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ITocobue nupejHa3HAUEHO JIJISI CAMOCTOATE/ILHON pPadOThI
CTYAEHTOB, CAYIIANINX KyPC « KBAaHTOBBIE BBITUCIEHUST» TN
JII000# IpyToil Kypc 1O OCHOBaAM KBAaHTOBOH MHMOPMATHKH.
[IpopaboTka gaHHOrO MOCOOUS O3HAYAET OCBOEHHE OCHOBAMM
KBAaHTOBOW  WHMOPMATUKH, YTO  JaeT  BO3MOXKHOCTH
JaapHefimel crenuaau3anuu B 9TOM HANPABJICHAN, BKJIIOYas
HOCTyIJIeHne B acnupanTypy. Pabora ¢ JaHHBIM mocodOuem
3aK/JI0YAETCS B CAMOCTOSITETLHOM DPEeNIeHUH TPeiaraeMbix
B KOHIIE 33Ja4 € HCIOJb30BAHUEM CBEJICHHH, U3JI0XKEHHBIX
B peryJspHoM Kypce. B ciaydae HeoOXOIUMOCTH B KadecTBe
HCTOYHMKA TEOPETHYECKHUX CBEJIEHHI MOXKHO BMECTO Kypca
MOKHO TaKzKe HCIOJb30BaTh mocobue [65]. Bee Teopernaeckue
cBejeHns, (HopMaabHO HEODXOJAMMbIe IS pereHns 3a/1ad,
KpPaTKO H3JIaraloTcs B JaHHOM 1ocobuu. Ilpm perrenun
3aJa4 MOXKHO, B cJydae HeOOXOIUMOCTH, MOJb30BaAThCHA
YKa3aHHOM JIITEPATypoil KaK BCIOMOTATEJIbHBIM CPEICTBOM,
HO TOJIBKO €CJIU 3a/la4a YHOPHO HE TOJJIAeTCH PEIIeHUIO, UIn
IS CAMOKOHTDOJISI - TocJe ToJydenus perrenuns. Camas
BakHasg 4acTb pabOThl COCTOUT MMEHHO B IOIBITKAX HAWTH
CAMOCTOSTEJIbHOE —pelleHrne BceX IpejjiaraeMbIX — 3a/ad.
Pemath ux HaI0 MOCTIEI0BATEIBHO, HCIOAb3Ys TOMEIEHHbIE
nojickasku. llocse perenusi BCero CHucka 3a/ad  MOZKHO
CIaBaTh dK3aMeH I10 JUCIHUILINHE KBAHTOBas MH(MOPMATHKA
Ha Kadeape W HaYMHATH HAYUYHBIE WCCJIEJIOBAHUS B JIAHHOI
00J1aCTH.
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I'maBa 1

KBanToBbIe mnporiecchl

B nmamnom paszmene onucwkiBaercss (GpopMasu3M KBaHTOBOI
dusuku ¢ KyOMTOBOH TOYKHU 3pEHHsI, TaK 4UYTO CTYJIEHT,
3HAKOMBIH C OCHOBAMHW KBAaHTOBOW  TEOpUH, CMOIKET
nepenucaTh JOOYI0 ee YacTh Ha 3TOM sa3biKe. (OOBIYHO
B JiATepaType 1O GU3NKe HUCHOJB3YeTCS TPAJIUIMOHHBIE
obo3HaveHuss W3 Teopwr (DYHKINHA, HAIIPUMEDP, BOJHOBYIO
dbyukImo 3anuchBaior Kak W(x), 9r0 BBI3BIBAET KOJIH3HIO
CO 3HAYEHUEM BOJHOBOW (PYHKIIMU B KOHKPETHOH TOYKe T, n
HOTOMY JIJISI HETO HCIOIb3yeTCs HHTerPAJbHOE MPe/ICTaBIeHIe
[ ¥(y)d.(y) dy. Dru rpamunmonnsie 0Go3HATCHHUS YIOGHDL
JIJIS PYYHBIX BBIYHCJIEHUH, TPU KOTOPBIX Da3pelieHne TaKuX
KOJ/LIM3UI He co37aerT mpobseMbl Jijist desoBeka. OqHako
JIJI KOMITBIOTEPHOTO MOJIEIUPOBAHUs He0OXoauMa OoJIbITas
crerenb popMaJiM3aluu OCHOBHBIX TOHATHII. Bosiee Toro,
dopMaIu3M JI0JIKEH OBITH MPUCHOCOOJEH K TOMY, YTO MBI
OymeM paboOTaTh TOTBKO ¢ KOHEUYHBIMH YHCJIAMHU JazKe eCJIH
B HUCHOJIb3yeMbIX HamMu ((popMysiax MOKHO HOJICTAB/ILTH
beckonednbie BeauauHbl. OCODEHHO ITO KACAETCS KBAHTOBOIT
JEKTPOAMHAMUKH, JIIT  KOTOPO#l  3jech mpejjiaraercs
dopmanibHadg cucremMa 0003HAYECHUNH KyOMTOBOIO THIIA.



1.1 OcHoBHBIE IOJIOXKEHU A
OJTHOYACTUIHOI KBaHTOBOI1
MeXaHUKI

FﬂaBHbeI mocryJjaaT KBAHTOBOII MeXaHUKH COCTOUT B TOM, 4YTO
BCd JIMHAMHUKA JIIO0O0W CUCTEMBI OTPEJIEIsieTCsl ee BOJHOBOM
dyuKIMeit, KoTOpas dBIsdeTCsd KOMILIEKCHOW (yHKIueir oT
KOOPJIMHAT BCE YACTHIL, COCTABJISIONNAX Ty CUCTEMY:

U (t, 71,72, Th)-

3mech 1 ecTh KOOPJAWHATHI YACTHIBL j (MMEIOTCI B BHAY HE
TOJIBKO HPOCTPAHCTBEHHbIE KOOPJMHATHI 4aCTHUI, HO U HUX
CIIMHOBBbIE KOODJMHATHI). DTa BOJIHOBasi (DYHKIHS JTOJZKHA
paccMaTpuBaThCA KaK BEKTOP B I'MJILOEPTOBOM MPOCTPAHCTRE
COCTOAHWUN 1N YaCTHYHON cHCTeMbl. J3HadYeHHs  ITOI
GyHKIIMN HA3BIBAIOTCS AMILTUTY/IAMHU, COOTBETCTBYIOTIIMHE
npeOLIBAHUIO YACTUIIH B JAHHBIH MOMEHT BPEMEHU ¢ B TAKOM
COCTOSTHUHW, TIPH KOTOPOM /I Kaxkjoro j = 1,2,....n
YyacTula j HUMeeT KOOpAMHATHL 7. Takag TpaKTOBKa
COCTOSHUS B BHJE BEKTOpa Cpa3y BelleT K HEeTPUBHAIBHOMY
CTIeICTBUIO: JTI00ast JuHeiiHasd KOMOWHAIMS COCTOSHUM CHOBA
SIBJISIETCS HEKOTOPBIM BO3MOXKHBIM (DUBUYIECKUM COCTOSHUEM
Jnannoit cucreMbl. Takum 00pa3oM, MHOYKECTBO COCTOSHU
obJta 1aeT CBOWCTBOM JIMHEHHOCTH, U 3TO 03HAYAET, 9TO J1I0O0e
ypaBHeHHe, KOTOpOMY TOMYnHAeTcad BeKTop W, TOJIZKHO
OBITH JIMHEHHBIM. DTOT TPHHIHI HA3BIBAETCS TPUHIUIOM
CYTIePIIO3UINY, U U3 HEr0 BHITEKAET CYNIEeCTBOBaHUE 0COOOTO
porecca,  Ha3blBaeMOro  uHTepdepennueir  amIIUTy/I,
KOTODPBIl HE HMeeT MpIMOro aHaJora B KJIACCUYECKON
dbusuke (He cumras BosHOBYIO (u3NKY, rae wHTepdepeHIms
MpOABISETCI KAaK KOJIEKTUBHBIN 3bdekT, K dYeMy MBI
BEPHEMCs] ).

Nurepdepeniuio AMILIATY/T poIIe BCEro



HPOJEMOHCTPUPOBATD, IPUMEHsIsi Marpuibl. [IpejacraBum
cebe, uTO Mbl BbIOpaIn 0a3uc B IMILOEPTOBOM MPOCTPAHCTBE
COCTOSIHUIA, U TIPEJICTaBJIsIEM BCAKMIT BeKTOP W B BHJIe HEKOETO
cToJ10IIa KOOPJAUHAT TOr0 BEKTOPa B JaHHOM Oasuce. Torma
W3 TPUHINAINE CYIEPIO3UINN BBITEKAET, YTO COCTOAHUE B
CJIe/IYIONUI MOMEHT BpeMeHH t + 0t MOZKHO HAWTH, IPUMEHUB
K COCTOSTHAI) B MOMEHT BPEMEHU ¢ HEKUIi JINHEHHBIN olepaTop
U, na3piBaeMblii ormepaTopoM yHUTAPHON IBOJIOIUN (,ZLaJIbH_[e
MBI YBHJIUM, YTO OH JIOJIZKEH OBITh HE TOJBKO JIMHEHHBIM,
HO W YHUTAPHBIM). DTOT (aKT MOKHO BBIPA3UTH HA SI3BIKE
MATPUYHOIO YMHOXKEHUA TaK:

w1l u1,2 ... Uln Py (t) Py (t + 6t)
U2l uU2,2 ... U2.p Pa(t) _ Yo (t + t)
Un,i Un,2 ... Un,n Yn(t) P (t + 0t)

(1.1)

To ecrp mobas amsmuryna ¢;(t + 0t) MoxkeT ObITH HafiJeHA 110
dopwmy.te

V;(t+6t) = Z Pi(t)ug. (1.2)

Dopmyaa (1.2) o3HagaeT, 4TO sl HAXOXKJEHHS] AMILTATYIbI
B HEKOTOPOH TOYKEe B CJEAYIONUNA MOMEHT BpPEMEHH HaJI0
IIpOCyMMHUDPOBAThL BCE AMIIJIATY AbI BO BCeX TOYKaX B
HPeAbLAYIIUA MOMEHT, IIPeJABAPUTEJIbHO YMHOXKHUB HUX HA
COOTBETCTBYIOIHE AMILIUTYJIbI II€peXojia M3 ITUX TOYEK B
UCXOMHYIO. 3HAYUT, JBUXKEHHE KBAHTOBOM YACTHIIBI MOXKHO
OpeICTaBAATh cebe KaK JIBUKEHHe HeKOeil Ccpeibl, Ije
aMILUIUTyJa B JI0OOH TOYKe CKJIaJIbIBAETCS W3 BKJIAJIOB,
KOTOpBI€ BHOCAT B 39Ty TOYKY JABUZKCHHA 3TON JaCTHUIIBL
U3 BceX JApyrux Todek. [Ipm sToM KaxKIblil BKJIaj OGepercs
C KOMILIEKCHBIM BECOM, COOTBETCTBYIOIIUM OHNHCAHHOMY
Hepexoay U3 TOYKHA B TOUKY. DTO IpeJCcTaBIeHre KBAHTOBOMI
YaCTUulbl B BHAE CpeAbl IIOPO2KAACT AHAJIOI'UIO KBaHTOBOM
PUBUKH C TUIPOTHHAMUKOM.



A Ternepb paccMOTPHUM JIBA MOC/EI0BATEIBHBIX HEPEX0/Ia,
KOTOPbIE OCYIIECTBJILIOTCS C MOMOIILIO TOTO K€ OIepaTopa
spomronnu U: or mMomenTa t 1o momenta t + 20t. Torma y
nac mosyunres: V(t + 26t) = U?¥(t). Buinucas nogpobuee,
MBIl ostyauM ¥, (t + 26t) = Y. () u; puk j. 1O 03HAUAET,
YTO KBAHTOBAZA YACTHIA MOKET JIBUTQTHCsI, BOODIIE TOBOPS,
BJI0JIb IIPOU3BOJILHONA TPACKTOPUH, & HE TOJIBKO [0 IPAMOHN, U
ee aMILIUTY/Ia B JIF000# TOYKE €CTh Pe3y/IbTaT CYMMHUPOBAHUS
AMILIATY/I 110 BCEM IIYTAM, BEJAYIIUM H3 KaXKJIO# TOUKH
B ganuyio. Ilpm 3TOM BKJIaA B CyMMY KAa)KJIOro IIyTH
HOJIYHAETCsl YMHOXKEHUEM 3JIEMEHTOB MATpuIpl dojtonun U,
COOTBETCTBYIOIIUX BCEM IIOCEI0BATENBHBIM HYACTIM ITOTO
myTH (MBI TIPEJACTaBJseM TyTh B BHJE JOMAHOH W YacTH
- 9TO ee 3BeHbs). TakuMm 00pa30M, AMIUIATYIA CUATACTCSH
KaK CyMMa [0 BCeM IyTdM, a BJIOJIb KayKJIOro IIyTH
9TO - MTPOU3BEJEHWE AMILUIUTYH TEePeXOJ0B IO BCEM €ro
[OC/IEIOBATETHLHBIM TaCTSIM.

DTO UPaBUJIO CIPABEIJUBO Be3Je, B TOM YHCIE U B
KBAHTOBO# 3JEKTPOJIMHAMUKE TJE IMPONECCHl OMUCHIBAIOTCS
quarpammamu. OHO B TOYHOCTH COOTBETCTBYeT hopmyJie
JIUTsT TIOJTHOH BEPOSITHOCTH  CJIOYKHOTO COOBITHS B TEOPHUH
BEPOATHOCTEH, ¢ TOH JIMIIb pa3HULEld, YTO0 B Teopuu
BEDPOSITHOCTU BEJIMIMHBI BEIIECTBEHHBIE W HEOTPUIATE/IHHBIE,
a y HaC 3/7eCh - KOMILJIEKCHBbIE. Takas aHaJOrusl HaBOINT
HA MBICJIb O BO3MOYKHOCTH CTATHUCTHYCCKON HHTEPIIpeTaIuu
KBAHTOBO# TEOpWH, a TaKyKe HA BO3MOXKHOCTH OTKAa3a OT
KOMILIEKCHBIX YHCE/I P €€ OMUCAHUU, - Mbl TAKZKE BEPHEMCSI
K 9THM HJEsIM MO3ZKe.

Kinaccuaeckum  BesimamHaM B KBAHTOBOW — Teopum
COOTBETCTBYIOT OII€PATOpBbI. Benudure KOOPAUHATBHI T
COOTBETCTBYET OIEpPATOD YMHOXKEHUsI Ha ITY KOOPJIUHATY:
x: f(x) — xf(x), Bexkropy T = (z,y, z) - oueparop

o fry,2) — (2f(@,y,2),yf(2,y,2), 2f (2,9, 2)),
UMITYJIBCY P, BJOJIb KOOPAWHATHOW OCH X - OIepaTop



h 0

MMIIYICA Py = -, HOIHOMY HMIYALCY P - OLEPAToOp
_ 2
p = @(%, %, %), sHeprum - oneparop sHeprum 1- + V(1),

rie V - moreHnuabHas SHeprust YacTutibl. OnepaTop SHEPrum
Ha3bIBaETCA TaMUJIBTOHUAHOM. HpI/I 9TOM MBI TIPpDUHUMAaEM
OOBIYHBIE IIPaBUJIA IE€pexojJa K BEKTOPBIM BeJIHYUHAM,
HAIIPUMEp  OllepaTop  KBaJpaTa  MOIY/JIsd  KOOPJIHHATHI
neficreyer xax |r]? : f(x,y,2) — (2% + % + 22) f(x,y, 2),
omepaTop KBaJApaTa UMIOYILCa - Kak p° : f — —h2Af
(TO €CTh KBaJpaT TpPpaKTyeTCd HaMHu KakK CKaJ’IHprIfI
KBa;LpaT), MOMEHTY HUMIVJIbLCA 7 X p - oHeparop MOMEHTA,
KOOPJAUHATHI KOTOPOTO IIOJYYAIOTCd 10 HPABHIY B3ATHUS
BEKTOPHOTO MPOU3BEJICHUS U3 KOOPAMHAT €r0 COMHOXKHUTE et
- OTIePATOPOB, U T.JI.

ITpeobpazoanne @Pypbe oT  BOJHOBOH  (YHKIIHH
Ha3bIBACTCA  HMIYJIbCHBIM  IIPEJCTABJCHHEM  BOJIHOBOM

byHKIIH:

B(p) /e'hxp(x)dx, (1.3)

rjie 0OpaTHBIH ONEePATOP BHITJISIUT TaK:

1 iva
®(z) = 5— /6 " ®(p)dp.

