHUS
Kybur

B ocnose mpuniuna paboThl KBAHTOBOTO KOMIIBLIOTEPA JICXKHUT TIOHITHE KY-
6um (qubit). Tepmun mporcxoUT OT MPOU3HOIIEHHsT «(-bit», COKpaIeHus OT
quantum bit. Kyour - maremarmdaeckoe mpeicTaBiieHne IBYXyPOBHEBOI KBaH-
ToBOM cucreMbl. CocTosiHne KybuTa - HODMUPOBAHHBII BEKTOP B I'UIBEOEPTO-
BoM 1ipoctpancTse H = C? co cTangapTHBIM CKaJIgpPHLIM Ipou3BeaeHneM. B
KadecTBe Oasuca Ipu ONMUCAHUU KyOuTa OepeTcs OpTOHOPMUPOBAHHBIN Oa3uc
(|0, ]1)). Takum obpazom cocTosiHEe KyOUTa - 9TO HOPMUPOBAHHASI CYTIEPIIO-
sunust 6a3ucHbIX cocTosnumit: 1) = cg|0) + ¢1|1), [co|? + |c1|* = 1. Komuieke-
Hble KO3 MUIMEHTHI ¢ U ¢ HA3BIBAIOTCA amniumydamu. BozsMoKHOCTD Ha-
XOXKJIEHUS B CYTIEPIIO3UINY ABJISETCS MEPBBIM (DYHIAMEHTATbHBIM OTININEM
KyOuTa OT KJIACCUIECKOro OuTa, OJTHaKO, OIEPAIIH JIJIsi PADOTHI C 3TOM CyIiep-
[o3uiirell UMEIT BecbMa cepbe3Hble orpanudenus. OCHOBHOE OrpaHUYEHUE
COCTOUT B OTCYTCTBHH JOCTYIIa K CAMUM aMILIuTyaM. Ham gocTyIHb! b
ompejiesIeHHbIe TTPpeodpa3oBaHns KyOuTa, KOTOPhIE OY/IyT OIUCAHBI HUXKE, &
Takke u3mepenus. [logpobaee 06 n3MepeHusx Oy/ieT pacckazaHo B pasjelie
4, ceityac »Ke IPUBEJIEM INPOCTEHINNIT, HO B TOXKE BPeMdA U CaMbIil BaKHBII
[pUMED U3MEPEHMUsI, OIMMCHIBEMbIl TAK HA3BIBAEMbBIM Npasu.iom Bopha.

ITpaBuso Bopua mis Kyoura

Pesynprarom mamepenusi kybuta [10) = ¢y|0) + ¢1|1) aBagercs ogHO uU3 ero
6azucibix cocroguuit (T.e. |0) min |1)), TprdeM BBIOOP ITOrO COCTOSTHUSA CO-
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BEPIIEHHO CJIy9YaeH. BeposiTHOCTU BbINA/IEHNsI PDABHBI KBajpaTaM MOJLyJIeil
coorserctByiomux amntyr: p(|0)) = |col?, p(|1)) = |e1|*. Kpaiine Bazknbiv
SIBJIIETCS TOT (bAKT, 4TO KBAHTOBOE M3MEPEHHE HEe TOJBKO JIAeT HEKOTODDIIl
OTBET, HO U MEHSIeT CAMO KBAHTOBOE COCTOsIHUE, & UMEHHO IEPEBOJUT €ro B
COOTBETCTBYIONIH pe3y/abTarT u3MepeHus. T.e. 10cje U3MEPEeHns BO3MOXKHBI
JIBE AJIbTePHATHBBL:

1. Mot noyuaem orBer «0» ¢ BeposTHOCcTBIO p(|0)) = ||, U IIPU 3TOM
KyOuT nepexogut B cocrosiuue |0).
2. Mur mostygaem orser «1» ¢ Bepoarnoctnio p(|1)) = |¢|?, u npu sToM

KyOHUT TIepexojuT B cocTosHue |1).
BamMeTnM, 9TO ITPU PACCMOTPEHUU OTBETa M3MEPEHUs KaK INCTIa, Pe3yJIb-
TaT U3MEPEHUd MOXKHO CUUTATh CJIy4YalHONW BEJIMYUHON.

Ilepexon Kk MHOruM KyouTam

Eme 6o/tee cepbe3HbiM pazndne ¢ KJIACCUIeCKUMU OUTaMH CTAHOBUTCA IIPH

Imepexoae K HeCKOJIbKUM Ky6I/ITaM7 COCTOdHNE KOTOPBIX JIE2KUT y2Ke HE B JIe-

KapTOBOM, a B TEH30PHOM IPOU3BE/IEHUH ITPOCTPAHCTB KyouToB. T.e. cocTos-

Hue N-KyOUTOB — HOPMUPOBAHHLIN BEKTOP B ipocTpancTe H*" = HQ H ... ® H.
~

n
CHG,ZLCTBI/IGM 9TOIr0 yAUBUTEJILHOT'O (baKTa ABJIACTCA SKCHOHGHHHaJIbeIﬁ

POCT Pa3sMEepHOCTU MPOCTPAHCTBA COCTOSHUI B 3aBUCHMOCTH OT YUC/Ia KyOu-
ToB (cM. Bagady 19).
Nrak, 6a3ucHble COCTOAHUS ITPOCTPAHCTBA N KyOMTOB UMEIOT B/

li1) @ |ig) @ ... ® |in)

WJIH, 9TO HPOIIE |i1ds . . . 1,), e i; € {0,1}. Takoit 6a3uc HA3LIBAIOT BLIMHC-
JINTEJILHBIM.
A obmumit Bui MHOTOKYOUTHOT'O COCTOAHUS OYyJIeT:

1

|w> = Z ailig...in’illé .- -in>,

11,02,...,in=0

1

) = Z |@iyiy.in | = 1.

11,82, rin=0

[To anasioruu ¢ KybuToM 9acTo UCHOJIb3yeTCsd TEPMUH Kydum - d-ypoBHEBas
KBaHTOBag cucreMa. CoCTOAHNS Ky/IUTa — HOPMUPOBAHHBIE BEKTOPA B IIPO-
crpanctee C?. BoramciurebHbI OPTOHOPMUPOBAHHBI 6a3uc 0603HAYAIOT
gepes [0),]1),...,|n—1) wm |1),|2),...,|n). TpexypoBHEBBIE U HYETHIPEX-
YPOBHEBBIE CHCTEMBI HA3bIBAIOT KyTPUT U KyKBapPT COOTBETCTBEHHO.
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JLnst conocTaBieHnsi ¢ OOBITHON 3AITMCHIO BEKTOPOB MCIIOJIB3YETCs JIEKCH-
KorpaduIecKuil mopsiJIOK, T.e. OOBIUHBIE BEKTOPA YIIOPSI0UCHDI

(1,0,...,0),
(0,1,...,0),
0,0,...,1),

& COOTBETCTBYIOIIUII MM TOPSAJOK MHOIOKYJIUTHOrO (MJIM MHOTOKYGUTHOTO)
COCTOsIHUS 3aJ1aeTcs JeKcukorpaduiaecku. /s KyTputos ¢ 6aszucom

10),[1),12)
Oa3uCHbIE BEKTOPA OY/IyT YIOPsI0OUEHbI TAK:
|000), [001), |002), |010), ..., |222).

Kak MOKHO 3aMeTuTh, ecyiu 6azuc mymepyercd ¢ |0), TO mpu JieKCH-
KOrpauvIecKoM TOPsIIKe YUCJI0 BHYTpU OA3MCHOIO KeT-BEeKTOpa — 3TO d-
WYHOE IIpeJICTaB/JIeHUE MOPSJIKOBOI'O HOMEPa ITOI0 BEKTOPA ILIIOC €IUHUIIA.

B cBasu ¢ sTM cocTostHME cmcTeMbl N KyOMTOB MHOIJA 3AIlUCBIBAIOT KaK
2n—1
[y = > i), mogpasymesast o i ero JIBOMYIHOE IIPEJICTABJICHHE.
i=0
Jlekcukorpaduieckoro npasuia CTOUT IPUIECPKUBATLCI U B CIydae CU-
CTeMBI KYJUTOB C PA3HBIMU Pa3MEPHOCTAMHU.

ITpumep 3.7. Herbipexkyburnoe 6a3ucHoe cocrosiame |0101) Gymer cooTBet-
creoBath BekTopy (0,0,...,1,....0) quusl 16 ¢ exnauneit va 4 +1+1 = 6
HOBUIINN.

3adava 34. PaccMOTpUM IPOCTPAHCTBO TPEX KYJIUTOB Pa3HbIX pa3sMepHOCTel
C% @ C! @ C'2. Kakomy BeKTOpy OyJeT COOTBETCTBOBATL GA3UCHLIN BEKTOD
|607)? KakoMmy COCTOSIHUIO TPEXKY/IUTHON CHCTEMBI OYIE€T COOTBETCTBOBATH
BeKTOp, y Koroporo Ha 11, 125 n 531 mosunugax crout 1/ \/§, a B OCTaJIbHBIX
MO3UTIAAX HYJTU !

3adawa 35. PaccMoTpuM POCTPAHCTBO N - KYJUTOB Pa3HBIX Pa3MEPHOCTE
Ch@C® ... Ci . KakoMmy BeKTOPY OYIET COOTBETCTBOBATEL OA3UCHDBII BEKTOD
laray . .. a,)?

Badava 36. Hansl cocrosmus |1g) = |0), [¢) = 1(0) — i‘/7§|1>, [1a) = 3]0) +
|1). Hatitu (doldbr), (drlda), (Yolda).