R

[Tonmbrii IEpexo 1 K UMITYJILCHOMY MPeJICTABICHUIO 1 0OPATHO
B TPEXMePHOM IPOCTPAHCTBE UMeeT BUJL

O (p) —fe 5 (R)d*R,

U(R) :er
R3

ip-R

D (p)d°p,

IIpu s1OM ecam BoJHOBag OYHKIUS 3aBHCHAT OT 3
MepeMeHHBIX, MOXKHO IepexojuTh K ee UMIYJIbCHOMY
LpeJICTaB/JIeHUI0 110 KaxKJIOl M3 KOOpJIMHAT HEe3aBUCUMOO
OT JIpDYI'MX, HalOpUMeEpP, MOXKHO PacCMOTPeThb (PYHKIUIO



suga ®(x,p,,2), wm @(p,,y,p,), n ra Ioguepkuem,
9TO BOJIHOBasi (DYHKIHS HE MEHSIeTCS HPH Mepexoje K ee
UMITYJIBCHOMY MPEJICTABICHUIO - OHA, TPEJICTABISET CODOH TOT
JKe CaMBIil BEKTOP B THJILOEPTOBOM IIPOCTPAHCTBE COCTOSTHUIA.
VMvmyabcHOE MpencTaBIeHHe eCTh IIPOCTO  3alHCh  3TOrO
BEKTOPA B JIpyroM Da3uce, B KOTOPOM Da3UCHBIE BEKTOPHI - ITO
He J1esibTa (PYHKINH, KaK IPU KOOPAUHATHOM HPeCTaBJIeHNN,
a dynknnu Buna exp(ipR). Mbl Morau 6 BHIOpATh KaKoii-
Jinb0 MHOH 6a3uc, HAIIPUMEpP, COOTBETCTBYIONINH COOCTBEHHBIM
BEKTOPAM 9PMHUTOBA, OIE€PATOpa CYMMBI 1R + p HMIIYJIbC ILTIOC
KOOD/IMHATA, W 3aBECTH COOTBETCTBYIOIIEE MPE/ICTABICHUE
BOJTHOBBIX (DYHKITHUI, ecjim 310 HeoOxomumo. Takum obpa3om,
BCE MAHUITYJISITIAN, CBSI3aHHBIE C TEPEXOIOM K HMITYIbCHOMY
[peICTABIEHHIO, €CTh IPOCTas ONepalns U3MeHeHHsT OA3UCA.
Vcnonp3oBanne TaKHX IEPEXOI0B €CTh YaCTh CTAHIAPTHOIO
dopmanmm3Ma, 1 U3 ITOro CJaeayeT BayKHBIH I/ JaTbHeAIIero
BBIBOJI: TPY/IHOCTH C 3AIMMCHIO T€X UM WHBIX B3aUMOIeHCTBHIT
B Pa3HbIX DA3MCAX CBUIETETHCTBYIOT O CEPhE3HBIX MPObHIeMax.

Bazkueiiimmm mpaBmioM KBAaHTOBOW MEXAHUKHU SBJISETCH
OpaBuwjIo bBopHa, KOTOpoe TIJIACHT, YTO KBaJApaT MOIYJIs
BOJTHOBOH  (DYHKIMH  €CTh  IUIOTHOCTH  BEPOATHOCTH
oOHApyKEeHHST YACTHUIIHI B TOUKE X:

p(z) = V() (1.4)

9TO0  TpaBWJIO  WHBAPHUAHTHO  OTHOCUTEJHLHO  Oas3mca
OPOCTPAHCTBA COCTOSHUN B TOM CMBICJE, YTO IJIOTHOCTH
BEPOSTHOCTH OOHAPYKUTH UMIYJIbC YACTHUILI PABHBIM P €CTh
KBa/[paT MOJY/d MMILYJIbCHOTO I1IPEJCTABICHUS BOJIHOBOMN
dyHKIIAH.

[Tpasuo BopHa siBasiercst cyThio KBaHTOBO# Teopun. OHO
VTBep:K/IaeT, YTO C ee TOMOIIBI0 MBI MOYKeM IPeICcKa3aTh
TOTBKO BEPOSATHOCTH HACTYIUIEHWS TOTO WJIH  WHOTO
cOObITHS HO HE CaMH 3TU COObITUSH, KAaK B KJACCHUYECKOMN
dusuke.  HMcnonb3oBanue — MaTeMaTHYECKOI'O  TMOHATHUS



BEPOSITHOCTH ABTOMATHYECKH MPEAIOJATraeT CyNeCTBOBAHUE
TaK HA3bIBAEMOT'O MPOCTPAHCTBA 3JIEMEHTaAPHBIX HCXO/IOB,
KayKJIblil M3 KOTOPBIX OMpeJlesigeT yrKe He BepOSITHOCTh, a
TOYHOe HACTYIIeHHe cOObITHA. V1eosorus KomeHrareHCKOi
KBAHTOBOW TeOpHWH MpeJojaraeT, YT0 HaM MPUHIIUIHATIHLHO
HE JIOCTYITHO MPOCTPAHCTBO IJEMEHTAPHBIX HCXOM0B. IDTOT
3almperT Ha JOCTYI K 3JeMEHTAPHBIM HCXOJAaM OOBITHO
GopMyIUPYIOT KaK OTCYTCTBHE CKPBITHIX MapaMeTpoB. JTOT
H1e0JOTHYeCKHl IoCTyIaT! HMeeT CMBICA TOJIBKO B paMKax
KJIACCHYIECKOTO MaTeMaTHYeCKOTO allapaTa, JexKallero B
OCHOBE KBaHTOBOW Teopuu. B JlajibHelillieM Mbl PacCMOTPUM
KOHCTPYKTHBHYIO TPAKTOBKY BEPOITHOCTH B KBaHTOBOM
TEOpUH, MPU KOTOPOH 3JeMeHTapHbIe WCXOJbl MPUHAIeKAT
QJIMUHUCTPATUBHON dYacTu Mojiesn. B Hacrodlnee Bpems
HOSIBUJIUCh ~ JKCIIEDUMEHTHI, CBJI3aHHBIe C  KBaHTOBOM
HEJOKAJBHOCTHIO, TOYHOE PACCMOTPEeHHe KOTOPLIX Tpebyer
SBHBIX MAHUILYALIUN C JIeMEHTAPHBIMU UCXO/IAMHU.
JlnnaMuka  BOJHOBON — (DYHKIHMH B CTAHJIAPTHOM
dopmanmaMe  3aBUCAT OT CTENEHH  W30JMPOBAHHOCTH
paccMaTpUBaeMOil CHCTeMBI, IPUYeM He CYIIeCTBYeT TOYHOTO
olpesieIeHNs] U30JUPOBAHHOCTU. B ciaydae M30JUPOBAHHOM
CUCTEMbI JMHAMUKa onucbiBaercs ypasuenuem lllpenunrepa,
B CcAydae KOHTAaKTa C OKDPYKeHHeM - W3MepeHusIMH
BOTHOBOI  yuknuu. U3mepenne B  jgamHOM  Oas3uce
OPOCTPAHCTBA  BOJHOBBIX  (PYHKIHNA  ecTh  CJaydaiiHasd
BeJIMYMHA, ITPUHUMAIONIAS 3HAYEHUs U3 BEKTOPOB 3TOTO
b6a3uca ¢ IJIOTHOCTHIO BEPOSATHOCTH, 33/IaBA€MOM ITPABUJIOM
Bopua. Okpy:kenmne Bcerjga CUATaeTCd  KJIACCHIECKOIT
CUCTEMOM, TMOIINHSIONIEHCS 3aKOHAM KJIACCHYeCKON (hbU3NKH,
U W3MepeHue CHCTEMBI JaeT BEPOsATHOCTHOE paclpejesieHue
ee COCTOSHWH, MOTUIMHSAONeecd MTpaBuay bopHa. YpaBHeHHe

! TIpyruM TIOCTYIaTOM TOTO Ke CTATyca SBJIAETCS IPeJCTABICHHE O
TOYK/IECTBEHHOCTH 3JIEMEHTAPHBIX YaCTHI], OJHOTO THUIIA.
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[[Tpepunrepa umeer Bu/I

iha—\P =HvY (1.5)
ot

rae H ecTb omeparop SHEPrUH YACTHIBI (WM CHCTEMBI
qactuil). B npocreiiiem ciiydae 9acTHIBI B TOTEHIUATBHOM
oJie OIepaTop dHEPIUU BHIMCAH BbIe. B Hojee CI0:KHBIX
ciaydasx  (HECKOJBKO — YaCTHI, HAJIMYHe  BEKTOPHOIO
MOTEHIIHATA 3JEKTPOMAIHUTHOTO MMOJIA) ONEepATOp SHEPruu
MOJy4YaeTCsd W3 BBIPaAXKeHUs I KJIACCHYECKOW IHEPruH
C TIIOMOIIbIO 3aMeHbl BceX (PUBHYECKHX BEJIUYUH HA
COOTBETCTBYIONIHE UM KBAHTOBBIE ollepaTophl. B wacTHOCTH,
u3 ypasueuusd Illpejunrepa BbITEKaeT, 4YTO B C/y4ae
HOCTOSIHCTBA TOTEHIUAJILHON IHEPruu BO BpeMeHu, obiee
pertenue ypasuenus [IIpeaunrepa jaercs BblpaykeHUEM

U(x,t) = exp —%Ht U(z,0) (1.6)

DKCIOHEHTA, OT oreparopa OlpeJIeIAeTCs KakK
COOTBETCTBYIOIIUI DPsijl, COCTABIEHBIII U3 OMEPATOPOB. ITO
ZK€ BbIPpaKeHHe MOXKHO HCIIOAb30BaTh U JAJId HENOCTOAHHBIX
raMUJIbTOHUAHOB, TOJIBKO IKCIOHEHTY Ha/10 TOTJa TPAKTOBATh
KaK TaK Ha3bIBaeMYyI0 XPOHOJOI'MYECKYIO 9KCIOHEHTY.

[To cyrmecTBY, MBI ONTUCAIN BECh CTAHIAPTHBIN (hopMaIn3M
KBaHTOBOW Teopuu. I3 STUX  OCHOBHBIX  IIOJIOYKEHUI
BBITEKAIOT HEKOTOPbIe Jpyrue (HAIpHMep, Kacaloluecs
W3MepeHuil W BO3MOYKHOCTell BhIOOpa 6a3mcoB), KOTOpHIE
MBI paccMOTpUM B KybumToBoM dopmanu3me. Bce BBIBOIBI
KOICHIareHCKO# KBaHTOBOH TeOpUM IIOJYy4YalOTCd W3 9THUX
OCHOBHBIX IIOJIOYKEHHUH C IOMOIILIO PA3HOTO POJa IBPUCTUK
U aHAJOIUH C KJIACCHYEeCKON (DU3MKOI, MaTeMaTHdecKuit
amnmapar CTaHJapTHON KBAHTOBOH TeOpHUU UCUYEPILIBACTCH
M3JI0KeHHBIM B 9TOM Taparpade.
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1.1.1 KyOwuroBslili (popmaan3m

A ceifuac  3aiiMeMmcst  BayKHBIM ~ MOMEHTOM  IIEPEXO0JIa
OT BOJIHOBOM YHKIWM K KOHEYHOMY BEKTOpYy. JTa
Opoleaypa  HAa3bIBAETCSI  MEPeXoJoM K  KyOHTOBOMY
npejcraBjieHuio BOJHOBON dyuknun. CoOCTBEHHO KyOUTBI
B JIAHHOM CJIydae WIPAIOT JIEKOPATUBHYIO POJib, a ceiidac
BaKHa TMPOIEAypa JUCKPETU3ANUN BOJHOBOWH (DYHKIIUH.
Jluckperu3anusg BOJHOBBIX (DYHKIUNA uMeeT TI1yOOKuUi
CMBICJI, TaK KaK OHA CBs3aHA C HAJHIHEM BO3MOXKHOIO
3epHa B KOHMUIYPAIMOHHOM MTPOCTpaHCTBe. KEcam MBI
PEIOJ0KUM, 9TO KOH(DUTYPAIMOHHOE TPOCTPAHCTBO He
SIBJISIETCSI JTEJIUMBIM 10 OECKOHEYHOCTH, 8 B HEM CYIIEeCTBYeT
HaMMeHbIas HeHyJeBas jymuHa d > 0, TO y HAC HOJYYUTCH,
YTO BMECTO HENPEpPBbIBHOW BOJHOBOUW (YHKIUH  HAJO
paccMaTpuBaTh €€ JIHUCKpeTHOe MpHOIUKEHHe, KOTOPOe
HA caMOM jejie OyJaer yzke He HPUOJNZKEHHEM, a TOIHBIM
BBIDAKEHUEM, TO €CTh NPUOJIMKEHHeM HaJ0 OyJIeT CUYUTATh
KaK pa3 HeHOpepbIBHBIA BapHaHT BOJHOBOW (DYHKIUH.
CymecTBoBaHue  TAKOW  JUCKPETU3AIMH  MPOCTPAHCTBA
KOCBEHHO BBITEKAET U3 PACXOJUMOCTH PsI0B B KBAHTOBOM
JIEKTPOJIMHAMUKE (CM. HUZKE), & TAKZKe U3 CBOCTB BOJIHOBBIX
dyHKIMit make OMHONW YACTUIBI MPU YMEHBITEHUH 3€PHA
IPOCTPAHCTBEHHOTO pa3perienust (5T0 Mbl DACCMOTPUM B
naparpacde, mocBsmenHoM (heiHMAHOBCKEM HHTEIrpaJiaM II0
TpaekTopusiM). Ho TiaBHOe, JIJIs 4€ero Ha caMoM Jieie HyZKHO
JINCKPETHOE  I[PEJCTABICHUE - 3TO KOHCTPYKTHBU3AIUS
KBaHTOBOW Teopun. HeobxomumocTh paccMaTpuBaTh U
paboraTh WMEHHO C MPUOIUKEHUSME KOODIMHAT YACTHI], a
HE C UX BEIeCTBEHHBIMU 'TOUYHBIME 3HAUYEHUSIMH, BeJIeT HAC
K KybuToBoMmy (bOopMaIM3My.

3epHO TMPOCTPAHCTBEHHOTO-BPEMEHHOI'O paspelneHust d =
(dy,d;) moxker u He ObITH abCOMIOTHOH BEAHYHHON, a
3aBHCETh OT paccMarpuBaeMoro mnporecca. Ono dakTuaeckn
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OIpe/Ie/IsieT CTEeIeHb HECOBEPIIEHCTBA METOI0B KJIACCUIECKOiT
MaTeéMaTHUKHU, KOTOPBIMHU MBI IIOHEBOJIE 6y,ZLeM IMOJIb30BaTbhCA,
Jlayke MPY MOCTPOEHUN AJTOPUTMOB. DTO 3€PHO €CTh IPAHUIIA
OPUMEHUMOCTH OJIHOTO TaKOT'0 AHAJTUTHYECKOTO MeToja, Ha
OJHOM Tare KOHCTPYKTWBHOTO TPHOINKEHUS PpPeaTbHOTO
nporecca (eM. ceknuio "KOHCTPYKTHBHBIT MareMaTHdecKuii
anams”).