3adava 37. 3ammcarh COCTOAHMSI M3 HPOILIONH 3ajadn B Oasmce Amamapa:

0) = 4 (10) + 1), 1) = 55(10) — [1)).
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HpaBI/I.TIO BopHa AJIsI MHOT'OKY/IUTHBIX COCTOSTHUIA

[Ipasusio Bopua ecrectBennbiM obOpazoMm paboTaeT u Jijisd OOJIBIIErO YHC/Ia
KyOUTOB, U JJIsI YBEJIMUYUHHONU pasmepHocTu. [Ipn m3mepenun cocrosnus

d

|¢> = Z ailig...in’iliz .- -in>,

11,02,...,in=1

B KQUeCTBE OTBETA Mbl [IOJIy4aeM CTPOKY <1y . . . ip» C BEPOATHOCTDIO | ;4. 4. |%,
COCTOSTHHE YK€ MHOTOKYOUTHOI CHCTEMBI IIPU TAKOM UCXOJIE CTAHET |1y . . . iy,).

3.6 IIpeobGpazoBaHNsT KBAHTOBBIX COCTOSIHUI

Haji KBAaHTOBBIME COCTOAHUSMU, OIMUCAHHBIMU BBIIIE, MOYKHO ITPOU3BO/IATDH
YHUATapHbIE IIpeoOpa3oBaHusd. Y HITAPHOCTh TapaHTUPYeT UTO MbI HE Hapy-
UM yCJIOBAE€ HOPMUPOBKH.

[IpeobpazoBannsg B KBAaHTOBOI MH(MOPMATUKE 3AIUCHIBAIOTCS OOBIYHO B
MaTpudHoit opme. OHako, IpeodpPa30BhIBATH BEKTOPA COCTOSIHUI B MaT-
PUYHYIO 3alllCh, YMHOXKATh HA MATPHUILY, a 3aTeM IIPeoOPa30BbIBATH 0OPATHO
B KeT-Opa 0003HaueHMsI He BCerjia yI00HO, 0COOEHHO, KOI/la MaTPUILLI IIPeod-
pa3oBaHU pa3perKeHbl.

[TocmMoTpuM, Kak JefCTBYIOT MATPHUIBI HA BeKTOpa B 0bo3HadeHuax Jlu-
paka Ha IIpuMepe JIBYXKYOUTHBIX COCTOsAHMI. BaxKHO TOMHUTE PO JIEKCUKO-
rpadudecKnii MopsiJIOK BEKTOPOB, KOTOPBIIl COXPAHACTCH U B 3AITUCH MATPUII.
PaccmoTpum 1nmponsBoJIbHYIO MATPUILY JIBYXKYOUTHBIX ITpeoOpa30BAHUIA:

|00) |01) [10) |11)

00) Upo U1 Up2 U3
U= | 3
|01> U0 U1 U2 U3 ( )

[10) | w20 up1 U Ups

|11) | uso us1  uz2 us3

Takast MmaTpuna, AeicTBys Ha Ga3MCHOE COCTOSHEE, IIEPEBOIUT €r0 B COOT-
BercTBYyomuii crosber, zHampumep: [01) B 11 |00) +uq1|01) +[10)ugy +[11)us; .

3adaua 38. Ilpumenure K cocrosiauio |¢) = ¢y|0) + ¢1]1) npeobpazoBanue

01
vor- (1)
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3adawa 39. ITpumennte K cocrostHuIo 1)) = ¢o|00) +co1]|01) +c10[10) +¢11]11)
omeparop

1000
0100
CONOT = 0001
0010

a) mpeobpa3oBaB COCTOsIHNE K BEKTOPY-CTOJIOIY U YMHOXKHUB Ha MaTpuUILy; 6)
OIIPE/IEJIUB, BO UTO IIEPEeXOIsT Oa3MCHbIE COCTOSTHUSI 1101 JIeCTBUEM MaTPHUIII.

Samevarue 3.8. Unorma, 91obbl coXpaHsiach MHOMOYACTUYHAA CTPYKTYpa
IpeodPa30BaHUsd, JIEMEHTHI ADCTPAKTHONW MATPHIILI JIBYXYACTHIHOTO TPe0d-
pa3oBaHus yJOOHee 3aIMChIBATh He KaK U, & KakK uji", HalpHMep, Usy Ui).
OcobenHo, Takast 3aIiCh yaI00Ha, IIPU OOJIBIIIEM KOJINIECTBE KYOUTOB TN KY-
quToB. Takme obosnadeHus Oy/IyT yJIOOHBI IIPU PEIIEHUN HEKOTOPBIX 33124

JlaHHOTO TIaparpada.

Tenzopublit hopMaIn3M MO3BOJIAET JIETKO IPUMEHATH OJTHOKYOUTHBIE TIPe-
obpazoBaHus K JBYXKYOUTHLIM cucTteMaM. Fcim ogHOKyOUTHBIE OlepaTopbl
u3 Hy ® HY;, nefictByorT Ha nepBblil KyouT cocroguus us H; ® Hs, To MbI
IIPOU3BOJIUM CBEPTKY IpocTpancts Hf; ¢ Hj.

Ecau paccmarpuBaTh MaTpully, Kak npeobpasoBanne 6asuca (Kak jesia-
JIOCh BBIIIIE), TO IPUMEHATH TaKhe Mpeobpa3oBaHus OUYeHb IIPOCTO:

ITpumep 3.9. [Ipumenum mnpeodbpazoBaHue

Upo Uo1
U =
U0 U1

K IEepPBOMY KyouTy cocrosiaus |1¢) = ¢9|00) + ¢;|11).
Omneparop U niepeBout |0) B ugo|0) +uipll), a |1) B ue1|0) +uqi|1), Takmm
obpazom

Ulp) = co(uoo|0) + u10/1))]0) + ¢1(uo1]0) + u11|1))[1) =
= COU00|00> + 01U01‘01> + 00U10‘10> + clu11|11>.
3adawa 40. Ilokaxkure, 9TO0 mpuMeHeHme oneparopa U K IepBoil dacTuile

JIByXYaCTUIHOM YMCTEeMBI 9KBUBaJIeHTHO TpuMeHeHUIo U & [ KO Bceil cucreme.

3adavwa 41. Ilposenure Buramcienus usz [Ipumepa 3.9 B marpudnoit dpopme,
UCIIOJIB3YS PE3YJIbTAT MPeblIyIeil 3a1adu.

3adava 42. CyrmiecTByer Jiu YHHUTApHOE MpeoOpa3oBaHme, KOTOPOe IepPeBo-
qut cocrogume [000) B %(MOOD + [111)), a cocrosmme £]000) + \/7§|010> B

%(ﬂ()()l) +(101))? Ecau 1a, T0 IpUBECTH IPUMEP TAKOTO IPEOOPAZOBAHIS.
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3adava 43. JlokaxkuTe, 9TO TIPU MTOMOIIN YHUTAPHBIX TPe0OPa30BaHMIi 1 OIH-
CaHHBIX BbIIIE U3MEPEHUTT HEBO3MOXKHO JIOCTOBEPHO OTJIMYUThH COCTOAHMUST | ()

u ), ecrm (P¢) # 0.

B cregyromux 3aa4ax UCIOIb3YIOTCST:
e Gasuc Amamapa: [0) = 1/4/2(]0) + (1)), |T) = 1/v/2(]0) — [1));
e 1peobpasoBanne Amamapa:

HIl/ﬁ(i —11>;

e [Ipeobpazosanue Toddomu:

OO O, OO oo
SO DD DD DO DO OO
_ o OO oo oo o
S = OO O o oo

OO OO O oo
N eBeloeoBeoNel =
(=il el ool S =)
SO OO o+, O oo

3adava 44. Hecsto:KHO 3aMeTUTh, UTO onucanHoe Boiie npeodopazopanue CNOT
MOXKHO 3aIicaTh B "KiaccimaeckoM "Bujie depe3 GUTOBBIE ONEpanui: |, y) —
|z, x @ y). amummre TakuM ke obpasom mpeobpasosanue Toddom.

Badava 45. TIpuMeHnTH K IEPBOMY 1 BTOPOMY KyOUTaM COCTOSTHUST \/ig( |000)+

|001)+]111)) npeobpazoBanue Ajamapa, 3aTeM K HEPBOMY U TPETheMy KyOu-
TaM 9TOr0 COCTOSTHUsI IPUMEHUTH JIBYXKYOUTHOE YHUTAapHOE IIpeobpa3oBaHme

3adava 46. 3anmcarh npeobpaszopanne Agamapa B 6asuce Ajmamapa.

3adawa 47. 3anucarh mpeodbpasoBanne Toddoan B basuce Amamapa J1j1st mep-
BOT'O ¥ BTOPOI'O KYOUTOB, U B BEIYHCIUTEILHOM Oas3uce JIJIsk TPEThEro Kyoura.

Badaua 48. * Vimeercss MHOrOKYOUTHOE COCTOSIHUE

1

W) = Z iiy...in | 1182 - - - Tn)

11,02,...,in=0

Uogo Uo1
U, = .
U U1l

7 yHATapHad MaTpUIa
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Marpuna Uy neiicrByer Ha k — KyOur coctosinus |)), npeobpasyst ero B

1

|80> = Z bilig...in|i1i2 .- Zn)

11,250+, in =0

Boeipasuth aMuiuTy el b, i, ;. KOHEYHOI'O COCTOSHHS Y€pPe3 aMIIMTYIbI Ha-
HaJIbHOI'O COCTOAHMNA U SJIEMEHTBI MaTPUIIbI Uk

JomoaHuTe/1bHO:

a) Uy pasmepa d X d jeficTByeT Ha MHOIOKYIUTHOE COCTOSTHIE

d

W) = Z biliQ.,.in’iliQ .- Zn>7

1,02,...,in=1

6) IIpeobpaszoBanne Ipou3BoaANTCA ABYXKyOuTHON Marpureil Uy, nas k-m
u l-m Kybutamu.