ITycth y Hac uMmeeTcst 0/HA 9acTHUIlA, KOOPAWHATHI KOTOPOit
OPUHUMAIOT 3HAUeHUs W3 HEKOTOPOTO KOHMUTYPAIMOHHOTO
npocrpancrBa R (g OXHOMEPHOH — YacTHIBI  3TO
BEIECTBEHHDbIE YUC/Ia, HO B JIAHHOM CJIydae CTpyKTypa R nam
He O4YeHb BaykHa). Pazobbem R Ha KOHEYHOE YHC/I0 CEIMEHTOB
Dy, Ds,...,D,, u paccmorpum upubjmxkenue ¢dynkinuu W
crymendaroil  dyuknueit |¥), KoTopas UpUHHMAeT Ha
cermente D, Hekoropoe 3Hadenne A\; € C. llycrs |j)
0003HaYaeT XapaKTepPUCTHUeCKylo (DYHKIUIO cermMeHTa D;.
Torma Mbr MozKeM 3amucaTb (GOpMaibHOE PABEHCTBO

)= > M) (1.7

PaccMorpuM  JIMHEHHOe — HOPOCTPAHCTBO,  HOPOZKICHHOE
dbyukmusavu  |j). Ecau BBeCTH CKaAsSpHOE NPOU3BEJICHUE
bynxmuit 1o cranpapruomy npasuiy (g, f) = [ f(x)g(z)dz,
y HAC TMOJIyYUTCS, 9TO |j) 0OpasyoT OpTOroHadbHbI Gaszuc
3TOPO TPOCTPAHCTBA. ECaM MBI HOPMHUDYeM HX (3TO MOXKHO
cienarh, bUKCHpoBaB A, u noAbupas HyxkHbe D), TO
5TOT Oasmc OymeT OpTOHOPMHPOBAHHLIM. TOrma papBeHCTBO
(1.7) ©Oymer saBasrThbcs pasioxenuem Bektopa |U) 1o
OPTOHOPMHPOBAHHOMY Ga3MCy, COCTOAIIEMY U3 BEKTOPOB |J).
[Ipencrasienne BoinoBoit dynkiun B Buge (1.7) sBiasercs
KOPPEKTHBIM, B OTJHYME OT JBYCMBICJCHHOIO BBIPAsKCHUS
U(x), MOCKOABKY B MOCJEJIHEM BBIDAYKEHUH IepeMeHHAas
X SBJIAETCA CBOOOJHON, M IOTOMY HESICHO, YTO BbIPazKaer
sanuch V(x) - dyuxmuo ¥ nin ee 3HAYeHHe B KOHKDETHOI
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Touke x. [lomoOHBIE TOHKOCTH HEe BasKHBI B KJIACCHUYECKOI
MaTeMaTHKe, TaK KaK MPH AHAJUTHIECKAX BBIYHCIEHUSIX
CBODOJIHYIO TIEPEMEHHYIO BCETIa MOYKHO CBSI3aTh JIOTHYECKUM
KBAHTOPOM, HO B KOHCTPYKTUBHOW MATEMATHKE OHU BAYKHBI.
[Ipu mocTpoeHuH AJTOPUTMA MBI JIOJIZKHBI 9€TKO Pa3IHIaTh
caMy (DYHKIUIO, BKJIIOYAIOIIYI0 BCE CBOU 3HAYEHUsI, KaK B
(1.7) u ee KOHKpeTHOE 3HaUeHUE B (PUKCHPOBAHHON TOUYKE.
Terepb MBI MOYKEM YCTAHOBHUTH COOTBETCTBHUE KBAHTOBOTO
dopmanusma u  JIMHe#HHONW  anrebpsl.  byaem  uepes
|a) momuMaTh 3ammCh BEKTOpAa @ B KOHETHOMEPHOM
MAIBLOEPTOBOM HPOCTPAHCTBE COCTOSHUA B BUJEe CTOJIOIA
ero Koop/JuHAT B BbIOpaHHOM 3apaHee 0Oa3wmce. Torma
nefictBue juHeitHoro omneparopa A Ha JaHHBIT BEKTOP
BBIDA3UTCsI KaK Pe3yJbTaT MaTPUYHOrO yMHOXKeHus Ala),
rie mon A monmMmaerca Marpuna A B jgamHHOM Oasuce.
Horoopumest  Takke cuaTaTh, d9T0 (a| ecTb BEKTOP
- CTPOKa, TIOJydeHHas U3 |a) TPAHCHOHUDOBAHEM W
KOMILTEKCHBIM COTPSI?KEHHEM 3JIEMEHTOB. DTa Olepalus -
TPAHCIIOHUPOBAHUE U KOMILIEKCHOE COMPSKEHHUE - HA3bIBACTCS
IIPOCTO COTIPSIZKEHUEM, KOTJa pedb UaeT O Marpunax. bymgem
TaKzKe CJUBATD JIBE PSIIOM CTOSIINE BEPTHKAJbLHBIE YePTHI B
obosnavenusgx. Torjga ckajispHOe NPOU3BEJIEHUE BEKTOPOB @
u b 3amumiercs kak (a|b). Samucs (a]A|b) MOXKHO TONKOBATD
Brosiko: smbo kak (a|(Alb)), w60 wak ({(a|A*)|b). Ho
ecad Marpuna A camocompsizkeHHas, To ecTb A = A*,
JIBOMCTBEHHOCTb HCYE3A€T, W Mbl MOXKEM HCIOIb30BAThH
BBIIINCAHHOE Bbipakenue 0e3 ckoOOK. (CaMOCOnpsizKeHHbIE
MATPHIBI eIe Ha3bIBAIOT 3PMUTOBBIMH. MarTpuisl BujIa
exp(iH), tne H - 5pMuTOBa, HAa3BIBAIOTCSI YHUTADHBIMU.
[IpuBenenreM K JUATOHAJIBHOMY BUJY JIETKO JOKA3BIBACTCH,
gro Marpuna U yHHTapHA TOIJIA W TOJBKO TOTJAA, KOT/IA
U=l = U* wm, uro To Ke camoe, Korja marpuna U
COXPAHSIET BCE PACCTOSIHUSA B THJIBOEPTOBOM IIPOCTPAHCTBE.
MoxHo —onpenennTh u3Mepenne cocrostaug |W) B
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OPTOHODMHDOBAHHOM  Oazuce  |p1), |da), ..., |¢pN)  Kak
CAydaifHyI0 BeJMYUHY, UPHHEMAOILYI0 3HAYEHHH |@;) C
BepositHOCTSIMI | {;|W)[2. D10 ecth mepedopmynmnposka
OOpHOBCKOTO mpapuia. Takum oOpa3oMm, H3MEpPEHHE 3a/1aeT
CJyYaWHBIA TpoIecc, KOTOPBIA Ha3bIBAeTCd KOJIJIAIICOM
BOJTHOBON ~ (DYHKIIMHM: [P ITOM IIPOHECCE  ITPOUCXOUAT
mepexoq or cocroguusa |U) k ogmoMy U3 cocrosHUil |¢@;),
npudeM g Kaxgoro j = 1,2,... N HaMm wu3BecTHA
UCKJIOYUTE/THHO BEPOATHOCTH IEpexoia B 9TO COCTOAHHE, U
boJibille HEUYEro. B 9TOM M COCTOMT CYTh CTAHIAPTHOU WA
KOMEHTAareHCKol KBAaHTOBO# Teopun. OHa sBJISeTCS TOJTHOM B
TOM CMBICJIE, UTO MOMBITKA €€ N3MEHUTH, HAIIPUME]D, BBECTH,
moMuMO BOJTHOBOH dyukimu |U) eme n HEKOTOpBIE JIpyrue
IapaMeTpbl, ONPEeJEAIONIe COCTOAHNEe (TaK Ha3bIBAEMbIe
CKPBITBIE [apaMeTphbl) HEHM3MEHHO MPUBOIUT K OTKa3y OT
UCIIOTB30BAHUS CTAaHJIAPTHOTO almapaTa BooOINe, W IIPH
OTCYTCTBAM AQJbT€PHATUBHOIO AIApaTa TaKasd IOMbITKA
peBpaIaeTcs B HUITO.

Konenrarenckass KBaHTOBasg MeXaHUKa o00JajlaeT Beei
ruOKOCThIO, HEOOXOAMMO# /s HOJIHON pu3uvuecKkoil Teopun
oaHoil - naByxX dwactun. Hampumep, mi000it dusndaeckoit
BE/IMYNHE CTABUTCS B COOTBETCTBHE 3PMUTOB omeparop A,
TAKOIl 9TO KJIACCHIECKNE 3HATCHNS ITON BETUINHBI STBJISTIOTCS
COOCTBEHHBIMHU YUCJAMH ITOTO Omeparopa. V3mepenne 3Toii
BEJIMYUHBI €CTh HM3MePEeHHue COCTOSHUsS PacCMaTpUBAEMOi
CUCTEeMBI B 6a3uce cOOCTBEHHBIX BEKTOPOB onepaTopa A. Ecian
Y JIBYX OIepaTropoB obiuii #Habop coberBeHHbIX ByHKIMT (310
TO 7Ke CaMoe, 9TO UX KOMMYTATHBHOCTH ), TO 9TO O3HAYALT, UTO
JAHHBIE BEJIMYUHBI MOTYT OBITH W3MEPEHbI OJHOBPEMEHHO (¢
OJINHAKOBO BBICOKOM TOYHOCTHIO). [IpHMEPOM MOKET CJIyZKHUTh
SHEPIrusl YaCTHUIIBI U MPOEKIINS OllepaTopa MOMEHTA UMIIYJIbCaA
Ha OJHY U3 KOODAMHATHBIX oceil (dame BbiOupator z). Ecim
JKe omeparopbl He HMET 001Ieil cucreMbl COOCTBEHHBIX
(yHKIM, TO COOTBETCTBYIOIINE UM BEJTHYHHBI HE MOTYT
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ObITh M3MEpEeHbl OjiHOBpeMeHHo. Hanpumep, koopjunara u
UMIIYJIBC BJIOJIb 3TO »Ke OCH He MOI'yT OBbITh H3MEpPEeHbI
OJIHOBpeMeHHO. JlelicTBUTEeIbHO, HETPYJIHO MPOBEPUTH, UYTO
eclM Mbl BbIOMpaeM cerMeHTbl [); Kak IocjeJloBaTeIbHbIe
OTPEe3KH PABHON IJIUHBI, TO ¢ TOYHOCTHIO 10 KO3 duimenTa
MaTpHIa OllepaTopa KOOPJAUHATHI T Oy/IeT UMEeTh BH/L

1 0 ... 0
0o 2 ... 0
0 0 3 (1.8)

B TO BpeMs KaK MaTpHIA OMepaTopa UMITY/IbCa JId TOi Ke
KOOD/JIMHATHOI OCH MMeeT BUJL

—-h212/2m 0 ) 0
DFT 8 (;h Z/am _h2 32/2m 0 DFT™!

(1.9)
rie  DFT  obo3nadaer JMCKpeTHOe  Ipeobpa3oBaHme
®ypre (cm. [Mpunoxenwe - QFT). Yucna 1,2,... B3aTH
3JeCh I [pHEMepa. IJTO MPOCTO YHUCJIOBbIE 3HAYCHUA
KOOPJAUHATHI WX HMMIYJIbCA B JBOUYHOM IpEICTABICHUN.
JleficTBUTE/ILHO,  TEPBOE  YVTBEpXKIEHHE  BBITEKAET U3
Onpe/ie/IeHUil  HEMOCPeJCTBEHHO, A I JOKA3aTeIbCTBA
BTOPOTO 3ameTruM, 4910 mpeobpasoBanne Dypbe IepeBOIUT
jucpdepennmpoBanne B yMHOKEHUE HA MHUMYIO €JIUHUIY U
apryMeHnT pesyibraTta npeobpaszopanust Pypbe. DTO CBOKCTBO
371eCh M HUCIOJB30BAHO JIJIT TOTO, YTOOBI JIUATOHAJIH30BATDH
MATPHUIly,  COOTBETCTBYIOIIYIO  OIEPATOPY  HMILYJIbCA.
DTa Marpuna Oyaer AWAroHAJALHON B 0as3mce, KOTOPBIil
nojiydaercs npeobpazoBanneM Pypbe M3 HCXOJHOTO, TakK
YTO Y ONEPATOPOB KOOPAMHATHI M HMMIIYJIbCA JIeHCTBUTEHLHO
HeT oOmuX COOCTBEHHBIX BEKTOPOB. Pasymeercs, eciun
paccMOTpeTh, HAlpPUMep, KOODJAUHATY & U  OIeparop
UMILyJIbCa BIOJb JADPYroil OocCH, HalpUMeED, Py, TO y TaKuUX
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ornepaTopoB OyjieT obiasi cucreMa cCOOCTBEHHBIX BEKTOPOB, H
UX MOYKHO M3MEPHUTH OTHOBPEMEHHO.

OHoBpeMeHHOE W3MEpEeHHe 3JeCh TPAKTYeTCsl Kak
u3Mepenre 0OOUX BEJIMYHH C OJMHAKOBOW TOYHOCTBHIO. To
€CTh BO3MOXKHOCTb CKOJIb YT'OJIHO TOYHO 3HATH OJHOBPEMEHHO
3HAYEHUS] U OHON u JAPyToil Besimaunbl. Kean xKe 0TKa3aThCs
or rpeboBanud abCOJIOTHOW TOYHOCTHU, TO, KOHEYHO,
U3MEPUTh MOXKHO J00Oble JjBe BeauduHbl. [lpu  3TOM,
ecJIM OJTHA W3 HUX HPUHSAIA OHpPEeJIeJIeHHOe 3HaYeHue (TO eCTh
HAIll BEKTOP COCTOSIHHS COBIIAJI C COOCTBEHHBIM BEKTOPOM
COOTBETCTBYIONIEr0 ITOH BEJMUYMHE OLIepaTopa), TO JIpyrasd,
BoODIIle TOBOpsi, Oy/IeT HWMETh HEKOTOPOEe BEPOATHOCTHOE
pacrpejeseHne 3HAYEHWT B COOTBETCTBUU C MPABUIOM
Bopna. Pacemorpum, g npumepa, JIByMEpHOE THILOEPTOBO
HPOCTPAHCTBO, B KOTOPOM U3MEPSETC «KOOPAMHATAY, & 3aTeM
«HMIYJIbC» YacTUNBI. 91 3aKm0valo Ha3BaHue (pU3NIECKHX
BEJUYUH B KaBBIYKH JIJI TOTO, d9YTOOBI TOIIEPKHYTh,
9TO PACCMATPUBAIOTCA HE HACTOSAIIAsl KOODINHATA WJIH
UMIIYJIbC, & UX caMble IpyOble NpUOINZKEHUs, BLITEKAIOIIUe
U3 TOro, YTO 4YaCTHIA MOXKET 3aHUMaThb TOJLKO JIBa
OPOCTPAHCTBEHHBIX  TOJOMKEHUs, a He KOHTUHYaJIbHBII
HA0Op, KaK B CTaHAapTHBIX Kypcax 1o ¢pusuke. [lockosbky
PH U3MEPEHNHN «KOODAMHATHI» MbI MOTMAAEM B OJTHO U3 JIBYX
cocrostamii |1),|2), a mpeoGpasosanune Pypbe B JIByMepHOM
caydae uMeeT MaTpuily Agamapa (¢ TOTHOCTBIO 10 (ha30BOro

CJIBUT& 1/\/§ 1/\/5
1/vV2 —1/V2

TO BEPOATHOCTD MOJIYYUTh KazKJ/Iblil N3 BOSMOZXKHBIX 3HAUEHHI
"umiysbca’ 1 wim 2, Oyuer pasen 1/2. "Umuyiabe yacruns’”
IPH YCJOBUHU, YTO 3TA YACTUIA CIHOCOOHA 3aHUMATh TOJHKO
JIBa MPOCTPAHCTBEHHBIX Tojoxkenus: |0) uim |1), o3mnauaer,
YTO 9Ta YaCTUIA JuOO COBepIIaeT HPBIZKOK U3  OJHOTO
IOJIOXKEHNUsI B JIpyroe, b0 cTouT Ha Mecre. Dusndeckas
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UHTYUIUS] JIaeT HAM BEPHOE IOHUMAHUE ITOTO HOHATHUS
B Takoil HeoObIYHO# curyanuu. Kak Buaum, MOXKHO
OPUNUCATH TMOHSITHIO WMIY/JIbCA YaCTUIBI  COBEPITEHHO
olpejieIeHHOEe TOHMMAaHHE, IIyCTh W He CBOJdIIeecs K
OJIHOMY YHCJy, HO TeM He MeHee CTPOroe W KOPPEKTHOe B
TOM CMBICJIE, YTO C STUM IOHUMAHUEM MOXKHO paboTaTh
nmagbime. Mbl  caemaam 31O, ONUpAsCh Ha KyOHTOBBIi
dopmaan3M, TO €CcTh Ha CIeluajJbHbIl MaTeMaTHIeCKni
npuem.? Ky6uropblii ¢opMaansM, KakK Mbl BHJUM, 6oJee
HaJIe’KeH, 4YeM  CTaHJapTHBIEE  (popMaau3M  BOJHOBBIX
dyuknuit. Oun  obsazaer OOJBIIUMU  BBIPA3UTEIbHBIME
BO3MOYKHOCTSIMH,  TaK  KaK  II03BOJISIET  TPAKTOBATDH
OMepaTopbl KAK KOHKPETHbIE 3PMHUTOBHI MATPHUILI, U
TaKHM 00pa3soM, $BHO HCIIOJIB30BaTh aJreOpamdecKue
npueMbl. KyOuroBasg TexHumka 0Oojee  TpeboBaTesbHA,
yeM TPAJIUIHOHHAS AaHAIUTUYIECKAs, TaK KaK OHa SBHO
COJEPZKUT HEKOE 3ePHO pa3perieHns KOH(UTYPAIHOHHOTO
npocrpancTa. JI10boit u3baH  dopmaauzmMa, KOTOPBIi
MOXKHO JIEFKO CKPBITbh, UCIOJIb3Yd aHAJTUTHICKYIO TEXHUKY,
CTAHOBHUTCS SIBHBIM IIPU HCIOJb30BAHUU TEXHUKU KyOHTOB,
B 4YeM MBI yOeauMcs Jajee Ha IpUMepe KBaHTOBOM
aeKTpoanHaMuku. Kpome TOro, mpeano/iozKeHne O HAJTMIHH
3epHa TPOCTPAHCTBEHHOIO pa3pelieHns Tropa3iao OJmzxke K
pPeaJIbHOCTHU, YeM IIPEIIOJIOKEeHHe 0 OECKOHETHOH JIeJITMMOCTH
npocTpaHcTBa. BBuiy sroro, s 6y1y B JaabHEHRIIIEM CTapaThCs
HPUMEHSTh UMEHHO KyOUTOBYIO 3allMCh KBAHTOBBIX O0ObEKTOB,
HE OroBapuBasi JTOr0 CHEIUaJbHO. PaccMOTpeHHAsi HaMU
cUTyarusi BOOOIIE THIIMIHA B TOM CMBICJIE, 9TO CAMBIM
KOPOTKHUM MyTeM K YHUCJEHHOMY pe3YJIbTaTy SIBJISIETCS
OpocTasd MAHHUIYJIANHS C MaTeMaTHIeCKUM  OOBEKTOM;