3.7 ®da3z3a

T.K. Ipu U3MEPEHUSX UIPAIOT POJIb MOJY/IM KBaJPATOB aMIUIATY][ KBAHTO-
BBIX COCTOSHHIA, a IIPeoOpa30BaHns KBAHTOBBIX COCTOSHUN SBJISIOTCS JINHET-
HBIMH, COCTOSIHUSI OTJIMYAIONINECs JIUIb Ha o0Iuil hazoBblil MHOKHATEH €7
CUUTAIOTCST SKBUBAJEHTHBIME (T.K. HET HUKaKOil (hU3MIECKOil BO3MOKHOCTH
OTJIMYATH WX JPYT OT Apyra). OQHaKo BasKHO IIOMHATH, 9TO OTHOCHTEIbHBII
}az0BBIil MHOKHTEJIb UIPAET BasKHYIO POJIb: HAIIPHMEp, COCTOSHUsA Gasnca
Anamapa 1/v/2(]0) + |1)) m 1/4/2(]0) — |1)) Jerko ommuuTh Apyr oT Apyra,
IPUMEHHB IIpeobpaszoBanne Ajamapa, a MOTOM U3MEPHB B BBIUUCIUTEIHHOM
Hasuce.

3adava 49. CKOMBKIMHI JIeHCTBUTE/IHHBIME MTapaMeTPaMU MOXKHO 33/1aTh CO-
crosiHnne Kyoura? n KyOuToB? n KyJUTOB pa3MepHOCTH d!

4 I/ISMepeHI/Iﬂ KBAaHTOBBIX COCTOSIHUIA

Kaxk roBopmioch Bblilie, BazKHBIM CBOWCTBOM KBAHTOBBIX COCTOSIHUIT SIBJISETCS
OTCYTCTBHE MPSIMOTO JIOCTYIA K MX aMIUIATYJaM, a JJId TOJIydeHus HHQOP-
Mallii O COCTOAHUN HEOOXOIUMO IIPOBOJUTH K6aHMOGble udmeperus. 11po-
CTEHIMI THIT M3MepeHI KBAHTOBOIO COCTOSTHUSI ) OIMCBIBAETCS CIIEIYIO-
M 06pa3oM: 3aUKCUPyeM HEKOTOPbI OPTOHOPMUPOBAHHBIN Oa3uc Mpo-
cTpaHCTBa COCTOSTHU |1), |¢9), ..., [t,). Torna nusamepenne B 3roM Gasuce —
cIydaiinag BeJIMInHA co 3HadeHusaAMu |1);) u Bepograoctamu |(p|w;) | Te. B
pesyJIbraTe H3MepeHHst COCTOSHUE @) mepeiineT B [¢;) (1 MbI OGyzem 3HATD



4. UBMEPEHHSI KBAHTOBBIX COCTOSHUI 21

06 3ToM) ¢ BeposTHOCTBIO |{(|1);)|?. Yame Bcero paccMaTpUBAIOT H3Mepe-
HUSL B BBIYUCJUTEILHOM Gasuce (4To OBbLIO NPUBEJCHO B KAUeCTBE MPUMEPa
B IPEJBIIYIIEH 9acTi): IPH TAKOM U3MEPEHUH MCXOJaMU OYIyT COCTOSHUS
BbIYUCJIUTEJIBHOI'O 6a3ﬂca C BEPOATHOCTAMM PaBHBIMU KBaJdpaTy MOIYJId CO-
OTBeTCTByIOLLLefI AMIIJINTYAbI.

3adava 50. [Tokakure, 9TO IPOIECC M3MEPEHUsT HE MOYKET OBITh OIMMCAH YHU-
TapHBIM TTPe0OPA3OBAHIEM.

CyrtecTBy0T pa3manbie (hOPMATbHBIE TIOIXO/IbI K OIHCAHIIO KBAHTOBBIX
n3Mepennii. /lasee Mbl paccCMOTPUM TPH TAKHUX IOJXOJa: ITPOEKTUBHBIE M3Me-
penus, usmepenus obiiero suyga, POVM-uzmepenus. 9Tu Tubl nuaMepeHuit
IIOJIHOCTBIO 9KBUBAJEHTHBI JIPYT JIPYTY.

4.1 W3mepeHusd oOIero Buja

Wsmepennst obIero Buia OMUCHIBAIOTCA HaOOpoM omeparopos { M, }. Bepo-
SATHOCTD IIOJIy9CHHA Pe3y/IbTaTa M IIPU U3MEePeHHN PaBHA

p(m) = (| My, My [1)).

[locsie m3mepenus cucreMa nepeijier B

M)
) = ),
p(m)
Sameuanue 4.1. 3amoMHUTE 3TU (HOPMYJIBI JTOBOJIBHO JIETKO: MBI PAcCMaT-
pHUBaeM HEHOPMHUDOBAHHBINA BEKTOD |t,) = M,,|1). Ksagapar Hopmbr sT0r0
BeKTOPA (U, |1)y,) — BEPOATHOCTD, a €r0 HOPMUPOBAHHBIN BADUAHT — COCTOSI-
HEE [10CJI€ U3MEPEHUS.

EnHCTBEHHBIM YCJIOBHEM, KOTOPOMY JIOJIZKHBI Y/IOBJIETBOPATEH OLIEPATO-

pol {M,,} aBisierca ycnaosue noaaorst: y | M M,, = I. CmbIca 9Toro yciio-
m

BUs 3aKJIIOUEH B CJIEIyIONIEil 3a/1ade.
Samevarue 4.2. BaykHO MOHUMATD, YTO I N3MepPeHnil 0OIIero Buja IuCIo
BO3MOKHBIX UCXO/IOB, B OTJINYIMI OT U3MEPEHNT B KAaKOM-T100 6asuce, MOKET
OBITH KakK BBIIIE, TaK HIZKE PA3MEPHOCTH CHCTeMBl. lIpumepst sroro GyayT
puBeJieHbl B pazese nocesiennom POVM-usmepennsim.

3adaua 51. ITokazkure, 910 p(™Mm) OMUCHIBAET MPABIJILHOE PACIPEIETICHAE Be-
positHOCTEiH, T.e. p(m) > 0 u > p(m) = 1.
m

3adaua 52. an xyour |¢) = a,|0)+aq|1). [lokaxxure, aro onepatopsr My =
|0Y(0| w My, = |1)(1] onmchIBAlOT OOBIYHOE U3MEDEHUE B BBIYHUCIUTETHHOM
basuce.
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3adaua 53. Tlokaxkure, aro nBa m3mepenus obiero suga { M,,} u {L;}, npo-
U3BOJIMMBIX JIPYT 3a JPYTrOM, SKBUBAJEHTHbI OjiHOMY u3Mepenuto { M, L;}.

Samevanue 4.3. Marpudnblit (popMaIn3M U3MePeHUil MO3BOIIET TAKUM Ke
c110coO0OM, KaK M B CJIydae YHUTAPHBIX IIPeoOPa3oBaHuil, BHIYUCIATD PE3Y/Ib-
TaT U3MEPEHUs TOJICUCTEMBbI OOJIBINEN CUCTEMBI.

ITpumep 4.4. PaccemorpuM JBYXKYOUTHOE COCTOSTHUE
1) = apo|00) + ag1[01) + a10[10) + a1 |11)

U U3MepeHe ero 1epBoro Kybnra B BEIMUCIUTEIHHOM Oasuce. Kak n3sectno
(em. Bamaay 52), Takoe m3Mepenne onuchiBaercs orneparopamu My = |0) (0|
u M; = |1)(1|, koropble B JaHHOM cjydae JEHCTBYIOT HA HEPBBIH KyOUT.
g wavgama npoaHasm3upyeM HUCXoJ BbrancyeHus «0», BOCIOIb30BABIINCH
JUUTST YIIPOITIeHnsT BhrancieHnit 3amedannem 4.1.

PaccMoTpuM HEHOPMHUPOBAHHBINA BEKTOD

|%> = M0|Q/J> = |01><01|(a00|0102>+a01|0112>—|—a10|1102)+a11|1112>) = CL00|00>+CL01’01>.

BepOHTHOCTb BbIllaJI€HUA HYJId PaBHa KBaJApPaTy HOPMbBI 9TOI'O COCTOAHUA

p(0) = (Y| Mg Mo|v)) = (volvo) = lago|* + aoi|?,

CucCTeMa 2Ke I10CJIe U3MepeHusd nepef/’meT B COCTOAHUEC

|1bo) = Moly) _ %) _ au|00) +a01|01).
VPO Vo) ]l + Jaoi?

AHaJIOrMYHO MOXKHO IIOJIYYUTDb:

p(1) = (| M Mi[Y) = (Pr1|n) = |asol® + |aii]?,

_ M) _ |91) _ a10|10) + an1|11)
vp(1)  /p(1) Vlao? + |ai1[?
3adava 54. Onuiure pe3ysibTaThl U3MEPEHUN B BBITUC/IUTEILHOM Oasuce co-

crogiaust |W) = a1|001) + a2|010) + a3|001), korjga usmepsiercs:
a) KazKJplil KyOUT B OTJETBHOCTH (TPU PA3JIMIHBIX M3MEPEHVsl );

|¢1)

6) napbl KyGUTOB (TpU Pa3IMIHBIX U3MEPEHMs );
B) Bce Tpu KybuTa (OJHO U3MEpeHue).
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4.2 IlpoekTuBHBIE (OPTOrOHAJIBHBIE) U3MEPEHUS

Paccmorpum apmutos orteparop M, HazbiBaeMblit Habat0daemot. [lycts M =

Y>> mP,, — ero crekTpajbHOe pa3iokenne. Py, — IPOeKTOPhI Ha COOCTBEHHBIE
I;r(L),HHpOCTpaHCTBa, m — cOOCTBEHHBIE YHCJIA.
[Ipu usmepenun Mol ¢ BeposaTHOCTBIO p(m) = (| P, |1)) nomxyanm coctosi-
nue Lzl
p(m)
3adawa 55. JlokaxkuTe, 9TO M3MEpEHUE B IIPOU3BOJBLHOM Oa3uCe sIBJISICTCH

IIPOEKTUBHBLIM.

3adawa 56. Tlokaxkure, YTO NPOEKTUBHBIE M3MEPEHUSI SIBJIAIOTCS YaCTHBIM
cJiydaeM M3MepeHuil oOIero Buia.

3adava 57. TlokaxkuTe, 9T0 TOBTOPEHME TTPOEKTUBHOTO N3MEDPEHUST HE MEHSIET
COCTOSTHUE.

3adavwa 58. IlpuBegure npuMep HEITPOEKTUBHOI'O M3MEPEHUS.

4.3 POVM-u3smepenue

Cymectyer errie o/inH moJie3HbIi hopmasmam n3mepennii - POVM (Positive
operator-valued measure). He Gy/ieM ocraHaBIMBaTbCSA Ha CMbIC/IE HA3BAHUS,
yKa3aB JIUIIb Ha TO, 9YTO €r0 CMBICJ TIOJIHOCTBIO PACKPBIBAETCA B ClIydae Oec-
KOHEYHOI Pa3MEepHOCTHU, KOTOPBIl Mbl HE PACCMATPUBAEM.

[IpeacraBum cebe, 4TO MPOU3BOAUTCH U3MEPEHHE OOIIEro Bujia, HO HAC
HE WHTEPECYeT, KyJa MepeijieT COCTOsTHNEe. DTO JIOBOJIBHO YacTasi CUTYaIlns:
HanpuMep, pOTOHBI IIPU U3MEPEHUN OOBIYHO ToT/IaIaloTed. B TakoM ciydae
HaM BaKHa Jinib ojgHa dopmyia: p(i) = (| M M;|), koropas He 3aBUCHT
HEIIOCPeJICTBEHHO oT M;, a TOJIbKO OT oneparopoB E; = M*M,;.

3adava 59. lokaxkure, uro F; > 0.

Menno HabOPOM HOJIOXKUTEILHO-OIIPEICICHHBIX OepaTopoB K, yIoBie-
TBOpsitonuX yeaosuo y | F; = I, u 3amaer POVM-usmepenne. Kasanoch 66,

7
Takoi (popMau3M He HeceT B cebe HUIero HOBOIr'o, OJIHaKO, OH KpaifHe ImoJie-
3€H IPU PENeHNN MHOIMX BaKHBIX 3a/1a.

3adava 60. Jokarxkure, 9TO P MOMOIIU YHUTAPHBIX IPe0OPA30BAHMI U 13-
MepeHHil JaxKe OOIIero Bu/ia HEBO3MOXKHO JIOCTOBEPHO OTJIUYUTH COCTOSHUS

|0) w |), ecamn () # 0.

3adava 61. IlycTh nMeIOTCS HEOPTOrOHAIBHBIE COCTOSIHUA |) 1 [1)), moCTpoii-
te POVM-u3mepenne, KOTopoe CMOXKeT B HEKOTOPBIX CJIydasiX JOCTOBEPHO
ux pazaniauTh. T.e. IpU U3MEepEeHun JaHHBIX COCTOSHUN Oy/IyT BO3MOXKHBI 3
HCXOJIA:
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1. CocrostHre TOIHO OLLIO |P).
Cocrosiane TOIHO OBLTIO |1)).
3. Heynaunblii ncxo, Ipu KOTOPOM HAYAJIBHOE COCTOSIHIE OCTAETCsl HEH3-

o

BECTHBIM.
Yrasanue. «Cocmosnue mouno 6vu10 |p)» ¢ dpy2oti cmopons, 03Havaem, 4mo
BEPOAMHOCTVD NOAYHEHUA MAK020 UCTO0G HA COCMOAHUY [1)) pasHa HY.10.

3adaya 62. IlocTpoitre POVM-usmepenne u3 npeablayieit 3a1a4du, mpu Ko-
TOPOM BEPOSATHOCTH HEYIAIHOIO MCXOJa MUHUMAJIbHA.

3adava 63. Pemmre aBe npemplayInmre 3aQa4n IJIs CIydas 1 HEOPTOTOHAIb-
HBIX COCTOSHUM.

3adava 64. Bosbmure B Kadectse |p) u |¢0) u3 Sagaau 61 cocrosuus |0) u
£(]0) 4 [1)) coorsercrsenmo. Iocrpoiite POVM-usmepenne Jyis X OnTH-
MaJIbHOI'O Pa3JIMueHust 1 PACCIUTaiTe BEPOSITHOCTH UCXOJ0B TAKOI'O U3Mepe-
HUsI Ha TIEPBOM KyOuTe JIBYXKYyOUTHOrO cocTosuust [¢) = ag|00) + ag1]|01) +
CL10|10> + a11|11).

4.4 DKBUBAJEHTHOCTb IPOEKTUBHBIX M3MEPEHU M W3-
MepeHuii obmiero Buaa

Paccmorpum kyour B cocrosaun |0). ITpoBemeM HECKOJIBKO IIOCIIEI0BATEIIb-
HBIX OIlepalluii:

1. JobaBum K HavaJbHOMY KyOHTY aHIMILIY (BCHOMOTAaTEIbHBIH KyOuT)
B TAKOM 2Ke COCTOSTHWH, [OJIydnB B urore cocrosiame |00).

2. IIpousBenem ynutapuoe npeobpazoBanue o00UX KyOUTOB, IIpEBPAIaio-
mee BekTop |00) B \/ii|00) +3|01) 4 £[11). (OueBnano, uTO TaKOE MPEOG-
pa30BaHue CyIIECTBYET, T.K. 062 BEKTOPa MMEIOT OJIMHAKOBYIO JJIHHY. )

3. Usmepsiem BTOPO#i KyOUT (QHIUITY) B BBIYUCIUTETHHOM Oasuce.

B pesynbrare nuzMepenus mosrydnM:

1. C BeposrHOCTBIO 1/2 BrOpOil KYyOUT OKazkercss B cocrostauu |0), mpu
9TOM IEPBBIl KyOUT TOXKe OKazKkeTcs B cocTosani |0).

2. C BeposiTHOCTBIO 1/2 BTOPOIi KyOUT OKazkercst B coctosiauu |1), npu
9TOM IIepPBbIil KyOUT OKayKeTCsl B COCTOSTHUN \/Li(|0) +11)).

3abyjieM Ipo BTOPOit KyOUT 1 OyeM cMOTPeTh TOJIBLKO Ha TepBbIit. Torma
OTIMCaHHAsI TIPOTIELyPa SIBJISIETCS JIJIs IEPBOTO KyOuTa IIPOIECCOM N3MEPEHMS:
¢ BeposiTHOCTsIME 1/2 MbI TIojty4daeM cocrostaust |0) mim \%(|O) + 1)), a atu
COCTOAHUA HEOPTOI'OHaJIbHBI, 9TO BBIBOAMUT HaC 3a IIPEJCJ/Ibl IIPOCKTHBHBIX
U3MEPEHUN.

3adava 65. Jokaxkure, 9TO ONMUCAHHOE BBIIIE U3MEPEHHE IEPBOT0O KyOuTa He
MOZKET 6bITb IIPOEKTHUBHBIM.
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OpHako, Takoe N3MEPEHMI MOYKET OBITH OIUCAHO B OOIIEM BHJIE

3adaua 66. [Tocrpoiite uamepenne obmero Buja (T.e. oneparopel My u M),
COOTBETCTBYIOIIUE OIMCAHHOMY BbIIIE U3MEPEHHIO.

OxasbIBaeTCsI, TaKasi CXeMa ABJISIEeTCA YHUBEPCAIBHON M CBSI3BIBAET MIPO-
EeKTUBHBIE U3MEPEHUs C M3MEPEHUsIMH OOIIEro Bujia, 4To (hOpMabHO BbIpa-
2KAeTCs B CJIEIYIONINX JBYX 3a/1a9aX.

3adava 67. Ilokazars, 9T0 cxeMa «do0aBAEHUE GHYUUADL K CUCTIEME —> CO6-
MECTHOE YHUMAPHOE NPEOOPAZ0EAHUE GHUUAADL U CUCTREMDL —> OPTOZONAND-
HOE USMEPEHUE GHUUANDI— » MONKET ObITH OIHCAHA OOMIUM (HEOPTOrOHAJIb-
HBIM) U3MEPEHHEM CHCTEMBL. [4]

3adawa 68. Ilokazarh, 4To J1r0OOE W3MEpeHne OOIIEro BHUIA MOXKET OBITb
IIPE/ICTABIEHO CXEMOI «d00a6AEHUE AHUUANDL K CUCTIEME —> COBMECTNHOE YHU-
mapHoe NPeobpPa306aHUe AHUUNADL U CUCTIEMDBL —> OPMO20HAALHOE USMEPEHUE
anyuanves. |4

5 Marpunsl IJIOTHOCTHI

5.1 Marpuia IJIOTHOCTA KaK aHCaMOJIb KBaAaHTOBBIX CO-
CTOSAHUMN

ITycTh KBaHTOBas CHCTEMa HAXOJUTCHA B OJHOM M3 KBAHTOBBIX COCTOSHMI
|1);) ¢ BeposiTHOCTBIO P;. Takyio CUCTEMY HA3BIBAIOT AHCAMOACM WA CMECHIO
YUCTBIX KBAHTOBBIX COCTOAHUIA.

Mampuyet (v onepamopom) IIOTHOCTH TaKOil CMECH HA3bIBAOT:

p= sz'|¢z‘><¢z’|-

3adaua 69. Eciu cocrosiaust [1)) npuHa/IeKaT TPOCTPAHCTBY H, TO KAKOMY
[IPOCTPAHCTBY OY/IeT MPUHA/ICY)KATH OIIEPATOP ILIOTHOCTHU, OMUCHIBAIOIINN UX
cvmech? KakoBa pa3smMepHOCTH 9TOr0 mpocTpaHcTBa?