24l mpengrarag UHTATENI0 PACCMOTPETh BO3MOMKHOCTH TPHMEHEHHS
71 TAKOM 337391 3BPUCTUKY CTAHIAPTHOTO MATEMATHIECKOTO AHAIN3A
(To ecrb TOro, YTO UPUHATO HOHUMATbH 110 (DU3MYECKON UHTYHIUENl),
KOTJIa CKOPOCTh PACCMATPUBAeTCs Kak mpenerd As/At, w ..
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BCE TO, YTO [OHUMAIOT 1O/ (PUUYECKOH UHTYUIUEH,
003aTe/IbHO  JIOJIZKHO CBOJMTHLCH K TAaKOH MAaHUIYJISIUN.
CamocTosiTeIbHOE — CYIIECTBOBAHWE  HEKOW  (DU3MIECKOI
UHTYUIUU, He ODOPMIIEHHON KaK Takas MaHWIIYJISIHUs, eCTh
BEPHBIA IPU3HAK OTCTAJIOCTU UCIOIb3YEeMOH MaTeMaTHKH.

Nrak KouneHrareHckasi KBaHTOBas MeXaHUKa 00JaJaer
IMOJIHBIM  APCEHAJIOM JJISl PAaCCMOTPEHHWd OJHOW WJN JIBYX
YaCTHI[, TaK KaK JIBe YaCTHUIIBI MOYKHO CBECTH K OJHOM,
BBHIOWpasg B KadecTBe Hadajda CHUCTEMBl KOODAWHAT WX
obmuit meaTp wmacc. OpHako B 0Oojee CIOXKHBIX 3aJadax
OHa He UpuMeHuMa. TPpyJHOCTH HAYUHAIOTCH YzKe B
dopMaIbHO  OJHOYACTHYHBIX 3a/1a49aX, HO COJEPKAIIUX
u3mepenusd, cMm. [Ipumep 2 u3 2.4.2. Ouznyuecku u3MepeHue
O3HA4YAET B3aUMOJICUTCBUE PACCMATPUBAECMON YaCTUIBI C
OKpYZKeHHeM, COCTOSIIAM U3 OYeHb OOJIIIOro YUCIa JACTHIIL,
U MOTOMY TPOSBJISIONIETO KJIaccudeckue cBoiicTBa. 10 ecTh
dakTuyeckn, 3asada 00 UMEDPEHUM HE SBJASETCH YZKe
OJHOYACTHYHON 3ajadeii. DTO NPOSBIAETCS B BHIE Tak
Ha3bIBaeMO#i NEeKOrepeHTHOCTH, TO €CTh pacliajie KBaHTOBOI'O
COCTOAHUA IPU KOHTAKTE €ro ¢ OKPYZKaIoIUMHU YaCTUILAMU,
He BXOJIAIIAMHU B PACCMATPUBAEMBIHl aHCAMOJTb.

1.1.2 Teun3opHble TPOU3BEIECHUS

Mpbl mosionuin K sapy rujibbeproBa (popMaain3Ma KBAHTOBOM
MEXAHUKH - OIMMUCAHUIO MHOTOYACTHYHBIX CUCTEM C ITOMOIIBIO
TEH30PHBIX IIPOU3BEICHUN MPOCTPAHCTB COCTOSIHUN. DT
KOHCTPYKIIMS CHMBOJIM3APYET BCIO MOIIb KJACCAYECKON
MaTEeMaTUKHN, MNOCKOJBKY JaeT BO3MOXKHOCTH NPEACKA3aTh
ABJIEHUEe, KOTOpPOe y2Ke HEeBO3MOXKHO CTPOro OIUCATh
C IOMOIIBIO  CTAHJAPTHOIO  IOJAXO0/JA:  CYIEeCTBOBAHUE
3allyTaHHbIX KBAHTOBBIX COCTOSHUM. Mbl JIOJI2KHBI TIIATE/IHHO
U3y4uTh (POPMaAIU3M TEH30PHBIX MTPOU3BEIEHUIT TaK KaK OH
ABJIACTCA OCHOBOW JAJIbHEHITIEr0 W3Y4YEHUS KBAHTOBBIX
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KOMIIBIOTEPOB.

Knawodaesoit  ssiemenT  crapgaprHOoro  bopMasim3ma
MHOI'OUYACTUYHON KBAHTOBON MEXaHUKU - B3ATHUE TEH30PHOTO
HPOU3BEJICHUSA MPOCTPAHCTB COCTOSHUN OT/IEJIbHBIX YACTHIIL
Cocrosinne aHcaMOJig HECKOJIBKUX YaCTHII B KBAHTOBOH
TEOpUU He CBOJAUTCH K HAbOPYy MX KBAHTOBBIX COCTOSHUIA,
a TPUHAJIEKUT TEH30PHOMY IIPON3BEICHUIO IIPOCTPAHCTB
COCTOSHUIT OTAEJbHBIX YaCTUIl, COCTABJISIOIINX JTAHHBIN
ancaMbb. B sToM cocrouT dyHIAMEHTAJIHLHOE OTJIHINE
KBaHTOBOI Teopuu oT KJuaccmaeckoi. [lycrs Hi, Ho, ..., Hy
- IPOCTPAHCTBA KBAHTOBBIX COCTOAHUN dacTul, 1,2,...,n
COOTBETCTBEHHO. TOrja KBAaHTOBBIE COCTOSTHHE AHCAMOJIsI
JMaHHBIX YACTUIl COCTABJISIOT TEH30PHOE MNPOU3BEICHNE
H=H1QHsQ ... H,, KOTOpOe MbI ceiidac OmpeeuM.
[IycTn b{,b%,...,bij €CTh HEKOTOPBIH 0a3uc MpOoCTpaHCTBA
H;, 7 = 1,2,...,n. Torna GasucoM mpocTpaHcTBa H, IO
orpejiesieHuIo, OyaeT Habop BceX (pOpMaJIbHBIX ITPON3BEIeHUI

BHIA
bzl1 ®b222®®b?n’

rJe 3HAK TEH30PHOIO MPOM3BEIEHUs] 9YACTO OIYCKAeTCH.
Hampumep, ecam y  Hac TOABKO JiBa MPOCTPAHCTBA,
nu  oba TpeICTABJSIOT CcODOH  cOCTOAHHS KyOMTOB -
HEePBOI'0 ¥ BTOPOro, TO B WX Mpou3BejeHun Oaszuc Oyjer
rakumM:  |0)]0), ]0)[1), [1)|0), |1)|1). Yacro B aupaxkoBcKux
obo3HaUeHMsIX )| TakzKe omyckaercs nm muiryT npocto |00) u
T.71. Temepb MBI MOXKEM OTOXKIECTBHTH BOJTHOBYIO (DYHKITHIO
suga U(ry, 7o, ..., 7,) C BEKTOPOM B TEH30PHOM IPOCTPAHCTBE
H=HQH:Q...xQH, rie BCEBO3MOKHBIE 3HAUECHUS T'|
npuna/jexkar 6azucy Hy, u T.4. Eciu y nHac ectb cocroguus
1Y) € Hj j = 1,2,...,n, TO UX TEH30PHOE NPOU3BEJCHHE
1) @ ) Q... QR |1,)  ompenensiercs  tak.  Hago
Pa3IOKUTh KayKJI0e COCTOSTHHE MO OAa3UCy, ¥ TMePeMHOXKHUTD
9TH 3allMCH, CYMTAad 4TO 3HAK TEH30PHOIO [POU3BEICHUS
Q) obaamaer Bcemm CBOMCTBAME MPOM3BEJEHUS, KDPOMe
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KOMMYTATUBHOCTH, TO €CTh JUCTPUOYTUBEH 11O OTHOIIEHUIO K
CJI0ZKEHUI0, W JOIYCKAEeT BBIHECEHHE YHCI0BOTO MHOYKHUTEJIS.
Takoe mpousBeneHNe COCTOSTHUN TTPUHAILIEIKUT TEH30PHOMY
IPOU3BEIEHUIO TPOCTPAHCTB.

Ecom A7 © H; — H; ecrb JuHeliHBIE ONEPATODHI,
MBIl OLpEIEJMM HX TEH30pHOe mnpomspegeHue A =

AR A2R ... QA" rtak. Cuavana oOupeJeJUM  3TOT
OMepaToOp €CTECTBEHHBIM 006pa30M Ha GA3MCHBIX BEKTOPAX

H: AL Q0L Qo) =
= A" (b)) QA1) Q) .. R A" (b)),

a 3aTeM PACIPOCTPAHUM ITOT OHEPATOp IO JHHEHHOCTH HAa
BCE TIPOCTPAHCTBO H.

He Bcaxkmiti BekTOp U3 H wuMeeT BHJ TEH30PHOTO
IPOU3BEJICHUAST BEKTOPOB U3  OTJAEIBHBIX  ITPOCTPAHCTB.
Hampumep, B caydae nByx kybmroB Bektop [00) + [11)
[PEJICTABUTh B TAKOM BHJE HEBO3MOXKHO. TakKue COCTOsiHue
HA3BIBAIOTCS 3alyTAHHBIMHU, B 3HAK TOTO, YTO WX HEJIb3s
cBecTd K KOMOuHAnuu  (IPOM3BEJIEHUIO)  OTJEJbHBIX
cocTogHU#. VIMeHHO HajaW4dWe 3allyTaHHBIX  COCTOSHUM
JleaeT KBAHTOBYIO (DU3UKY MHOTHX YACTHIL MTPUHIIAITHAILHO
DoJiee CJIOKHOM, 9eM KJIaCCHIecKasi, I/ie HeT TAKOTO MOHSITHUS
Kak 3amnyraHHocTb. C  Jpyroii CTOPOHBI, 3alyTaHHOCTH
HEe uMesda Obl HHUKAKOrO OCOOOTO CMBICIA, €CJU OBl MbI
[IPEJICTABJISIIA YACTHILY KAK TOYEUHYIO, TO €CTh KJIACCUIECKH.
Takum 00pa3oM, 3alMyTAHHOCTHL €CTh YIUBAUTEIBHOE, UUCTO
KBAHTOBOE siBJeHHe. B ryaBe 6 Mbl yBHJUM, 4YTO OHO
OPUBOIUT K  MAKPOCKOIMUYECKUM  CJIEJCTBHAM. [aKuM
00pa30M, KBAHTOBYIO MEXAHUKY HEJIb3s CBECTH K TOMPaBKaM
K Kjgaccudeckoit. Ona ojHa jJaeT HaM KJIIOY K MOHUMAHUIO
HAOJTIOIAeMOH KaPTUHBI MHPA.

Ecim wmbl paboraem ¢ OOBIYHON 3allMChIO BOJIHOBBIX
dbyuxmuit - W(rq,...,7r,), TEH30pHOE NPOW3BENEHUE HAJO
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TPAKTOBATH KAK OOBITHOE HPOU3BEICHIE

1(r1) e (12) < . Py (). Cwmbica MaTeMaTHIeCKOro
onpeseseHns, JaHHOTO HaMW COCTOMUT B TOM, 9YTO OHO
JeficTByeT B KybuToBoMm popMasuzMe, KOTOPBI HOJHOCTBIO
aJICKBaTeH KBAHTOBOW TEOPHH, IOCKOJIBKY BKJIIOYAET B cebst
3€PHO IPOCTPAHCTBEHHOTO pAa3PEIIeHHs: Mbl HCIOJIb3yeM
3TO 3epHO /I BhiOOpa Oa3uca b{, ... JUTA KazKJ0#l dacTHIlbI.
Hanpumep, Mbl MOXKeM CUHTaTh, 4TO bl 03HAaUaeT HAXOXKIeHue
nepBoii wacTunpl B Touke 1, b) - maxoxknenme ee B TOUKe 2
u T.7. Ilpu sTOM 3epHa 1/ pasHBIX YACTHUIL MOI'YT, BOOOIIE
rOBOpsI, UMeTh Pa3HbIi pa3Mep. Tak:Ke M YaCTHIA CaMa II0
cebe MOxkeT OBITH IEJBIM aHcaMOJIeM, COCTOSAIIUM U3 OoJiee
MEJIKHX YaCTHI[, TAK YTO €€ TMPOCTPAHCTBO TOXKE IOJIYIaeTCs
KaK TeH30pHOEe IpPOU3BeJIeHne, H T.]1I.

1.2 YHurapHas JAMHAMUKA n
n3MepeHus

Camoit dpyHIaMEHTATIBHON 0COOEHHOCTHIO KBAHTOBON TEOPHH
SIBJIFETCS  JIBOMCTBEHHOE ONHCAHME JIHHAMHKH JII0OOro
00beKTa, KOTOpas MMOApa3Ieasdercs Ha [Ba COBEPIICHHO
0cOOBIX  THIA: YHHTApHad JUHAMUKA ©  HM3MEpEHus.
D1a 0COOEHHOCTH HACTOIBKO (DYHIAMEHTAJIbHA, YTO, IO
BHIIMOMY, J0JI2KHA OBITH B TOI MM MHOI (popMe coXpaHeHa
g J000ro HOBOrO IOOXOJA K BBIUYHCICHHAM Ha 0Oase
KBAHTOBOU TEOPHH.

PaccMorpum 3Tu jiBa Bujia JUHAMUKHA OT/IEJIBHO.

Yuaurapuada amHamMuka. Cauraercs, 9TO0 BO3MOXKHBIE
cocrosiaust  |WU)  KBaHTOBOH cHCTeMbl  00Pa3yloT —HEKoe
IIIE0EPTOBO POCTPAHCTBO COCTOAHMN H , TAK ITO H3MEHEHHE
JIIOOOr0 COCTOSIHUSI BO BpeMeHH IIPH IIepexoje 0T MOMEeHTa f
K MOMEHTY {1 33/I1a€TCd YHUTAPHBIM OLEPATOPOM

Uto,tl : H — H (110)
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MoxkHO erie geTau3upoBaTh ITO YTBEPZKIEHUE, CKA3aB, 9TO
sror omeparop umeer sug U = exp(—tH(t; — ty)), rae
H HA3bIBAETCA T'aMUJIBTOHMAHOM ,ZLaHHOfI CUCTEMBI, U pPaBEH
OIepaTopy ee TOJHOW SHepruu (3aBHCsAIIE OT camoii IToil
CHCTEMBI U OT BHEITHUX IOTEHIIUATIOB), UTO ABJIAETCS MPOCTO
11epeOPMYJIUPOBKOI TOTO OOCTOSTEbCTBA, YTO SBOJIOIUS
KOHKpeTHOro cocrosiaust |W(t)) ompenmensiercst ypaBHEHHEM
[MTpepunrepa. [puHnunuaabHbEIM B 3TON aKCHOMe KBAHTOBOM
TEOPUU SIBJSIETCS] TO, YTO ecau Obl Mbl B3siu BMecTOo |U)
m06oe apyroe cocrosaune |W1) B IpocTpaHcTBe H U MOCTABIIA
Obl ero B Te ke camble ycjoBusi, 4ro u |W), 10 Mbl Obl
HOJIYIU/IN PE3YIbTAT TPUMEHEHIS TOTO YKe CAMOT0 OIlePaTopa
Ut t: -

Kak 310 yTrBepkKIenne MOXKHO HpoBeputb ? g sToro
ecTb €JIMHCTBEHHBIH MyTh: HAA0 OpaTh BCEBO3MOYKHBIE
cocrostaust  |¥) B KauecTBe HAYAIBHBIX COCTOSTHUH |
nmojasepraTb Ux ,ZLefICTBHIO TeX 2Ke CaMbIX IIOTEHIIUAJIOB, LITO6bI
MOCMOTPEeTh Ha pe3ysbrar ux 3sojonun. [lociae 3Toro Hao
KaKHM TO 00pa30M CPaBHUTDL PE3YJIbTATHI MX IBOJIONUH, TO
ectb coctosiuus Buaa Uy, 4, | V), 9T0OBI ¢Ie1aTh BBIBOI O TOM,
HACKOJIBKO 9Ta aKCHOMa BEpHA.