3adava T70. Ilycrs mmeercs cmech cocrogmmit |0) ¢ BepoATHOCTBIO 1/3 1
1/+/2(|0) + |1)) ¢ BeposTHOCTBIO 2/3 3amuUIIATE MATPUILY ILIOTHOCTH STOM
CMeCH.

3adava 71. Ilycts nmeerca cmech cocrosuumit |00) ¢ BeposTHOCTBIO 1/3 1
1/4/2(]00) + |11)) ¢ BeposATHOCTBIO 2/3 3aNMIMIATE MATPHITY TJIOTHOCTH 3TOI
cMecH.

3adava 72. Jlokaxkure cjeyroline JBa CBOHCTBA!
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CsoiicTtBo 5.1. Oneparop MJIOTHOCTU WMeeT €IMHUIHBIN CJIeI.

CsoiictBo 5.2. Oueparop IJIOTHOCTH SIBJISETCS HEOTPUIIATETBHO OIpe/ie-
JIEHHBIM.

3adava 73. JlokaxkuTe, 9TO CMECh COCTOSHUN p; ¢ BEPOSTHOCTAMHE P; MOXKHO

OIKCATH MATPUIEH [IJIOTHOCTH Y P; ;-
i

3adaya 74. Ilyctb Besd cucreMa MeEHSIETCs MO, JEHCTBUEM HEKOTOPOIrO YHU-
TapHOTO oreparopa U, Torjia p MeHseTcs CJIeIyIonuM 00pa30M:
U
p — UpU*.
3adava 75. okazarh, 9TO IPU U3MEPEHUM p, OIMUCHLIBAEMOM OIIEPATOPAMUI
{M,,}, BEPOSITHOCTD MOJIYIUTH MCXOI M OyIeT

p(m) = tr(M*Mp),

a COCTOdAHUE IIepeiieT B
*
M, pM;,
p(m)
3adavwa 76. EIUHCTBEHHO JIM MpeJCTaBIeHNE MaTPUIbI IJIOTHOCTH B BU/IE
B3BEIEHHOW CyMMBbI YHCTBIX COCTOSHUI?!

Pm =

5.2 Ywucrble n cMelllaHHbIe COCTOAHUA

KBaHTOBBIE COCTOSIHUS, COOTBETCTBYIOININE BEKTOPAM, HA3BIBAIOTCS “UCTIbL-
MU, OCTAJIbHBIE — cMewarHvimu. T.e. MaTpuIa IJIOTHOCTH, [IPEICTaBIMAas B
Bujie 1) (1| - ABIAETCA TUCTOIA.

Samevarue 5.3. VIHOTIA IO TEPMUHOM «CMENIaHHBIE COCTOAHUSA» I0/IPa3y-
MEBAIOT MATPHIIBI IJIOTHOCTU (KaK YUCThIe, TAK U CMEIIAHHbIE), B IPOTUBOBEC
BEKTOPaM COCTOSTHUI - TUCTBIM cOCTOAHUSIM. OOBITHO U3 KOHTEKCTa SICHO, Ka-
KO€ U3 3HaUYEHUN TepMUHA UMEETCSA BBULY.

Vrazanue. JIsa permenus cieayronmx 3a/ad JJaHHOTO maparpada yaIo0Ho
UCIIOJIb30BATh CIEKTPAIbLHOE PA3JIOKEHIEe MATPHIIBI TIOTHOCTH.

Badana T7. Hokazats, uro Tr(p*) < 1.

3adava 78. Jlokaxkute, UTO CJACAYIONINE YTBEPXKJICHUS TIPO MATPHUILY ILIOT-
HOCTU p IKBHUBAJICHTHBIL (KpI/ITepI/H/I YUCTOTHI COCTO?IHI/IH):

a) p — JducTasd;

6) rank(p) = 1,

2 _ .

B) P =9

r) Tr(p?) = 1.
3adava 79. JlokaszaTb, 9TO MHOXKECTBO MATPWIL IIJIOTHOCTH BBIIYKJIO U €0
IPAHUYHBIMEA TOYKAME SIBJISIOTCS IUCTHIE COCTOSTHUS.
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6 PeaynupoBanHas mMaTpuiia IJIOTHOCTHI

BaxkubiM npuMeHeHneM MaTpPHIL IJIOTHOCTU SIBJISIETCsSI TO, 9TO IIPHU ITOMOIIN
HIX MO>KHO OIIACBHIBATH COCTOSTHUS MOJICUCTEM COCTaBHBIX (MHOI‘O‘{aCTI/I‘{HbIX)
KBaHTOBBIX CUCTEM, YTO HEBO3MOXKHO CAEJIATh HPU IIOMOIIU BEKTOPOB COCTO-
SHWIA.

st Hagasia HaM HeOOXOIMMO JIaTh IMOHSITHE YACTUIHOTO CJIeJIa OlePaTo-

pa.

6.1 YacTuuHblii cjen

Paccmorpum marpuity mwiotnoctu p € H ® H*. BennomuuMm, 4to ciien MaTpu-
IIbI — 9TO CyMMa JIMaroOHaJIbHBIX 3JIEMEHTOB, U KaK XOPOIIO M3BECTHO, CJIE]
He 3aBUCUT OT BbIOOpa Oasuca. MOXKHO BBIYUC/IATD CJIeJ] TOIb3YICh BbIYUC-
JIMTEJIbHBIM Oa31ucoM mpocTpancTsa H :

Tr(p) =Y (ilpli)-

(2

Tenepb paccMOTpUM JIBYXYacTHIHBIC COCTOSAHUA. UCTbIE BEKTOPA-COCTOAHIS
puHa/IeKaT HpocTpaHcTBy H4 ® Hp, a MATpuUIlbl IJIOTHOCTH, COOTBET-
crBenno, Hy ® Hp ® H}) ® Hy. PaccmorpuM MaTpuIly IUIOTHOCTU pap €
Hy® Hp ® Hy ® H. {|i) 4} n {|i)z} — 6asucer nupocrpancrs Hy u Hp
COOTBETCTBEHHO.

Cnen pap, COOTBETCTBEHHO, OY/IET paBeH:

Tr(pap) = Z (J15{il 4paBli) A7) 5-

ij

Hcronb3yst AByX4YaCTUYHYIO CTPYKTYPY MaTPUITLI MOYKHO BBECTH ITOHATHUE
YaCTUIHOTO CJIESA.

Omnpenenenne 6.1. Yacmuunovim caredom MATPUITLL p TIO TPOCTPAHCTBY H 4
Ha3bIBaCTCA

Tra(pas) = Z (il 4paBli) 4-

i

Marpurtet pg = Tra(pap) u pa = Trp(pap) HA3BIBAIOTCS PeLyIUPOBaH-
HBIMI MATPUIIAME ILJIOTHOCTU MATPUIILL PAR.

Bameuanue 6.2. Ouepalns 4aCTUIHOIO CJIeJa OIpeesieHa, KOHEYHO Ke, JIJIst

IIPOU3BOJILHLIX MaTpPHUIl, a HEe TOJIbKO MaTpPHUIL IIJIOTHOCTH.

3adava 80. Yoemurech, ato ps € Ha, pp € Hp.
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6.2 BpIunciieHne 4acTUYIHOIO CJieJa MATPUIIbI.

PaCCMOTpI/IM Tpu cr1ocoba BBIYUCJICHIS YaCTUIHOTO cjie/la MaTpPHUIIbI.

1. Ecimn marpuity ypodmHee 3alMCbIBATD B JUPAKOBCKUX 0003HAYCHUSX, TO
BBIYUCIATH PEIYITUPOBAHHYIO MATPUILY IJIOTHOCTHU yJI0OHEE TI0 OIIPEJIEIEHUTO.

ITpumep 6.3. Ilycts Hy u Hp — 20-mepHbIe TUILOEPTOBBI IPOCTPAHCTBA
C BBIUUCIUTENBHBIM OasucoM |1), ..., [20). [lycrs nama marpuia (He sBiisio-
masicss Marpuneit wioraoctu) M = |3) 4]5) 5(3] 4 (6] 5 + 2|7) 418) 5 (7] 4 (11| 5.

IToncraBuM IlepBoe cilaraeMoe B 3allUCH MaTpPUIbl B oupesesenue 174,
IOJLY IHM:

ot

2: 1] 413) al5) 5 (31 4(61 512) 4

HenysieBbim OyieT TOIBKO 3—171 wiieH cyMMBI (3| 413) 415) 5(3| 4(6|513) 4 = |5) 5(6] 5-
Bo BTOpOM CitaraeMoM ocTaHeTcs TOIBKO |7) 5 (11| 5.

Takum obpasom mbl nomysnM 174 (M) = |5) 5(6| 5 + 2|8) g(11] 5. Anasto-
[UYHO BBIYHC/INB, nosxydnm Trg(M) = 0.

3adava 81. BbIYuCgUTD 110 ONPEIEIEHIIO YACTUIHbBIE CJIeIbI JIJIS MATPHUIIbL:

p = 1) al2) 5 {1 4Bl 5 + 512) 418) (4] A8l 5 + 312) 412) (2] 4Bl 5
Taxkoii METO/I, BBIYUCJICHUA MOXKHO BBLIPa3UTDL ClDOpMyHOﬁI IIyCTb HUMeeTCA

marpuna M = 37 ajuli) o|7) g (k| 4| g, Torma Tra(M) = 3 aijalj) gl 5-
,9,k,l 1,7,

2. Bropoit MmeTos1 gBJIeTCA aHAJOTOM IIEPBOTO, HO B CJIydYae MaTPUYHOI
zarmcu. PaccMOTpuM MaTpuily IJIOTHOCTH JIBYXKyOUTHOrO coctosaus. O6-
1

it B Takoit Marpuipst Oyaer M = > aijuli) 417) g (k| 4 (| 5, 9TO B MaT-

i7j7k7l:0
PUYHOI 3aIicH OyJ1eT

apooo @001 @010  Aoo11
o100 o101 4@o110 4Ao111
a1000 @1001 @1010 4a1011
ai100 1101 4A1i10  G1111

Paccmorpum T'rp. IlepBoe ciraraemoe B cyMMe 4acTHYHOTO cjeja OyJier
(014M]0) 4

— 9TO MTOJMATPUIIA, TJie B MHACKCAX Ha MEPBOM M TPEThbeM MecTaX cTouT 0 -

T.e. OJIOK 2 X 2
Qpooo  A0001
)
ap100 A0101
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CTOHH_LI/II;JI B BEPXHEM JIEBOM YIJIY Ha JWal'OHAJIA. Anasiornaso
(1A M1) 4

— 6JI0K CTOSIHII/Iﬁ HMKe Ha IJIaBHOI1 JAnaroHaJin. CJ10KUB 3TH 6J'[OKI/I, IIOJIy YU M:

~{ @pooo + G1010 @ooo1 T A1011
TT’A<M) =
ao100 + @1110 Qo101 + G1111

Badava 82. Amamormansiv MetonoM Beraucaure Trg(M).