Ho ans sToro cosepieHHO HEOOXOAMMO CPABHUBATD
MeKJIy ~ coDoit  KBaHTOBBIE  cocTosHuA.  (OKa3bIBAETCs
9TOTO HEJb3sT CJAeJIaTh TOJBKO C TOMOIIBI0 YHHUTAPHOI
9BOJIIONUHU. /1 9TOr0 HEOOXOUM COBEPIIEHHO JIPYTOil BH/I
9BOJIIONUN KBAHTOBBIX CHCTEM, HA3BIBAEMBIH W3MEPEHHEM.
Takum oOpa3om, jaxke caMoO OlpejieieHne YHUTAPHOCTH
9BOJIIOIIMKM POBHBIM CYETOM HHYEro HE O3Ha4daeT [J0 TeX
mop, TMOKa MBI He TPUMEHUIN K Halell cucteMe M3MepeHue.
DTOT NPUHIUNUAJILHBIA (aKT TOBOPUT O TOM, 9UTO HE
CYIIECTBYET UYHNCTO KBAHTOBOI MeXaHUKW, KOTOpas
Obl He ommpajach OBl HAa KJIACCUYECKYI0 MEXAHUKY,
OMUCHIBAIOIIYI0 MPOIECC U3MEPEHUS.

N3mepennud. Badurcupyem HEKOTOPBIH Hazuc

23



{|¥1),...,|¥n)} B upocrpancrse H, o Koropom Oymem
CYUTATh, YTO OH OPTOHOPMUPOBaH. Torjaa u3MepeHneM B 3TOM
Daswce HaA3bIBAETCS CJAyJaiiHAs BeJIMYWHA, TPUHUMAIOIIAS
sHaueHus [i;) ¢ BeposrtHOCTAMHE |(Y;|¥)[2. D10 um ectp
OpaBUIo0 bBopHa BHIYHCIEHHS KBAHTOBBIX BEPOATHOCTEI,
KOTOpOe B  CTaHJAAPTHOM  (hopMain3Me  NPUHUMACTCS
KaK akKcumoMa. Her HHKAKOro WHOrO Crnocoba u3BJedb
I/IHCI)OpMaL[I/HO (0] KBaHTOBOM COCTOAHUHA, Kpome KaK
[OJBEPIHYTH €ro Mmpoleaype H3MepeHus. EIHHCTBEHHBII
BBIOOp WpH 3TOM 3aKJovaeTcsd B BbIOOpe 0asuca |7,Ej>
- OH 3aBHCUT OT OSKCIEPUMEHTAJbHONH yCTAHOBKH, Ha
KOTOPOH TpOBOAMTCS wu3Mepenue. Yaiie Bcero BbIOHpPAIOT
usMepenue KaKI/IX—JH/I6O JOIIOJTHUTEJIbHBIX BCJIMYNH,
HaNpUMeD, KOOPIUHATHL (M TOTa OBOPSIT O KOOPAXHATHOM
Gasuce B TPOCTPAHCTBE COCTOSHW), JuOO uMIyIbca (U
TOIJa TOBOPAT 00 HMMIYJILCHOM 0Oa3mce B IIPOCTPAHCTBE
cocrosiauit). 3MepuTh Ke OTHOBPEMEHHO M KOODJMHATY W
UMITYJIBC HEBO3MOYKHO B TOM CMBICJIE, YTO HE CYIIEeCTBYeT
OPTOHOPMHPOBAHHOrO 0Oa3uca, OOBEIMHSIIONIEIO BEKTOPbI
13 IBYX PA3IUYHBIX OPTOHOPMHPOBAHHBIX 0A3MCOB OIHOTO
IPOCTPAHCTBA.

(I)I/I3I/IquKI/I usMepenue O3Ha4daceT KOHTAaKT I/I3yqaeMOﬁ
CUCTEMBI C HEKOTOPbBIM KJIACCHUYICCKHUM O6'beKTOM, COCTOAIIINM
W3 MHOYKECTBa, 4YaCTHWIL. TaK YTO YHUTAPHBIA XapakTep
KBAHTOBOW JIUHAMHKH IIPH TAKOM MPOIECCe COBEPIIEHHO
TepsgeTca W OT Hero OCTAalTCsI TOJBKO BEPOSTHOCTH.
[Tockoibky w3MepeHue eCcTh €JUHCTBEHHAs BO3MOXKHOCTD
9TO-TO Y3HaAaTb IIPO COCTOAHHEC KBaHTOBOM CUCTEMBbI, OJId
TOTO, 9TOOBI MOJB30BATHCA KBAHTOBOI Teopueil, abCoII0THO
HeoOXoaMMa KJaaccudecKkasl (pu3mKa.

W3 »rux OBYX IOCTYJATOB KBAHTOBOW TEOPHH MOXKHO
c/ieJIaTh  O4Y€Hb CEePbhEe3HOEe  3AKJIIOYEHHE. Y TBEPK/ICHUE
00 YyHWTApHOCTH KBAHTOBOH 3SBOJIIOINN KACAETCS HE OJIHOII
OTJIeJIBHO B3ITOM IBOJIIONNN, 8 OTPOMHOTO YUCJIa OJHOTUITHBIX
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9KCIIEPUMEHTOB, IIPU KOTOPBIX TOJBKO IOC/IE€ CTATUCTHIECKON
00paboTKM WX pe3ysabTaToB OyAyT BHJIHBI TaKHe CBOICTBA
KaK JIMHEWHOCTh, COXpaHeHWe HOPM BEKTOpPOB W T.ja. llpwm
9TOM JJIg 00pabOTKH JlaykKe €JIUHUTIHOIO 3JKCIIePUMeHTa
(01O 3BOMIONUH) HEOOXOAUMO MPUBIEKATH IIPUHITUTHATIBHO
MHOIOYaCTHYHbIE CUCTEMbI, K KOTOPbIM MbI YK€ HE CMOYKEM
HPUMEHATH KBAHTOBOH MeXaHWKH, a Oy/IeM BbIHEKIEeHbI
MOJTb30BATHCS MEXAHUKO KJIACCUYIECKON, YTOOBI OMPEIeTUTh,
KaKOi 7Ke UCXOJ U3MePeHNs B JeHCTBUTETbHOCTHU ITPOW3OIIIET:
|9;,) mwiu |¢,). Ecim Mpl mo KakuM-1n00 NIpHUMHAM He
MOZKeM O0eCHeYUTh UJIEHTUYHOCTU YCJIOBUH IKCIEPUMEHTOB
(BKIIIO9AsT COBIIAIAIONILY IO HACTPOIKY aIrrapaTypbl
JIIT  Pa3HbIX SKCHEPUMEHTOB, U BOOOIIE BO3MOYKHOCTD
OJIb30BAaThCAd  MAKpPOCKONHMYECKHMMHU  IpubopaMu  Jjisd
M3MepeHUsi), yTBePXKJEHHss O KBAHTOBOM  XapakTepe
SBOJIIOIUH TEPSIOT BCAKHN CMBICIT.

Taxkum obpa3om, KBaHTOBas TEOPHS JIJII CAMOI'O CBOEIO
CYIIECTBOBaHUSA  TpedyeT  HAJIUYHMS ~ MHOTOYACTUIHBIX
CHCTEM ¥ BO3MOXKHOCTH HEIOCPEJICTBEHHO BOBJEKATH WX
B O9KcHepuMeHT. lIpm 3STOM MBI JOMKHBI WMETh MHOIO
qacTull  (MaKpOCKONUYIeCKuii mputop) OJHOBPEMEHHO sl
U3MEpeHusl COCTOHUS, a TaKKe MHOI'O0 YacTHUIl Jjid BbIOODaA
AX B Ka4eCcTBe WU3MEPdAeMOi KBAaHTOBOW CHCTEMBI, Ybe
cocrosiame |W) wmbl m3ydaem. CKOJIBKO BpeMeHH 3aiiMer
npoieaypa usMepenus 7 Eciu mpeanogoKuTh, 9T0 4aCTHITI
OJTHOTO THIA UJIEHTHIHBI, MOXKHO TMPOU3BECTH OJHOBPEMEHHO
O4YeHb MHOIO 9KCHEPHMEHTOB (KaK 9TO U JIeJIaeTcs B
CTATUCTUICCKON KBAaHTOBON TeopHH). MoxkHO HaNpsIMYyTO
MPOBEPUTH AKCUOMY O MICHTHIHOCTH dJIeMEHTaPHBIX YACTHII,
UMeIONAX OJMHAKOBBI Tum. /[Ijag 3Toro HaI0 TPOU3BECTH
MHOYKECTBO TOCJEI0OBATEIbHBIX SKCIEPUMEHTOB HaJ OIHOM
u rToit ke dacruneit. CoBpemeHnHble HPUOOPHI, TaKue
KaK CKaHUPYIOMUH TyHHEJIbHBIIT MHUKDPOCKOI, ITO3BOJISIOT
aJIPecoBaThCS HEMOCPEICTBEHHO K WHINBHUYyaIbHBIM aTOMaM,
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IIO3TOMY g IMOCTAHOBKM TAKOTO POJIa IKCIEPUMEHTOB HET
NIPUHIUIUAJIBHBIX TPY/IHOCTEH, KpOMe BpEeMEHH.

1.2.1 AOGcTpakTHasgs MO/ieJiIb KBaHTOBOTO
KOMITbIOTEPA

Tenepp Mbl onumeM abCTPAKTHYIO MOJEIb KBAHTOBOTO
KOMIILIOTEpa, KOTOpasd MOXKET YiKe HCHOIb30BAThCT IS
HojicYeTa ero CI0XKHOCTH, TO €CTh BPeMeHN 1 gy,.

DTa MOJeIb COCTOUT W3 JBYX dYacTel: KJIACCHUIECKOit
1 KBaHTOBOH. Kiaccrmieckad 9acTb COCTOUT U3 PEruCTPOB,
B KOTOPBIX VKa3aHBbl HOMepa 3JIeMeHTApHBIX YHUTPAHBIX
omeparuii u3 HekoToporo cmucka Uy, U,,... mpocThix 1-2
win 3 KyOMTHBIX YHUTAPHbLIX OIEPATOPOB, W YyKazaTesei,
TO €CTh CTPEJOK, KOTOPble YKa3blBAIOT, K KaKuM Kyburam
HQIJICYKUT TPUMEHUTH JIAHHBIA orepaTrop. Kpome 3ToTO,
KJIacCHYecKas 9acTh COJAEPHUT JIBa OCOOBIX PErHCcTpa: PErHCTpP
KOHIIA BBIUYHUCJIEHUT U PETHCTP BOMPOCA K OPAKYJIY.

KBanroBasg 4dacTh KOMIbIOTEPA - ITO JIEHTA, B suelKax
KOTOpOit cTodaT KyouTtsi. [loTeHIIna IbHO JIeHTa HE OTpaHUYeHa
B TOM CMBICJIE, YTO K Hefl npu HEOOXOIUMOCTH MOXKHO
Bcerja J00aBIdATh HOBBIE KYOUTBI, HHUIHAAJIA3UPOBAHHDLIE
cocrogumem |0). Ecam nenta cogepxur n Kyour, TO ee
KBAHTOBbIE COCTOSIHHUS 3al0JHAI0T 2" MepHOe I'MIib0epTOBO
IPOCTPAHCTBO cocTostamit. OOmMii BI COCTOSHUS KBAHTOBOI
YaCTU KOMITLIOTEPA TaKOB:

W)=Y Al (L)

rae N = 2", a ko3pdunuenTsl A\; ecTb KOMILJIEKCHBIEe YHCIIA,
HA3LIBAEMbIE AMILUTHTYIAME COOTBETCTBYIOMINX COCTOSTHUH |7]).
Takum oOpa3om, MbI BCEIJIa MOXKEM CYUATh, YTO DBOJIOIUS
COCTOSIHUST KBAHTOBOM JIGHTHI MPOUCXOIUT B KOHEUYHOMEPHOM
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IPOCTPAHCTBE COCTOSIHMI, pa3MepHOCTh KoToporo N HaMm
HEeJOCTYITHA, XOTS IUCJI0 KyOHTOB M €CTh BIIOJHE JOCTYMHAS
seauanna. Msr BuguM, wro (1.11) coBmamaer ¢ Tem, 9TO
MBI MBI Ha3BaJW KyOWTOBBIM TIPeJICTaBJIEHUEM BOJHOBOI
dyukmuu. [losToMy KBAHTOBBII KOMIBIOTED BBIPAXKAeT
CTaHJAAPTHYIO  (OpMYy  MHOI'OYACTUYHOIO  I'MJbOEPTOBA
dopmananzma.

KBauTOBBIN aMropuT™M - 3TO KJIACCHYECKUN aJTOPUTM,
3aJIAI0IUU I3MEHEHHEe BO BPEMEHH COCTOAHUA KJIACCUYECKOU
JaCcTH KOMIIbIOTepa. Bpluuciaenne Ha KBAHTOBOM KOMIbIOTEPE
- 3TO IOCJIEJOBATEIbHOCTh YHUTAPHBIX 1IPeoOpa30oBaHuil Ha/l
COCTOSTHHEM KBAHTOBOI 9aCTH, KOTOPas 3a/1aeTcsl COCTOSHIEM
KJIACCUIECKOil 9acTn KOMIbIOTepa. 10 ecTh Ha KayKJ0M Tirare
J Hax cocrostaueM |V;) BBINOTHAETCS IPe0OPA30BAHUe BUIA

URVRW ... (1.12)

rje  JlaHHble  3jeMeHTapubie  omeparopst U, VW ...
KOJIbI KOTOPBIX CTOAT B PErucTpax KJIaCCHYeCKO# dYacTu
BBIIIOJIHAIOTCS HAJ, TeMU KyOHUTaMHU, HA KOTOPbIE YKa3bIBAIOT
CTPEJIKH, BBIXOISIINE U3 COOTBETCTBYIOIIETO PETHCTPA.

Takum obOpazom, YUCTO KJIACCHYECKUH 3aKOH M3MEHEHUSI
YIPABJILAONIEH KJIACCHIeCKOil 4acTu KBAHTOBOI'O KOMIIHIOTEPA
UHJYIHUPYET  KBAHTOBYIO  YHHUTAPHYIO  BOJIONUIO  €r0
KBAHTOBOM YaCTH BUIA

N—

() =Y A (0ld)

J=

—_

TO €eCThb CBOJUTCI K H3MEHEHWI0 BO BpPEMEHU aMILIATY/],
Ha3UCHBIX KBAHTOBBIX COCTOSIHUIA.

Mpl jnau omnpejeseHue BBIYHCICHUS 0e3 opaky/a, WA
abCOJIIOTHOI'O KBAaHTOBOrO BbluMcaeHus. Ilo anamorum c
KJIACCUYECKUM CJIY4aeM, MOKHO BBECTH LIOHATHE KBAHTOBOI'O
BBIUHC/ICHUS C OpakyysoM. l[Ipeamosoxkum, 49T0o HaAM 3aJ1aH
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HEKOTOpbI yHuTapubiii omneparop U H, — H,,
rie Hy - m wn k kyburHoe rujbbepTOBO MPOCTPAHCTBO
cocTosTHMit. 3aBesileM Ha, JIEHTE OIpeeeHHOe MecTOo: Habop
Kyour (perucrtp) w3 m KyOWUT, W CHENUATBHBIA DErucTp
B KJIACCHYECKONH 4YaCTH, HA3BIBAEMBIA PETHCTPOM BOIIPOCA
(query). YcJOBUMCSL 9TO €CJM PErHCTD BOIPOCA COIEPIKUT
0, BBIYHCJICHUS IIPOUCXOAAT B OOBIYHOM TMoOpsgake. Kcian
JK€ PErucTp BONPOCA COJMEP:KUT 1, MBI BMECTO OOBIYHOIO
VHATAPHOTO MPeobpa30BaHus, HHAYIUPYEMOTrO KIACCHIECKOI
JACThI0 KOMIBIOTEPA, COBepIaeM oOpalleHne K OpaxyiIy,
KOTOpOe 3aKJII0YaeTcd B TOM, UTO TTPUMEHSAETCI OMepaTop
IQU, rne U npumensiercs K BBIIEJEHHOMY HaMu 1m
KyOUTHOMY PErucTpy, a HJACHTHYHOE Ipeodpa3oBaHUE - KO
BceM MpoYnM. HeTpymHO TOHATH, YTO 3TO OIpe/eeHue
SBJIIETCS HEMOCPEICTBEHHBIM PAaCIPOCTPAHEHHEeM MOHATHS
BBIUHCJICHUS C OPAKYJIOM HA KBAHTOBBIN CJIyYail.

Kounkperuzupyem moHsTHe KBAHTOBOIO OpaKy/jaa Ha
caydait 0ObIYHON (DYHKIINN BUJIA

f: {0, 1} — {0,1}"

3aBejieM Ha KBAHTOBOI JieHTE M U k KyOWTHBIE PEruCTPHI,
Ha3BaB [EePBBbIA PEerucTpoM BOIPOCA, & BTOPOH - PEerucTpoMm
orBeta. Ilycth a wm b - Koprexkm w3 HyJIEHl © eJIUHUII,
cojlepKallidecss B 3JTUX Pperucrpax. DBsejem yHHTapHOE
npeoOpa3oBaHue, OIpe/leIeHHOe TaKUM €ero JelcTBHeM Ha
Da3UCHBIX BEKTOpAX:

Quyla,b) — |a,bED f(a)) (1.13)

rie @ o3HauaeT MOOGMTOBOE CJIOKEHWE MO MOIYII0 2.
Taxkoit omepaTop dBJIETCS MPOCTO IIePECTAHOBKOM OA3MCHBIX
BEKTOPOB, W TOTOMY OH JHHEHHO MPOJOJZKALTCI JO
YHUTAPHOTO OIepaTopa BO BCEM IPOCTPAHCTBE KBAHTOBBLIX
cocroganii. OH WHBOJIOTHBEH, TO €CTh Qu? = [I. B
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[Ipunoxkenun omnmcaHo, Kak € IOMOIILIO 3TOrO HpUEMa
HOCTPOUTH OBICTPBI KBAHTOBBIN aJITOPUTM Tepedopa.

1.3 PoJap 3ammyTaHHocTn

Kak ™bl 3Haem, 3amyTaHHOE COCTOSHWE JBYX KBAHTOBBIX
cuctem S; m Sy, ITO COCTOsTHHE, KOTOPOE HEBO3MOXKHO
npeacrauth B Buge Vg ) Q) |Vs,). Do B ToUHOCTH
COOTBETCTBYET, B  OOBIYHON  aHAJUTHYECKONl  3amucu
HEBO3MOYKHOCTH TIPEJICTABICHUS BOJTHOBOW (byHKIMH BCei
CHUCTEMBbl B BHJE [POU3BEJICHUS BOJHOBBIX (DYHKIW ee
gacreit S; u S;. MOXKHO BBECTH Mepy Takoil 3aIlyTaHHOCTH
pPa3IMYHBIMU  IyTAMU. Hampumep, ¢  HUCIOJIb30BaAHHEM
OTHOCHUTEJIbHO MaTPHIBI ILIOTHOCTH pg,. OUpeiesuM Mepy
3aIyTAHHOCTH KaK KBaHTOBYIO suTponuio H = tr(pg, In pg,),
KOTOpas pPaBHA TOMY K€ BBIPDAXKEHUIO, B3ATOMY st So.
Takas Mepa 3amyTaHHOCTH 9YaCTO MPHUMEHAETCS B TEOPHH
KBaHTOBOW MHMOPMAIUH.

Herpyamno moHsATH, 9TO KBaHTOBas 3IBOJIONUS OO0
CHUCTEMBI, KOTOpasi MOKeT ObITh IPEJICTaBIeHA  Kak
9BOJIIONUST HE3AIYTAHHOIO COCTOSIHUS (TO €CTh TEeH30PHOIO
[POU3BEIEHHsT  OJHOYACTUYIHBIX COCTOSIHUI) MOMKeT ObITh
MOJIEJINPOBAaHA Ha KJIACCHIECKOM KOMIBIOTEPE B PEKIME
pPeabHoOr0 BpPEMEHH, TO €eCTb C CJOXKHOCTBIO, PaBHOIl
duzngeckoMy BpeMenu. I3 3TOro BbITEKAET, 9TO PeATU3AIUS
OBICTPBIX ~ KBAHTOBBIX  AJTOPUTMOB HA  HE3aIlyTAHHBLIX
COCTOSTHUSAX HEBO3MOXKHA, TO €CTh KBAHTOBBI KOMIBIOTED
MOCTPOEH KAaK Pa3 Ha 3aMyTAaHHBIX COCTOSIHUSIX, U 03 HUX OH
cBeJsicst OBl IPOCTO K COOCTBEHHOHN KJIACCUYIECKON JacTH.

Ho ©6bwto 6bl ommubOYHO OTOXKIECTBHTDL MHOXKECTBO
BCeX 3alyTAHHBIX COCTOSHUNA C COCTOSTHUSIME, HMEIOITIMH
MaKCUMaJIbHYIO SHTponuio 3anyrannocru H. Bo3moxkHOCTH
MOJIy9eHUsI ~ MHOTQYACTUYHBIX  3aIMyTaHHBIX  COCTOSTHHIT
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JlazKe C MAaKCHMAaJbHOW CTEIeHbIO 3allyTAHHOCTUH COBCEM
HE O3HaYaeT, 9YTO MBbI CO3JaJIn KBAHTOBBI KOMIILIOTED. B
KagecTBe TPUMEPA PACCMOTPHUM JIBa KJACCA 3aIyTaHHBIX
KBAHTOBBIX COCTOSAHHUI, KOTOPbIE PEAJHbHO JIETEKTUPYIOTCS B
SKCIePpUMeHTaX Ha MoHax B JoByTIKe llayra. 91o GHZ u W
COCTOSHU S, UMEIOIIUE BUJL

GHZ : M|11...1) + X]22...2) + ... + Ne|kk ... k),
W A]100...0) + A3]010...0) 4+ ...+ Ag]00...1).
(1.14)

MBI BuauM, YTO JAJd XpaHEHUud TaKHUX COCTOSHUII B
MaMATU KOMIIBIOTEPpa JOCTATOYHO BBIACJIUTD MMOPAIKA 11 A9€EK
HaMSTH, TJe N - YUCJ0 KYOUTOB. DTO O3HAYAET, U4TO JIIOOLIE
BBIYHC/ICHUS ¢ TAKUMHU COCTOAHUSIMHU MOYKHO BOCIIPOU3BOIUTH
Ha KJIACCUMYECKHUX KOMIbIOTEpaX, MU HUMed TOJIbKO TaKHue
KBaHTBObIE€ COCTOAHUA HEBO3MO2KHO PeaJJin30BaTb 6bICprI€
KBAaHTOBbBIC aJITOPUTMBI.

B peiictBuTenbroctu, coctoguusd tuna GHZ u W MoxKHO
CBECTH K OJHOYACTHUHBIM COCTOSHUAM. PaccMoTpuM cHadaJIa
cocrostaue GHZ. Ero anajorom Ajasg n = 2 SBJISETCS TaK
Ha3bIBa€MO€ HMIMHUJATOBCKOE COCTOdHHE ABYX 4YaCTHI], TO €CTb
COCTOdHUE ABYX YaCTHUIl BUOA

>Nl Q1) (1.15)

rne {[¢Y;} m {[¢j} ecrs opromopmupoBanmbie GasHCHI
B IPOCTPAHCTBAX COCTOMHUI 1EPBON UM BTOPOU dYaCTHI
COOTBETCTBEHHO. Cocrosane (1.15  xapakrepusyercs
N ugucinamu, rme N ecTh pPasMepHOCTb THIHLOEPTOBBIX
HPOCTPAHCTB COCTOSHMII OAHON dYacTunbl. Takum 006pasoM,
JIJI XPaHeHUs TAKOTO JIBYXYACTUITHOTO COCTOSTHUS HEOOXOTIM
TOT 2Ke 0O'beM HaMATH, YTO U )i XPAHEHUsI COCTOSHUS OJIHON
YACTHUIIHI.
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Cocrostine GHZ ectb dhopMa HIMHITOBCKOIO COCTOSIHUS
JUTST  HECKOJIbKUX — 9JaCcTHIl. [akoe COCTOAHWE O3HAdaeT
caeaytomniee. Y HAC peajJbHO MMeeTCsl TOJBKO OJIHA JacTHUI,
HO OHA COCTOMUT M3 HECKOJIbKHX YacTel, BeIYIIUX cedsd MPOCTO
Kak oxHo nenoe. Pacemorpum GHZ cocrosnue npu k = 2:
|W) = ]00) + |11). Bynem TpakroBars 0 u 1 Kak moJiozkeHus
OJTHO¥ YACTHIIHI B JABYX PA3JUIHBIX (DUKCUPOBAHHBIX TOTKAX.
Torma w3mepenue B CTAHIAPTHOM Oa3nce OIHONW W3 YACTHII
[OBJIeUYeT HaXOXKIeHHe O0eHMX YacTHUIl B OJHOH W TOH xXKe
Touke. Ecau ke Mbl 3aXOTHM H3MEPUTH UMIIYJIBC YACTHUIIDI,
HAM [PUJETCS HPUMEHUTH K COOTBETCTBYIONIEMY KyOuTy
npeobpa3oBanne KBaHTOBOe 1peobpazoBanne Dypbe, 4YTO
B CJAydYae OJHOTO KyOHWTa €CTh C TOYHOCTHIO 10 YCIOBHOTO
nosopora das3bl, omeparop Amamapa. IIpumenuB K o06omm
KyOuTaM Takoil omepaTop MbI IepeiiieM B 6a3uc, B KOTOPOM
3HAUYEHUSMU KYOUTOB OYIyT HMIIYJIbCHl COOTBETCTBYIONIEH
qacTuilbl. [IpocToit mMoACYeT MOKA3BIBAET, YTO Pe3Y/IbTaT
oymer Tor xe: |00) + |11). D10 03HAUAET, UTO W HMILYJIbC
y obeux dYacTui OyjeT OJHUM K TeM K€ IIPH H3MEpPEeHUHU
ero y Jo0oi w3 HUX. DTO W OObICHAET TO, YTO TaKoe
COCTOSIHUE eCTh COCTOSHHE MTO-CYIIECTBY, OAHOM dacTHibl. Js
JIETEKTUPOBAHUSI TAKOTO COCTOSIHUSI JIOCTATOYHO IIPOBEPUTH
nHTepEPEHIITNOHHBIE  CBOWCTBA O00BEKTa, COCTOSINEr0 U3
HECKOJTbKUX YacTel, HAMPUMeDP, WHTePQEPEHITHI0 MOJIEKYThI
BOJOpOJa Ha JABYX Ieaax. Hamwmaume wunrepdepennuonnoit
KapTUHB W OyaeT o3HadaTh 3amyTanHoctb GHZ Tuna.
Takum 00pa3oMm, JaHHBLII TUI 3allyTAHHOCTU SABJISIETCS
JIOCTATOYHO TITMPOKO PACHPOCTpPaHeHHBIM. Bojiee mHTEpPECHO
JIETEKTUPOBAHME TAKOTO THIA 3aIyTAHHOCTH Ha OOJIBITHX
paccrosinugx. s nonos B jioBymikax [layss ono cocrapiisier
HECKOJIbKO MUJLITUMETPOB, s (OTOHOB - 1O HECKOJbKHX
KUJIOMETPOB.

He 3aBucumo or umena Todek  KOHMUTYPAIHOHHOTO
npocrpaHcTBa (it ObI OHO OBIJIO He MeHbIe JBYX)

31



CIIPABE/IJIUBBI CJIEIYIONINE YTBePKICHUSI:

1) Besikoe KBaHTOBOE COCTOsIHME JBYX YACTHI[ MOYKHO
IpeCTABUTh B BUJIE TITMUTOBCKOTO PA3TIOKEHUSI.

2) CyIIecTByIOT COCTOSIHUST TPEX YACTHIl, KOTOPBIE HEJIb3s
IpeJICTABUTD B BHJIE TIIMUATOBCKOT'O PA3IOXKEHUS .

[Ipocreiiinuit npumep, g ciaydad 3 KyOurToB, jaer
cocrogame |100) + |010) + |001), wam ero awmamor c
Pa3HBIMU AMILIATBIAMA, 9YTO ¥ SIBJISIETCS TPOCTEimm
IPUMEPOM COCTOsIHUS THIA W (M yHUBEPCATBHBIM B CMBICJIE
CBOJIMMOCTH ¢ TPHUMEHEeHHeM OJHOYACTUYHBIX YHHUTAPHBIX
OIIE€PATOPOB, 3AILY THIBAHUI OTAEIbHBIX KyOUTOB C aHI[U/LIAMHE
u u3mepenuit, T.H. LOCC- cBomumocTn).

Tenepnr obparumcs Kk obmeMmy Buiy cocrosguusa W
THIA. DTO COCTOSAHHE He MOXKeT ObITh cBegeno Kk GHZ
cocrostanio  Hukakumu LOCC -  omepamusavu.  OaHako
ero MOXKHO TPAKTOBATH KaK OJHOYACTUYIHOE COCTOSHUE,
ecjii  PAacCMATPUBATL  KaxXK/Jblli KyOMT Kak  JIEMEHT
KOH(PUTYPAIIMOHHOrO0  IpocTpaHcTBa.  Hamomuum, 91O
npu  KyOMTOBOM  MpeJCTAaBIEHUU  BOJTHOBOW  (DYHKITHH
MBIl  JOTOBAPDHBAJHCH  KOJAWPOBATH  KYyOUTAMU  TOUKH
KOH(MUTYPAIIMOHHOTO TTPOCTPAHCTBA B TOM CMBICTE, YTO
KayK/Iblil cjeyomnmii Kyour Obll yTOYHEHHEeM B JiBa pasa
MOJIOZKEHUS]  TOYKH  KOH(DUTYPAIMOHHOTO  ITPOCTPAHCTBA.
A Temephr MBI BpPEMEHHO TIPUMEM WHOE COIJIAIIeHe:
KaKIblil KyOouT OymeM OTOXKIECTBIATH UMEHHO C TOYKOM
KOH(MUTYPAIIMOHHOTO TPOCTPAHCTBA, B3ATOH C MpeeTbHOl
BO3MOYKHOH TOYHOCTBIO. DTO COIVIAIEHNE OyIeT COBEPIITEHHO
uabiM. Ho Torma, ckaxkem, GasucHoe coctogaue |[100) Gymer
03HAYATH HAXOXKJEHHE YACTHIBI B Touke 1 (a Toukm 2 u 3
cBobosmbl), cocrogume [010) o3HAMACT HAXOKJICHHE TACTHUIIHI
B Touke 2 (a Touku 1 u 3 cBoGojHkI), u T.1. Torma cocTosiHue
GHZ tuna suga (1.14) Gyzer coOTBETCTBOBATH BOJIHOBOM

k
(DYHKINN OTHON YACTHUIHI BHIA, 21 Ail7)-
]:
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BanyTaHHbIE COCTOSIHHASI WTPAIOT HEHTPAJbHYIO POJIb B
KBaHTOBOW Teopuu MHOrMX vactuil. Hanpumep, 6e3 Hux He
BO3MOYKHO JIaTh ONMMUCAHNE XUMUIECKUX PEAKIIHiA.