3adaua 83. *Kak npuMeHATH TaKOi MeTOI /1/1st 60JIbIuX pasMeprocteit? s
TPEXIACTUIHBIX (MHOIOYACTUIHBIX) CHCTEM, KOTJ[a Mbl XOTUM B3STh YaCTHY-
HBII cj1e]1 10 Kakoif-imubo gactuie? Ilo gBym gactumam?

3. Tperuit MeTo/| MOAXOANT /I BBIYHUCJICHUS PEIYIIHPOBAHHBIX MATPUIL
IUIOTHOCTH YUCTBIX JIBYXYACTUIHBIX COCTOSTHUIA.

[Iycts maHo wmcToe aByxdactuaHoe cocrosiaue |¢) € Hy ® Hp, n Ham
HEOOXO/IIMO BBIYHCJIUTH PELYyIHPOBAHHYIO MATPHILY IIJIOTHOCTH BTOPOTO KY-
6ura (T.e. YaCTHYHBIHA cyes 1o mepBoMy Kyouty). Takoe cocTosiHme MOXKHO
IPEJICTaBUTh B Buje [0) = > a;|i)|¢;), tae |¢;) € Hp — HOpMHUDOBaHHbIE
COCTOSTHUST BTOPOTO KyOHTa, BOBMOKHO HEOPTOTOHAJIBHBIE.

Badaa 84. okaxute, ato pp = Tra(|P)(¥]) = 3 |ag?|13) (i)

Bameuarue 6.4. B maHHOM METO/IE COCTOSHYS [1);) MOXKHO U HE HOPDMUPOBATb.

6.3 IloacucremMbl KBAHTOBBIX COCTOSITHUIA

PaccMorpum 3armytannoe aByxky6uTHOe cocrosmme [¢0) = 1/v/2(|0),]0), +
|1),]1),). IIpemomoxKum, 9T0 MBI PACCMaTPUBAEM TOJILKO HEPBBI KyOuT J1aH-
HOrO coctosinusi. MozkeT jim oH ObITh onmcan BekTopoMm? OTBET Ha TOT BO-
IpPOC OTPUTATETbHBINA.

Badaua 85. TokazkuTe, 4T0 TEPBHIil Ky6uT cocrosmus 1) = 1/+/2(|0),|0), +
|1),]1),) He MOXkKeT OLITH OIMCAH BEKTOPOM.

Vrazanue. Heobxomumo paccMoTpeTh n3MepeHusi 11epBoro Kyoura B pas-
MIHBbIX Oasucax. Takue M3MepeHus ONMCHIBAIOTCS onepaTopamu Buna My =
101) (0], My = |11)(1;]. HeoBxommmo paceMoTpeTs HECKOILKO TAKHX H3Mepe-
HUIl 1 BBIYUCJIUTH COOTBETCTBYIONIIE BEPOATHOCTH Jijist cocTostHus |1). [Tocie
9€ero 10Ka3aTh, YTO HU OJIUH OJHOKYOUTHBINH BEKTODP COCTOSIHUSI HE MOYKET Jla-
BaTb TAKUX BEPOATHOCTEN.
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W3 npeapbiayineit 3ajaqu caejlyeT, 9TO0 BEKTOPa COCTOSHUN He IMOIXO/IAT
JIJIS OIIMCAHUS ITOJCUCTEM 3allyTaHHBIX KBAHTOBBIX crucTeM. OObeKTOM, KO-
TOPBIM OIMMCHIBAET TaKWe COCTOSHUS, SBJISETCS PeyIUpPOBaHHAs MATPUIA
ILJIOTHOCTH.

3adava 86. JlokaxkuTe, 9TO TPOU3BOJILHOE U3MEDPEHNE IIepBOro Kyoura jaer
OJIMHAKOBBIE PesyJIbTaThl 11s coctosmms 1) = 1/4/2(]0),]0), + |1),]|1),) u
pa = Tra([¥)(¥]).

3adava 87. JlokaykuTe, 9TO MPOM3BOJIBHOE M3MEPEHHE IIEPBOTO KyJNTA [a-
€T OJMHAKOBLIE PE3YJILTATHI JIIA HPOM3BOJIBLHOIO YHCTOTO JBYXYACTUIHOIO
cocrostaud [¢)) € Hy @ Hp u py = Trp(|¢)(Y]) € Ha @ H.

3adava 88. JlokaxkuTe, 9TO MTPOU3BOJILHOE U3MEPEHUE IIEPBOr0 KYJ/INTa JIaeT
O/IMHAaKOBBIE€ PE3YJIbTaThI JJId HpOI/ISBOﬂbHOﬁ ,Z[BquaCTI/ILIHOI'?I MaTpHIIbI IIJIOT-

HocTH p € HAQ@ Hp @ Hi @ Hy, u pa = Trp(p) € Hy ® H}.

Badaua 89. ** [Jokazkure, 9TO OIEPATOP YACTHUHOIO CJIEIA SABJISCTCA €INH-
CTBEHHBIM OIIEPATOPOM, IPUBOIANINN K PABUILHOMY OIICAHUIO HAOJIIOMae-
MBIX [OJICHCTEMbI COCTABHOI cucTeMbl [4]

Taxum 06pa3oM, eciI UMeeTCsl COCTaBHAs CHCTeMa (IrcTast WIN CMelaH-
Hasl), UMeoIasi MaTpuily mwiotHoctu p € Hy ® Hp ® HY ® Hj, To ee moj-
CHCTEMBI OIMHUCBIBAIOTCA COOTBETCTBYIOMNMH PEIYINPOBAHHBIMIA MaTPUIAMU
IJIOTHOCTH.

7 JIByX4dyacTu4iHas 3ally TAHHOCTb KBAHTOBBIX CO-
CTOSHUN

7.1 Kpurepuii 3a1ryTaHHOCTH

HyCTb NMeeTCd 9UCTOe ABYXYaCTUIHOEC KBAHTOBOE COCTOAHUE B IIPOCTPAHCTBE
HA X HB, dA = dzm(HA), dA = dzm(HA), d= mi?’L(dA, dB)

da dp
) = Zzaij‘i>A’j>B' (4)

i=1 j=1
Hamomumm, 9t0o nesanymartovim Ha3bIBACTCS COCTOSHUE, MPEJICTABAMOE

B BuJE |¢) = [¢) , ® [¢) 5 (cOOTBETCTBEHHO, BCe OCTAIBHBIE COCTOSHIS HA3BI-
BAIOTCS 3ANYMAHHLMU )

3adawa 90. okaxkure, 9TO JBYXUYACTHIHOE COCTOSIHUE SIBJISIETCSI 3aIlyTaH-
HBIM TOIJIa U TOJBKO TOIJIA, KOTJIA CYIIeCTBYIOT YHUTAPHbIE MATPHILI Us 1
Ugp Taxue, aro Uy @ Ugly) = |00).
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Kak MO»XKHO y3HaTh, 3aIlyTAHHO JI KAKOe-TU00 KBAHTOBOE COCTOSTHUE TN
Her? OTBeT CONEP:KUTCSA B CJIEIYIONIEH 3a/1ade.

3adava 91. *Paccmorpum cocrosaue 4 u marpuiy A = {a;;}, cocraBienHyo
M3 aMILIUTY/] 9TOI0 COCTOsHUS. J{oKa3aTh, 4To cocTogHNE [t)) 3amyTaHo Tora
U TOJIBKO Torya, Korga rank(A) > 1.

Vraszanue. Eciam panr MaTpuiibl paBeH eIuHNIE, 3HATUT BCE ee CTOJIOIbI
(CTPOKH) TPOHOPIUOHAILHBI JIPYT JIPYTY.

Badaqa 92. 3amyTtano mm cocrosume o) = 1//2(|00) + [11))?

Pewenue. Marpuriia, cOoTBeTCTBYIONIAST 9TOMY COCTOSHHIO Oy1eT

A:(l/oﬂ 1/0ﬁ)

rank(A) = 2, 3HAYAT COCTOSTHNE 3AITYTAHO.

3adaua 93. Korga Gyner 3amyrano aByxKyburHoe cocrosiaue |p) = al00) +
b|01) + ¢|10) + d|11)?