1.3.1 MoaeaupoBaHue KBaAaHTOBbIX CHUCTEM

Temepr oOpaTumcst K 3ajade KBAHTOBOTO MOJIEJTMPOBAHUS
pusngeckux cucreM. ITO KaK pa3 W €CTh Ta 3a/1a9a, KOTOPYIO
uMesi B Bujay P.Qeiinman, BbIABUIas HICI0 KBAHTOBOTO
koMIbioTepa. CocTossHHe MHOTOYACTUYHON CHCTEMBI MOXKET
OBITH OnMcaHo HaOOPOM YHCeJ, BBIPAYKAIONINX 3HAYCHUE
(pusnueckux BeIUYUNH, TAKUX KaK MacChl, KOODIMHATHI,
CKODOCTH, BpeMs U T.J. OIDTH ducjga (B OTIHYHE OT
AMILTUTY/]) BeEIIeCTBEHHBbIE. Bojiee TOro, mpu HaJJIezKaiem
OrpAaHUYEHHH O0JACTH PACCMOTPEHUS U  Pa3peluMOCTH
U3MepSIoNIero mpudbopa MOXKHO CUYATATh, YTO BCe OHH
HPEJCTABIAIOTCA B BUJIE zin, rjie N Pa3yMHONH BEJTUIUHBI
quco.  Torma  0asMcHOE  COCTOSIHWE — PacCMaTpUBAeMOit
MHOT'OYACTHYHOM  CHCTEMBI  MOXKHO  IPEJCTaBUTH  KakK
Da3UCHBIN Ke BEKTOP B IPOCTPAHCTBE COCTOSHHUI KBAHTOBOIMA
naMATu u3 n Kyout. COOTBETCTBEHHO, TUHEHHON KOMOUHATIIH
Da3UCHBIX COCTOSIHUIT M3ydaeMoil cucremMbl OyJieT OTBeYaTh
COCTOSIHWE KBAHTOBOT'O KOMIIBIOTEPA C TOYHO TAKUMHU Ke
aMmruTygamu. KyOuThl Hamero KBAHTOBOTO KOMITHIOTEDA
JUISS MOJIGJIMPYEMOH  CHCTEMbl  HOCAT  BHPTYAJIbHBIN
XapakTep, T.e. MBI He MOXKEM IIPUIUCATL UM HUKAKOI'O
ecrecTBeHHOTO (pusndueckoro cmbicia. OJHAKO B HAIIeM
KBAaHTOBOM KOMIIBIOTEPE, KOTOPBIH OyjeT MOAeIupoBaTh
U3y4aeMylo CHCTEMY, 3TO peaJyibhble, '(pusndeckne’ KyOUTHI.
Takoit moaxojl K ONUCAHUIO (PU3UUIECCKUX CHUCTEM MOXKHO
Ha3BaTh ~KyouToBBIM”. MBI yBHJIUM, UYTO TAKO#H IOIXOM K
OIKMCAHUIO (DUBUKU UPUHIMIHUAJILHO Oosiee 3pdexTuneH,
qeM TPAJAUIUOHHBIN “OUTOBBIH’  MOJXO/, WCIIOJIb3yEeMBblii
npu YUCTIEHHOM MO/IE/TUPOBAHUT MHOTOYACTHIHBIX
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IPOIECCOB HA KJACCHYECKUX KoMmIbioTepax. /[l 3Toro
nonpobyeM peIuTh Ha KBAHTOBOM KOMIIBIOTEDPE YDPaBHEHUE
[MIpeaunrepa. 31ech CHOBa, KJIIOYEBYIO POJib OyIeT UIPaTh
obicTpoe npeobpazopanne Oypbe, HO HCIOJIB30BATLCS OyIeT
HEMHOT'O HHOE ero CBOHCTBO, WeM PaHbIIEe. DTO CBOMCTBO
coctouT B TOM, 4TO mpeobpasoBanne Dypbe mnepeBOIUAT
oneparuio auddepeHIpOBaHis B OINEPAIU0 yMHOKEHUS
HA HE3aBHCHMYIO MEPEMEHHYIO ¢ MHUMBIM KO3 DUImeHTom.
Takum 0OpazoM, ecii TPUMEHUTH €r0 K BOJHOBOW (DYHKIIHM,
HOJIYYUTCS, 9TO OTepaTop ABOWHOTO muddepeHNINpOBaHUS,
Bxogsiuit B [amumiabronman, upesparurcs i DPypbe-
oOpa3a BOJIHOBOI (PYHKIMH B ONEPATOP YMHOXKEHUS Ha
KBaJIpaT He3aBUCHMOI TmepeMeHHOl 3Toro Pypne-obpasa
¢ HeKHM KOd>PHUIMEHTOM, a 3Ta IIepeMeHHas ecTh He
9TO HHOE KaK WMIYJIbC. DTa WUjes, XOPOIIO HW3BECTHAas
dusnkaM, BPYUHYIO pPEIIaIoNIuM BOJHOBOE ypaBHEHUeE,
BEJIMKOJIEITHO paboTaeT © JiIsi KBAHTOBOIO KOMIIBIOTEPA.
Hano jmmb  ybeauThbesd, 49TO KBAHTOBOE IpPeoOpa3zoBaHue
Dypbe 007aaeT AHAJOTHYHBIM CBOUCTBOM, CBI3aHHBIM C
onepanueil auddepeHIUpoBanus (/I HAIIET0 KBAHTOBOIO
cuMyasiTopa  posb  JauddepeHnupoBaHus OyaeT HUrpaTh
COOTBETCTBYIOIASA KOHEYHAs DPA3HOCTH). TO  CJejyer
u3 toro, uro QFT sasmsercs upubnmkeHmem omeparopa
HacTosAmero mpeobpasoBanus Dyphe m0pu  mepexone K
KyOHTOBOMY IpPEICTABICHUIO BOJHOBON (DYHKIIHH.

Hamreit menpio OyaeT mMOJIyYeHHE COCTOSHUS —HAIIErO
KBAHTOBOIO KOMIIBIOTEPA, COOTBETCTBYIOMIEIO COCTOSTHUIO
U3y4aeMoll CUCTEMbl B HEKOTOPBIHi MomeHT BpeMenu t. Ham
HY’KHO C TIOMOIIbIO pabounx mpeobpa3oBaHuii MPUOIU3UTH
nefictBue  omeparopa spoutonnn e MY/P  ma  BoamOBYIO
dbyuxmmo Yy, tne H = H, + H,, H, = %, H,=V(x),p=
%% u norernuas V(z) ecrb BemecrBennas gyukius. st
IPOCTOTHI BO3bMEM BpeMsi t paBHBIM euHuIlle. Peaan3oBaTh
Ha KBAHTOBOM KomubioTepe jeificteue H, npocto. [Tockoybky
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MaTpuIa 3Toro omnepartopa (a snaunt u efr) rmaromasbha,

JIJIS 3TOTO HAJO BCETO JIUIb U3MEHUTH (ha3bl B 3aBUCUMOCTH
oT BHja OA3WCHBIX COCTOSHWI, - & 9TO JejaeTcs MPUMepPHO
TaK ke, KaK WHBEPCHS HYJIEBOTO COCTOSHUS B aJTOPUTME
['poBepa. OgHAKO CO BTOPBIM cIaraeMbiM ['aMHJIBTOHHAHA ITO
ne npoiizer. TpyaHocrs 3ak/1iodaercsa B TOM, 4TO oueparop H,
He OyJjIeT AnaroHaabHbBIM B BBIODAHHOM HaMU “KOOPIUHATHOM
H6aznce. OHAKO MBI yKe 3HAEM, KaK CBECTH JIEJI0 K TPOCTOMY
JINaTOHAJIPHOMY CJIYYal0: HaJ0 MepeiTH K HUMIYJIbCHOMY
Da3ucy, MHBIMU CJIOBAMU, COBEPITUTH peobpa3oBanne Pypobe
- @ 9T0 y HAC O4eHb XOPOoIIo nojy4daercd. s aroro Boibepem
MaJIeHbKUIl mHTepBaJ BpemeHnn At nmpeacTaBuM npuOIMKEeHHO
HAIIl 9BOJIIOIUOHHBIN oniepaTop depe3 dhopmyay Tporrepa:

e_iH ~ (e—z’HmAt e—z'HpAt)l/At‘ (1.16)

B cnpaBemymBocTr  3TON  (bopMysibl  Jlerko  yOeauThes,
pacKIaIbiBasg  JKCIOHEHTY B psan.  Mbl  BweIOpasn
"KoOpJanHATHBIN 0as3uc, Tak 4ro H, wMeer jamaroHaJbHBIN
Bua. Ilpumensss  kBanTOBOe 1peobpaszoBanne Dypbe:
QFT: f — fj;o e P f(x) dr u ero cBOICTBO MEPEBOAUTH
nuddepentupoanue 0/0r B yMHOXKEHHE HA P, MBI MOXKEM
OPEJICTaBUTh JeHCTBHE UMIYJIBCHONH dYacTH olepaTopa Kak
e~y — FT1 ¢ip’At/2m FT, rue cpenuuit oneparop umeer
,Z[I/IaFOHaﬂbelﬁ B, Tenepb nocJje 10BaTeJIbHbIC IPUMEHCHM A
QFT u aszosoro capura Ha —p?/2m upu peaausaluu
nocaenosareaprocTr (1.16) mator Tpebyemoe pHOIHKEHHE.

[IpuMmenennoe B JaHHOM MeToje mpeoOpasoBanne Pypbe
OCYIIECTBJ/ISIETCST IO KaZK/I0il 13 KOOPUHAT OTAEJIbHO, U €CJIH
y HAC HECKOJbKO YACTHI[ - TO MO KaXKJI0H H3 KOOPIMHAT
KayKJ0W YaCTHUIBl  OTJEJbHO. HEeKOTOpyH  COBEpPITEeHHO
TeXHHYECKYIO MpoOJeMy IpeJCTaB/sdeT peajn3alnus Ha
KBAaHTOBOM KOMIBIOTepe YHHTApPHOrO omepaTopa e e,
COOTBETCTBYIOIIETO HOTEHITAILHON SHEPIUHu. Eciu

NOTeHIHAIbHAS YHEPTUd MPOCTO paBHA P, TO peaTn3aIusd
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TAKOI'O JIMArOHAJIBLHOTO OIEepPaTopa MOXKET ObITh C/Ie/IaHa,
ec/Ii MBI MPOCTO COBEPIIAEM MOC/IEI0BATETbHBIE TTOBOPOTHI
dase Buga [0) — [0), |1) — €|1), B 3aBHCHMOCTH OT
MecTa OvepeTHOTO KyOUTa B perucTpe, CoJepzKaleM 3HavueHue
KOOP/IMHATHI. B ciiyyae mpon3BOIBLHOTO BUIA TTOTEHIIHATBHOM
SHEPTHUH, MBI OyJI€M [IPE/III0/IAraTh, YTO €€ MOXKHO Pa3JI0KUTDH
B pan Teitmopa ¢ kKoadunuenTamMmu, KOTOpbie ONpeae/aioTCsd
C TIOMOIIb JIOCTATOYHO ObIcTpOro aaropurma. Hamnpuwmep,
ec/IM 9TOT TMOTEHNHAJ TMOoJydaeTcs KaK CyMMa KYJIOHOBCKHUX
HOTEHIIWAJIOB OT 1 PA3HBIX YACTHII, TO TAKOWH aJaropuT™ Oyaer
UMETH CJIOZKHOCTH JIMHEHHYIO B 3aBUCHMOCTH OT YUCIA N
IpH YCJAOBHH, YTO KOOPAWHATHI YACTHI[ TAKYKE BBIIAIOTCS
HEKOTOPBIM (DUKCHPOBAHHBIM AJTOPUTMOM (KOTODPBIH MOXKHO
paccMaTpuBaTh Kak opaky:). Torma omeparop e~ He oo
MPEJICTABUTH B BHJE CXeMbl KBAHTOBBIX BeHTHJIH (quantum
gate array) pasmepa, JTUHEHHO 3aBUCSIIETO OT 7.

CJI0KHOCTH JJAHHOTO METO/Ia B 3aBUCUMOCTU OT BPEMEHU
t peanbHoil dusmueckoit cucrempr  Oymer  O(t?).  to
HETIOCPEeJICTBEHHO BBITEKAET U3 TOr0, YTO TOYHOCTH (DOPMYJIBI
TporTepa uMmeer BTOPOI MOPSIOK, MOCKOJIBKY OHA BBITEKAET
U3 TeWJOPOBCKOTO PA3JIOYKEHHUS IKCHOHEHTHI JI0 TEePBOTO
wjeHa. MOXKHO MOHU3UTH CJI0XKHOCTL 10 3Heavenus O(t11)
aast goboro € > 0, ecam BMecto dopmyan Tporrepa
HCIIO/Ib30BATH TeHJIOPOBCKOe pa3iiokeHne 00Jiee BBICOKUX
mopsikoB (e, [65]). UTak, HA KBAHTOBOM KOMIIBIOTEDE
MOXKHO MOJIEJTMPOBATH YHUTAPHBIE 3JBOJIONUH - PpeIleHus
ypasuenus [llpeaunrepa modrun B peajibHOM BPEMEHH, U C
NaMATHIO, MPOMOPIHUOHAJBHON pa3Mepy paccMaTpUBaeMOil
cncremb.’> B To BpeMsi Kak Ha OOBIYHOM KOMIIBIOTEPE 3TO
noTpeboBaJI0 OBl SKCIHOHEHITUAJILHBIX pecypcoB. OJHAKO B
KBAaHTOBOM KOMIIbIOTEDE MBI MOJIYYaeM JHUIIb KBAHTOBOE
COCTOdHUE,  dBJLIONieecs  KyOUTOBbIM  IIPUOJIMIKEHUEM

3IpencKa3bIBATL COCTOSHIS CUCTEMBI B MOMEHT ¢ 33 MEHBIIIEe BpeMs
t' < t MOYKHO TOJIBKO B CIEIMATIBHBIX CIy9asx, CM., HApuMep, [32].
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peaJibHOrO, B TO BpeMsI KaK KJIACCHIECKOE BBIYUCICHUE
AaeT HaM 3HaYCHNEe aMIIJINTYd KaK TaKOBbIX.

BaMeTI/IM TaKKe, COBEPITEHHO aHAaJIOTUYHO MOXKHO
OPOM3BOIUTL  MOJEJMPOBAHHE  YHHTAPHOW  KBAHTOBOI
JIMHAMHAKHA CHUCTEMBI JIBHZKYIITAXCS 3apsIzKeHHBIX
YACTUIL B HEPEJSIPUBUCTCKOM HPUOJUAKEHUH, C Y4eTOM
IJIEKTPOMATHUTHOT'O TTOJId C BEKTOPHBIM HOTEeHIIHAJIOM
A. Jlnsg 3TOr0 HAIO 3aMEHHTH OIMepaTop WMIYJIbca P
Mo0o# JacTuupl Ha p — A, rie e ee 3apgi, ¢ - CKOPOCTb
cBera. llpocienwp BBINIEH3/I0KEHHBIE PACCYZKIEHHS, MBI
yBupauM, HYTO 33TO HHKAK HE O0TPa3uTCd Ha KOHCYHOM
pesyabrare. OTMETHM, 9TO 3TO HE SIBJIAECTCA PACCMOTPEHHEM
KBaHTOBOI QJIEKTPOAUHAMUKU, a JIWIIb HEPEJIATHBUCTCKUM
HpuOIUKEeHuEM, s KOTOPOr0 MOXKHO y4ecTb 3IPQPEeKThI
0JIsA, BBOJAS YKA3aHHYIO IONPAaBKY B ITMMIJIBTOHHAH. 10 ecTh
371eCh MBI CUATAEM IOJIe KJIACCHIECKUM, UTO O OMPEIeTeHIIO
O3Ha4aeT, 4TO ero MOKHO BKJIIOYUTH B 'aMUJIBTOHHAaH B BHUJIC
MOTEHITNAIbHON dHepruu mjan J00aBKM K Heil, Wi B BHJE

VKa3aHHO T0OABKU K HMILYJIbCY.
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I'1aBa 2

3agadan

1). JokazaTh, dYTO HPOCTPAHCTBO KBAHTOBBIX COCTOHUI
C eCTECTBEHHBIM CKAJSIDHBIM TIpou3BeseHneM (410 3107)
SIBJISIETCS] THIIBOEPTOBBIM (J0Ka3aTh JHHEHHOCTH CKAJISIPHOTO
IPOU3BE/IeHUsI, HEPABEHCTBO TPEYTOJbHUKA).