MoxkHO paccMaTpuBaTh ABYXYACTUIHYIO 3aIlyTAHHOCTb MEXKIY DPa3/Ind-
HBIMH TIOJICUCTEMAMU MHOIOYACTHYHOM cuCTeMbl (T.e. Pa3IMIHbIMU Pa3Ou-
eHUSIMU MHOYKECTBA IIPOCTPAHCTB KYJIUTOB Ha JIBa MOJIpOCTpaHcTBa). Ha-

1
HIPUMEp /ISt TPEXKYOUTHOM CUCTEMBI [©) = > Gyyigis|i19203) MOXKHO pac-
i1 i2,i3=0
CMOTPETb TPU PA3JIMIHBIX JBYXYACTUIHBIX 3allyTAaHHOCTH: Mexkiay 1 u (2 u
3) kyburamu; (1 u 2) u 3 kyburom; 2 u (1 u 3) kyburamu. st mpoBepku 3a-
myTaHHoCTH MKy 2 1 (1 u 3) KybuTamMu HY>KHO BBIUYUC/UTH PAHT MATPUIIBI

Gpoo Apo1 aA100 G101

Qp10 Ap11 AaAi110 G111 '
3adava 94. BeiumuTe MaTPUIbI JJIsi TPOBEPKH 3aIly TAHHOCTH MEXKLy: a) 1
u (2 u 3) kyburamm; 6) (1 u 2) u 3 Ky6uTOM;

3adaua 95. Ilycrb uMeercst n — KyjuTHas cucreMa (KaxKIblil KyJIuT pa3mep-
Hocru d). a) Kakoro pasmepa Oyier mMaTpuna Jjisl TPOBEPKH 3aIly TAHHOCTU
MezK ity pon3BosIbHbIME k 1 [ (k+1 = n) kynuramu? 6) CKOIBKO Pa3ImIHbIX
pa3bueHnii TaKoif CUCTEMBI Ha JBE MOJICHUCTEMBI !

3adawa 96. VccnaenoBaTh Ha 3amyTaHHOCTH 0000I1eHHOe G H Z cocrosinue

|GHZ) = ao|000) + a1|111), |ao|* + |a1|* = 1.
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Pewenue. VccnenoBaTh Ha 3allyTAHHOCTH O3HAYaeT Y3HATH, MO KaKUM
pasbueHusiM Ha JIBa MOJIPOCTPAHCTBA 3allyTaHa cucreMa. s Jannoro co-
CTOSTHUS BCE TPU MaTPHUIILI TPOBEPKH HA 3aIyTAHHOCTH ¢ TOYHOCTBIO JIO TIeP-
CTAHOBKU CTOJIOIOB U TPAHCIIOHUPOBAHUS Oy/IyT PaBHBI

a 0 0 0
0 ap 0 0 )"
A 3HAYUT ITO COCTOSTHUE 3AIIYTAHO MO BCEM IMOJIPOCTPAHCTBAM (IOJHOCTHIO

SaHYTaHHO), €CJIM BBIIIOJIHAETCA YCJIIOBHUE Qg1 > 0 ¥ ITOJTHOCTBIO He3alryTaHHO,
€CJIX 9TO YCJIOBHE HE BBIIIOJIHAETCA.

3adaua 97. VccmemoBaTh Ha 3alyTAHHOCTD 00001eHHOE W cocTosiHme
W) = ao|001) + a;[010) 4 a2|001), |ag)?® + |ai|* + |as|* = 1.

3adaua 98. IIpumep. Viccaenosarh Ha 3alyTAHHOCTH COCTOsIHUE (B 3aBUCH-
MocTu oT napamerpoB a # 0,0 # 0,¢ # 0,d # 0)

1
|al? + [b]? + [ef* + |df?

(a]000) + 010 + ¢|101) + d|111)).

3adava 99. VccnenoBaTh Ha 3aIlyTAHHOCTH N-KyOUTHOE COCTOSTHUE

01,12, yin=0
3adawa 100. PacemoTpuMm n-KyOUTHOE HEHOPMUPOBAHHOE COCTOSHHE
2TL

vy =3 ol

=0

HOpMI/IpOBaTb COCTOdHUE U HUCCJIEOBATHb €10 Ha 3allyTaHHOCTb.

7.2 CunryagpHoe pa3JjioyKeHre MaTpPUIL

Ba,}KHYIO POJIb JId 3allyTaAaHHOCTHU ABYYXaCTUYIHBIX COCTOSIHUIT urpaeT ChuH-
ryjaspHoe pasioxkenue marpur (win SVD-pasioxkenue, or Singular Value
Decomposition)

Teopema 7.1. Jlas 210600 Komnaexchol mampuysbt A pasmepa m X n cyuwe-
CMBYem. passoxHcerue

A=U-S-V*,
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2de U — ynumaphas mampuya nopadka m, V — yrumapHas Mampuya nopsao-
Kka n, S — Qua2OHAALHAA MAMPUUA M X N ¢ HEOMPUUAMENLHBMU OTCMEU-
MEALHOMU YUCAAMU {S1, S, ..., Sy} Ha duazonaau (IMu “ucia HA3BIEAIOM
CUHRYAAPHOMY ucsamu mampuyv, A). Ipuvem nabop smux wucen 00mo-
3HavwHo onpedeasemes mampuuetd A.

Onpenenenne 7.2. Crosnbipl marpunsl U(V) nasbiBatorcs JieBbiMu (mpa-
BBIMHE) CHHTYJISIPHBIME BEKTOPAMU MaTpUIibl A.

Bameuarue 7.3. OBBITHO IPUHSTO 3aIUCHIBATE JHATOHAIBHBIE SJIEMEHTHI {51, So, . . .

MaTpHUIbl S B MOpsiJIKe HEBO3PACTAHWs, TOTIa U MaTpuiia S Olpe/eneHa o/l
HO3HATHO.

CI/IHFYHHPHOG Pa3JI02KeHne O6J’I&,H&€T MHO2KECTBOM ITOJIE3HBIX CBOMCTB:

3adava 101. Yuco HeHY/IEBBIX CUHTY/ISPHBIX YUCET MATPHUIIBI PABHO €€ PaH-
ry:

dim(s; : s; > 0) = rank(A).
3adaya 102. Tlokaxkure, 910 COOCTBEHHBIE 3HAYEHUsT MATPUIlbl A* A ABJISIOT-
¢ KBaJ[paTaMy CHHTYJISAPHBIX dncest marpuilbl A. KakoBbl 6y1yT cobCTBEH-
Hble BeKTOpa MaTpuilbl A*A?

CsoiictBo 7.4. Ilyctb 51 > $9 > ... > s,. PaccMoTpum uaroHaibHyIO MaT-
putty S}, pasMepa mXxn ¢ JHaroHaJIbHBIMI SJIEMEHTaMU { $1, Sa, . . ., S, 0,0, ..., 0},
rie k < n. Torma marpuna Ay = US) V™ Gyner HantydnmmM npubnKeHIeM
MaTpuIBpl A cpeim Bcex MaTpHUI| paHra k B CMBICJIE MATPUIHON HOPMEI ||.||s.

Joxazameavemeso. T.x. marpuna A — A, = US"V*, rne S” asnsaerca quaro-

nasbHO ¢ ssementamu {0,...,0, Ski1,..., S}, T0 ||A — Aglla = spy1. Pac-
CMOTPHUM IIPOM3BOJIbHYIO MaTpully K panra k. $Iapo 5Toil MaTpuInLl uMeeT
pa3MepHOCTL N — k, a pa3MepHOCTD JTMHEHHON 000JI0UKHI CTPOK V1, Vg, . - . , Vg4l

marpurpl V pasaa k+1. T.x. (n—k)+ (k+1) > n, ykazaHHbIe MOAITPOCTPAH-
CTBa MMEIOT HETPUBHAJILHOE MEPEceueHre, U Il HOPMUPOBAHHOIO BEKTOPA
h u3 5TOrO HEpeceveHust

1A= KI5 > [|(A = K)hl|; = [|Ah[; =
= [USV*hll3 = IS5 = st llV7RIE = sk
O

[IpuBesieHHOE BBIIIIE CBOXCTBO (AIIIPOKCUMAIINA MATPUIIAME MEHBIIIX PaH-
I'OB) SABJIAETCS OYUeHb BAYKHBIM U IT03BOJIAET UCIIOIB30BATH CHHIYJISIPHOE pas3-
JIOYKEHUE JIJISI MHOTOUX IIPAKTHYECKUX 33/1a4: CzKaThe N300pakKeHnit, JJaTeHT-
HBIl CeMaHTHYECKUH aHAIN3, JATEHTHBbIH CeMaHTHIeCKUil aHam3 (MeTo,
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HOSBOJ'IHIOH_LI/Iﬁ CpaBHUBaTb TEKCTOBbLIE JOKYMEHTHI HE IIPOCTO 110 CTATUCTUKE
BXOXK/JIeHuA CJIOB, HO U II0 CEMaHTHUKE; aKTHUBHO HMCIIOJIbL3YyeTCdA B TEKCTOBLIX
IIOMCKOBBIX CI/ICTeMaX), aHaJIn3 CTATUCTUIECKUX JaHHBIX W JIP.

7.3 Pazjgoxenne IHIMmuara

HyCTb nMeeTCd 9UCToe ABYyX4aCTUIHOEC KBAHTOBOE COCTOAHUE B IIPOCTPAHCTBE
HA & HB, dA = dzm(HA), dA = dzm(HA), d= mm(dA, dB)

da dp

) = Zzaiﬂwﬂﬁg'

i=1 j=1

Kak mbl 3HaeM, KOHETHOMEPHOE TUIHOEPTOBO IIPOCTPAHCTBO U30MOPQHO
CBOEMY COIPAXKEHUIO, 1 Mbl MO2KEM pPaCCMaTpuBaTb OJHO BMECTO JIPYIrOro.
SamennM npoctpancTtso Hp na HJ.

3adawa 103. Joxazkure, uro nmpocrpancrso Hy ® Hp nzomopduo Hy @ HF,.

Taknm obpaszoM MBI mepenin K npocrpanctsy Hy @ Hp. B srom mpo-
CTPAHCTBE COCTOsTHUE [1)) mepeiier B

da dp

Zzaij|i>A<j|B‘

i=1 j=1

DTo Oyer JUHeHbI oepaTop, jeiicrBytomtuit u3 Hg B H 4, ¢ MaTpurieit
M = {a;;}. Pacemorpum SVD-pasiozkenue 9Toif MaTPUIIBL:

d d

M=USV*= U(251|Z>A<Z‘B)V* = Zsl"DA(ﬂB?

i=1 =1

rite 14 — 6a3mc npocrpancTBa H 4 B KoTopoii niepeiiger 6a3uc i4 1o 1eiiCTBH-
eM maTpunb U, a ip — 6azuc npoctpancTBa Hp B KOTOpOIt nepeiiaer 6a3uc
1p O] JieficTBueM MaTpuilbl V.

Bosspamasch K npocrpanctsy H4 ® Hp, nomydnm:

TaKoe pecTaB/ICHHE ABYXYaCTUYIHBIX KBaHTOBBIX COCTOSIHUII 1 Ha3bIBaIlOT
passoocernuem IIImudma. ChopMmymupyeM ero B BUIE TEOPEMBI.
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Teopema 7.5. Umeemcs wucmoe 08yruacmuyHoe COCOAHUE 6 NPOCTIPAH-

cmee Hy Q@ Hp :
dim(Ha) dim(Hpg)

Z Z ;i) 4

dim(H ) dim(Hp)

2 2 Il =

Tozda cyuecmsyrom opmoHopmuposarnvie basucol ig u ig npocmpancms H 4
u Hp coomeemcmeenio, maxue, 4mo

d

) =) Nifi) ali) .

i=1
d

ede d = min(dim(H,),dim(Hp)), M eER, X\ >0, > A\ =
i=1

JeiicTBUTE/IbHBIE AMILTUTY IBI A; Ha3biBalOTCsd Kodddunuentamu [TInui-
Ta, a ancjio HeHy/eBbix kKodddurmenton [Hvmuara — panrom [Mmugra cocro-
STHUS.

3adava 104. Hucroe JByXUaCTUIHOE COCTOSHUE 3AIyTAHO TOTJIA W TOJIBKO
Toraa, Korjaa ero panr HImugra Oosbine e uHAIIGL.

Panr [IMmugra MokeT SBASITHCST Mepoti 3anyMaHHOCMU IBYXIACTHIHBIX
cocrosiauit. T.e. gem Gosibire panr [IIMuara, TeM cuibHee 3amyTaHO COCTOS-
uue. Teopust Mep KBAHTOBOM 3aIly TAHHOCTHU BBIXOUT 38 PAMKH JTAHHOW KHUTH
u MbI He OysieM paszdbuparh MOAPOOHO TO yTBEPK/ICHUE.

7.4 Paznoxkenue IlIMmuara m peayrnmpoBaHHbIE MaTpU-
bl TIJIOTHOCTH

Paznoxenne [IImuara TecHo CBA3aHO CO CIIEKTPOM PEJIYyITUPOBAHHBIX MATPHIL

IIOTHOCTH cocTostHusA. Kpome Toro, 6itarogaps passioxkenuto [IImuara, gerko

VYBUJETH CBA3b ABYX MaTpPHUII IIJIOTHOCTU ITIOACHUCTEM OJIHOI'O COCTOAHUII.
CHoBa 3amuiiem ABYXYaCTUYIHOE COCTOAHNE B BUJIEC PA3JIOZKCHU A H_[MI/I,ILTELI

d ~ o~
= Z)‘i‘i>A’i>B
i=1

3adava 105. Berancanre pegynupoBasible MATPHIB! INTOTHOCTH pa = T (1) (Y])

u pp = Tra([) (V).
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3adawa 106. Ybenaurech, 9T0 COOCTBEHHBIE 3HAYEHUA MATPUIL P4 U pp COB-
[aJIAI0T U IPEJCTaBIAI0T coboit KBapaThl Kodddunuentos [IImumra.

3adava 107. Yb6enurecs, 9ro |i) 4 U |i) 5 SABIAIOTCS COOCTBEHHBIMU BEKTOPAMU
pA U pp COOTBETCTBEHHO.

CJIG,ZLCTBI/IGM IIpuUBEeACHHBLIX BLIIIIE CBOICTB SIBJIIETCA BarKHasd CBSA3b IIOHSI-
THII YUCTOTHI 1 HE3aIllyTaHHOCTU:

3adawa 108. JlokaxKuTe, 9TO ABYXIaCTHIHOE COCTOSTHIE HE3AIYTAHO TOLA 1
TOJILKO TOI'/[a, KOIa MATPUIILI IIJIOTHOCTU €0 IOJICUCTEM SIBJISIFOTCST UNCThI-
MH.

Kpome Toro, npuseseHHbIe BbIIIE CBOWCTBA JAIOT aJIFOPUTM BBIYUC/ICHHS
paznoxenusi [[IMura AByX9IacTHIHOrO COCTOSHUSA [1)) 63 MCIOIH30BAHUA
SVD-paznoxennst:

1. Bbraucauth pemynupoBaHHble MaTPUIB! IWIOTHOCTH paq = Trg(|1)(Y])

u pp = Trp([¢)(@)).

2. Haiitu obriue coOcTBEeHHbIE 3HAYECHHUS (; U COOTBETCTBYIOIIME UM COO-

CTBEHHBIE BEKTODA |i) 4 U |i) ; MATPUIL pg U pp.
3. Paznoxkenne [HImugra Oymer uMeThb BUI;

d
) = Z \/a_i|i>A|i>B‘
i=1

3adava 109. Haiitu pasnoxenue HIvmara cocrogmmsa 1/5+v/2(5/00) + 3]10) —
4)11)).
3adaua 110. *(Pacmupenue coctosinusi 10 auctoro) JJokasars, 9To jiist Jio-
60ro CMemaHHOrO cocTosiHus pa € Ha ® HYj Haiijercs IucToe COCTOSTHHIE
|Y) € Hy ® Hp, Takoe, 910 p4 SIBJISIETCS COCTOSTHUEM €T0 TOJCUCTEMBI, T.€.
pa = Trp([v)()).

Vraszanue. Ucnonb3oBars ¢BA3b Kodddunuentos [HImuara aucroro 3a-
Iy TAHHOT'O COCTOSHKS CO CIIEKTPOM €0 CMEIIaHHbIX PeIyIMPOBAHHBIX MAT-
PHIL IJIOTHOCTH.

Badaua 111. *KakoBa MuHMMAaIbHAS BO3MOXKHASA Pa3MEPHOCTH MPOCTPAH-
crBa Hp n3 npeapiayieil 3agaqmu?

Bameuanue 7.6. Kak u B ciiydae ¢ aHAJIN30M JBYXIACTUIHON 3aIly TAHHOCTH,
MOKHO paccMmaTpuBarh pasjoxkenne [IIMugra MHOrOYaCTUIHOM CHCTEMBI 110
JIBYM TojicicTeMaM (pa3OUeHUI0 MHOXKECTBa YaCTUI] Ha J[BA).

Badana 112. ** Ha npumepe cocrognusa |[W) = 1/4/3(]100) + |010) + |001))
[OKa3aTh, ITO JI/IA TPeX KYOUTOB HE CyIIecTByeT paszjoxkenus [IImmara, T.e.
W) # Xo|000)4-A;|111). Wotu, a0 SKBHBAIEHTHO, HE CYIIECTBYET YHUTAPHBIX
marpur Uy, Uy, Us, Takux, aro Uy ® Uy @ Us|WW) = Ao|000) 4+ Aq|111).
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Vrasanue. Paccmorpers pasnoxkenue [[Imuara i nepBoro Kybuta u
JIByX ocTaBiiuxcs. Vcroab30BaTh ero e uHCTBEHHOCTD.

7.5 utponusa ¢don Heiimana

[t MaTpuIl IVIOTHOCTH BaXKHYIO POJIb UT'PAET aHAJIOr KJIACCHIECKOH SHTPO-
nun [Hlennona - anmponusa gon Hetimana:

Hyn(p) = —tr(plogp).

Kaxk u B cinyuvae surponun IllenHona, ocHoBaHue Jjiorapudma He UTpaeT Cy-
IMECTBEHHON POJIN.

3adava 113. Kax Berauc/ists suTponuto ¢oH Heitmana?

Yrasanue. BcmoMHUTD, KaK BBIYUCIATH MATPUYHbIE (DYHKIIMH OT SPMHU-
TOBBIX MaTPHII.

3adawa 114. Beraucanrs saTponnio don Heiimama MaTpuIlbl IJI0THOCTH

o= (23 )

3adava 115. Jlokazarn, uro surponun dhon Heiimana MaTpuIl 10THOCTH 0/I-
CHCTEM YHUCTOI'O JIBYXYaCTUIHOTI'O COCTOSHUS COBIAIAIOT.

[Ipeapiayimas 3a/1a4a JlaeT BO3MOYKHOCTb BBECTHU CJIEJIYIOINIHNE OIIpe/ieie-
HUE:

Onpenesienue 7.7. Durponus ¢on Heiimana mojacucreM IucToro AByxXda-
CTHYIHOIO COCTOSIHUS HA3BIBAETCSI €10 pedyuuposartoti snmponuets orn Hed-
MAHQ.

3adawa 116. Jlokasars, 9TO pemayrupoBaHHas sHTpornd ¢pon Heitmana co-
crogaug copnaaer ¢ surponueil [lennona KBaapaToB ero K03 UIMEHTOB
Imugra.

3adava 117. JlokazaTh, 9T0 MATPHUIA IJIOTHOCTH SIBJISETCA YUCTON TOrIa W
TOJIBKO Tora, Korma Hyy(p) = 0. Viau, 9410 9KBUBAJIEHTHO, JBYXYACTHIHOE
COCTOSIHME SIBJISIETCSI HE3AITYTAHHBIM TOIJA U TOJIBKO TOTJIA, KOIJa €r0 PeJry-
nupoBaHHas suTponus (on Helimana paBHa HyJIIO.

Sameuanue 7.8. PenynupoBannas surponus ¢pon Heitmana, kaxk u panr [Imui-
Ta, MOXKET CJIy?KUTb MepPOil JBYXYaCTUIHON 3aITyTAHHOCTH.
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