2). Kak ompeeuTh CKalsipHOE MPOU3BEJIEHHE B CJIydae
HenpepbiBHLIX (hyuKnuii |¥)? JTokasaTh, 4TO 9TO ONpeIeIeHue
IIEPEXOJIUT B €CTECTBEHHOE HA KOHEYHOMEPHOM I'UJIbOEPTOBOM
IIPOCTPAHCTBE.

3). OxcnonenTa ot Marpursl A: exp(A) onpeensgerca Kak
cymMMa psijia MakaopeHa Jijist 9KCIOHEHTHI (9TO 9TO Takoe?).

a) [Tokazarh, uro pasencrso exp(A+ B) = exp(A)exp(B)
MMeeT MeCTO Il KoMMyTupyomux marpur, A u B (daro 310
TaKoe?) M MOYKeT HaPYIIAThCsl JJIsi HEKOMMY THDPY FOIIHX.

6). TlokasaTh, YTO MPOW3BOAHYIO MATPHYHON QYHKINH
exp(A t) moxHO HajiTu mo obbranoMy mpasuiay (exp(A t)) =
A exp(At).

3). OpmuroB sumueiinbiii  oueparop H - onpejensercs
dopmymnoit (Hf,g) = (f,Hg) ans #00bIX BEKTOPOB
NpPOCTPAHCTBA COCTOsHUE. Yuutapusiii oneparop U 1o
ONPEJICJICHUIO €CTh JHUHEUHBIA OIepaTrop, COXpaHAIONIAN
JUIHHBL  BCEX BEKTOPOB. JloKazaTh, 4YTO0 a) s JHOOro
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spmuToBa oneparopa H oneparop exrp(iH) saBisiercs
YVHUTApHBIM, 0) mis ma6oro yeurapaoro omneparopa U
cytecTByer SpMuToB oneparop H, takoit uro U = exp(iH).
(Ykazamme: 1) BOCIOJB30BATHCS TEOPEMOil O HPUBEICHUH
K JUArOHAJBHOMY BHJY, 2) HUCIOJIb30BATh ONpPEJIeIeHHe
MATPUIHON SKCIOHEHTHI).

4). Mouemy 3amucs (|H|¢) aBisieTcs KOPPEKTHOH TOIBLKO
B CJIy4ae 3pPMUTOBOCTH oneparopa H?

5). B KBaHTOBOWl MeXaHWKe H3MepsSeMbIM BeJHIHHAM
COOTBETCTBYIOT 3PMHUTOBBI OIIEPATOPBI, KOTOPHIE CTPOATCS
110 AHAJIOTUM C OOBIYHBIMHU BEJUYUHAMH B KJIACCHYECKOIl
MexaHuke. Ecam Hekoropoe cocrostHue |V)  sBisercs
COOCTBEHHBIM [Tst omiepaTropa A, To roBopsT, 9TO BEIUINHA,
COOTBETCTBYIONIAs oneparopy A NpUHUMAET B COCTOSHUH
|U) ompeiesieHHOE 3HAYEHWE, PABHOE COOTBETCTBYIOIMIEMY
cobcrBernoMy uncay A. Kaxme u3 cIeAyiomux omepaTropoB
OYLyT 3PMUTOBLIMU:

a) onepaTop rpajJueHTa (4ro 3ro Takoe?),

6) omeparop mMmyabca p = 2V pge h ~ 107?"spr cex -
nocrognnaga Ilmanka,

B) onepaTtop KoopauHathl x : (x) — xip(x) ?

I) oneparop KUHETHYECKON SHePruu (BbIUCATh ero)?

) OIlepATOp MOTEHIHATBHON SHEPIUH (BBIIUCATH €ro s
GaCTHUIHl B KYJOHOBCKOM TI0JIe TOYETHOTO 3apsiia)?

6). Ilo amamormm c¢ 3agadeit 5) TOCTPOUTH KBAHTOBO
MeXaHHJYeCKHe  OIepaTopbl:  KUHETHIECKOH  SHEPTUH,
TPEXMEPHOro HabOpa KOOPJMHAT T, MOMEHTA HMILY/IbCA.
Kakue ux 3tux omneparopoB OyAyT SPMUTOBBIMU?

7). Kak onpemesnTh AMATOHAIBHBI BHJ ONEPATOPOB
HaJ HempepbiBHbIME byHKIusMu? (VKazaHue: epeiTu
K  KyOUTOBOMY  IIPEJICTaBIEHUIO  KOHMUIYPAIUOHHOTO
npocrpancrsa). Kakwme u3 oneparopoB 3ajgad b5) u  6)
MMEIOT JUATrOHAILHBIA BU!

8). Haiitu cobcTBeHHbIe 3HAYEHNS U COOCTBEHHBIE BEKTODBI
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oneparoposn Ilaysu

/0 1 (0 = /10
Oz = 1 0 ) %~ i 0 )% 7 0 —1

U TpUBECTH WX K JIWArOHAJIBHOMY BHIY. fBagtorcd sm
STH ONEePAaTOpPbl IPMUTOBbLIME! yHUTApHBIMEH! [loayduTh
KOMMYyTanuouubie cooruomenus: suga [A, Bl = C rue A, B
- marpuns! [Taynu. HaliTn 3KCIIOHEHTBI OT 3TUX OMEPATOPOB.

9). Oneparop H B ypashenun [1IpeauHrepa HazsiBaeTcs
[aMHJIBTOHHAHOM U ABJISIETCS OMEePATOPOM SHEPTHH.

a). Hamucars ero siBHBI B JIJIST OJJHOMEDHOM JTACTHIIBL.
(YkazaHme: HCIOAB30BATH PE3YJIBTATHL 33044 D) 1 ), a TakxKe
KJIaCCHIecKy1o bopMyJLy Jis noHoil sueprun E = p? /2m+V
[Jie P- UMILYJIbC, V - MOTeHInAIbHAS SHEPTUS.

6). HanucaTh ero siBHbBI B 711 TPEXMEPHON YACTHITHI.

B). Hammcarh ero siBHBIH BUJL JIJTs1 CHCTEMBI, COCTOSIIEH U3
3JEKTPOHA M TPOTOHA (ATOM BOJOpPOJA Ge3 yueTa CIUHOB).

r). Hanucars ero siBHBIA B JJIsl CHCTEMBI, COCTOSINEH U3
JIBYX IPOTOHOB W JIBYX 3JIEKTPOHOB (MOJIEKYJIa BOmopoja 6e3
ydera CIHHOB).

10). Cranmonapuoe ypapuenne Illpeaunrepa wuMeer
BHJI 33JaYd  Ha HaXOXKJeHe COOCTBEHHBIX 3HAYEHWH WU
cobcrBeHHbIX BeKTOPOB [amumiabronuana. CdopmynmmpoBaTh
ee B BHUJE 3aJa49d MOUCKA PEIIeHHil HEKOTOPOTO yPABHEHUS

(Vkazanme: 310 ypasmenme nmeer Bug H|W), = ;|¥);.
E; Ha3bBAalOTCA  dSHEPreTHIeCKUMH  ypoBHaAME, |V);

- COOTBETCTBYIOIIMMHU  CTAIMOHAPHBIMU  COCTOSHUSIMU.
Cunraercss, 9TO CTAIMOHPAHbIE COCTOSHHSI - 9TO TAaKHE, B
KOTODBIX CHCTeMa He u3iydaeT (hoTOHOB.)

11). Pemmurh cramuoHapHyto 3a1a4y Jiis

a) cBOGONHOI dYacTUnbl (9TO YACTHUIA B  HYJIEBOM
IOTEHIIHATE).

0) OMHOMEPHOH dYacTUIbl B OECKOHEYHO 1IyOOKOi
HOTEHIINAJBHON dMe.

40



B) TPEXMEPHOI CBOOOIHOI 4aCTHIb!

)*F* TpexmMepHON 3apsiKEHHON YaCTHIBI Maccoii m
U 3apgioM € B KYJOHOBCKOM TOTEHIHAJIE TOYECYHOTO
HETOJIBUZKHOTO 3apsiiia (DTo - TpyaHas 3ajada. YKasaHue:
Kakoil usmyecknit 0ObEKT SBIASETCI MTPoobpa3oM JIJIs
NAHHON maeann3anuu’? Pemenue MoxxHO HATH B J11000#1 KHHUIE
10 KBAHTOBOW MeXaHUKe, a TaKKe B BUKUIICINN ).

J)**  MOXKHO JIM TPUMEHSITh WIEAJbHYIO MOJETh W3
YHKTa T), eCJid KYJOHOBCKOE TO0Jie CO3IAeTcs JPYyTroil
JacTHIEHl ¢ TeM ke 3apsiaoMm, HO Maccoit M = 2000m?
Harb rpyOylo OILEHKY TOYHOCTU HAXOXKJIEHUs SHEpPruii
TAKOU ABYX4YaCTUYHON CUCTEMBbl IPU HPUMEHEHUHU HAeaJbHO’
MOJIEJIN TIYHKTA ).

12). Hamucarb ypaBHEHHE s IOUCKA COOCTBEHBIX
BEKTOPOB WM 3HAYEHUH ONepaTopa UMIYIbCA.

a) Pemurs 3Ty 3amady st CBOOOAHONW — YACTHUILI
(Ykazamme: Bosma jge Bpoitns exp(ipr/h). Wcnonbzosars
3amady b)).

6) Kak Boirigaur pemntenue 3agadn Ko s ypaBHeHUs
[[Tpeaunarepa B coaydae cBOOOIHOM YACTHUITHI € OMpeIeTeHHBIM
HAYaIbHBIM UMITYJIbcoM? (YKazaHue: GyIeT Jiu Onpe e IeHHOI
Takzke u ee sneprus? VenoapzoBars pesynbrar 3agaun 11a)).

13). Cdopmynupoarh 3agady Kommu ns ypaBHEHHs
[MIpeannarepa. Kak perrars 31y 3aaady, ecan ecth (popMmyiia
Jist obmiero pemennsd ypasuennd pemxunrepa?

14). TIpeamono:KuM, dTO CTAIMOHAPHAsI 3ajada s
ypasuenus lpeaunrepa pemena. Hamnucars Boipaxkenue Jijist
obmiero pertennd 3anaun Komu nia ypasuenus [ peaunrepa.

15). Hanwucarn dopmyty hinti HAXOK/IeHU S
obmero pemenus ypaHenuss Ipegunrepa (Ykasaxue:
OPEeIIOJ0KHATh, YTO |'aMUJIBTOHMAH - 3TO MTPOCTO HYHUCTO,
a 3aTeM HUCIOJIb30BaTh IOHATUE MATPUYHOW IKCIOHEHTbI U
pesyabrar perienust 3agadn 30). B kakom ciydae yao6HO
0JIB30BaThCs HalieHHON (popmyaoit? MoKHO i TPUMEHSITH

r
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ee, ecau moreHmmas V 3aBucur or BpeMenm! Kak Hamo
NOHUMATH YKCIIOHEHTY /ISl TOTO, 9TO0BI 3TY (POPMY/Iy MOZKHO
OBLIO IPUMEHATE B CJIy9ae HeCTaIlMOHAPHOTO TToTeHIraa? ***
(D10 - TpyaHas 3amava. YKazaHUe: UCHOJIB30BATH MOHITHE
XPOHOJIOTHYECKON SKCTIOHEHTHI (M. [?]).

16). Haittu cobcrBenmble COCTOSHUS —(BEKTOPBI) U
COOCTBEHHBIE YHC/IA ONMEpPATOPa KOOPJAHHATHL. PaccMOTPETH
caydaii omHOW dacTuibl W n dacTuil. (YKasaHWe: DPEeIuTh
3ajlady CcHadaJia B KyouToBoit dopme. 3arem mnepeiiTu
K HEIPEepbIBHOMY CJYYar, WCHOJIb3yd JeidbTa OYHKINH
Hupaka.) Kak BbIVISIUT — DPA3JIOZKEHHE  HPOU3BOJIBHOIO
COCTOSHUS B Psiji 110 COOCTBEHHBIM (DYHKIUIM OIEpaTopa
koopauHaThl? COOCTBEHHBIE BEKTOPA OMEPATOPA KOOPIUHATHI
COCTABJILAIOT TaK Ha3bIBaeMblii  KOOPJAUHATHBINA  Oas3mc
ITbOEPTOBA MPOCTPAHCTBA COCTOSTHUM.

17). Kak Boivisaur — npeobpazoBanue  DPyphe B
HerpepbiBHOM ciaydae? B auckpernom? Hammcarb omeparop
®dypre B kyOurooii dopme (Ykasaume: cnonb3ys
KyOuToBO€e mpub/IiKeHre BoIHOBON dyukiuu | V), HamucaTh,
BO 4YTO KybuToBOe IpeobOpasopanue Pypbe IMEpPeBOJUT
COOCTBEHHBI!I BEKTOD OlepaTopa KOOPJAMHATH W3 33JIa9H
16)). Kyburosoe mpeobpaszopanne Dypbe HA3BIBACTCS
KBaHTOBbIM npeobpazoBanmem Pypbe (Quantum Fouri-
er Tranform - QFT). Bemmcars, Bo dro obparHoe
KBaHTOBOe ITpeoOpazoBanre Pypbe mepeBOIUT MPOU3BOJIBHBIH
Da3ucHBI BeKTOP. BrimucaTh MaTpuIry mpsamMoro u o6paTHOTO
KBaHTOBOIO 11peodbpazoBanus Pypbe.

18). CobGcrBennble  QYHKIUE — OHepaTopa  HMITYJIhCa
obpa3zyior TaK Ha3bIBAEMBI A UM YJIHCHBI I basmuc
OpoCTpaHCTBa cocTogHuil. Vcmomp3ys pe3yabraT 3ajIadu
12), mamucaThb BBIpaXKEHHe IS OlepaTopa Mepexofa OT
KOODJIMHATHOTO 0a3uca K UMILYJILCHOMY U 00OpaTHOrO
omeparopa. bBymer Jim  3TOT ONEPATOp YHUTAPHBIM?
dpmuroBbiM? KakoBo KOPOTKOe Ha3BaHWE ITOTO omeparopa’

42



(Vkazanue: Paccmorperh KyOUTOBBIE W HeNpPepbIBHBINH
cayvan. Mcnonb3oBarh pesysabTar 3aga4n 17)).

19). Kaxk seirasiint QFT u o6patHoe emy B cirydae 0JHOTO
Kyoura?

20). Haiitu 6a3uc mpocTpaHCTBA COCTOSHUN, B KOTOPOM
MaTpUIa OlepaTopa HMIyJIbCa JuaronaibHa. (Ykasaxue:
UCII0JIK30BaTh 1peobpaszoBanme @Pypbe. Pemurb 3agady
JBYMsi CIocobaMm: a) ¢ HCIOJB30BaHmeM 3ajadn 18) u
6) ¢ wucnoibp3oBaHEeM TOro (akrTa, UYTO HEIPEPbIBHOE
npeobpazopanne Dypbe nepepoaut AuddepeHnupoBanue B
YMHOKEHHME HA aPI'YMEHT U MHUMYTO ejuuuity (cm. [?]), u toro,
aro QFT asasercs auckpeTHoil Bepcmeil mpeobpa3OBaHUS
Dypoe).

21). Haiitn 6a3uc mpOCTPAHCTBA COCTOSIHUIL, B KOTOPOi
OIepaTop KUHETHYECKOH 3Hepruu amaronajen. (YkasaHue:
HCTIOB30BATh 3ajady 20).

Paccmorpum cucremy 2 kyburon. M3mepenme Kazkjioro
n3 uux Moxker jarb O wam 1. Tlosromy y cucrembr ecth 4
knaccudeckux cocrosgaus: 00, 01, 10 u 11. Anasorugasie um
6a30BbIe KBAHTOBBIE COCTOSTHHS:

00),01), 10}, 11).
M nakownerr, ob1iiee KBAHTOBOE COCTOSIHHE CHCTEMbI IMeeT BU/I,
|¥) = a|00) + b|01) + ¢|10) + d|11).

Tenepsp |a|> — BepOATHOCTH HOMYYHTH B  pe3yJbTATE
usmepenns |00), u T.1. Ormerum, ato |al?+|b])? +|c|>+|d|* = 1
KAK 110JIHAsI BEPOSTHOCTD.

Ecau Mbl M3MEPUM TOJBKO IIEPBbI KyOUT KBAHTOBOIL
CHCTEMBI, HaXOdAIIelcst B cocrosianu |W), y HAC MOJYIUTCS:

1) ¢ BeposiTHOCTBIO Py = |a|?+|b|? mepBbiil Ky6uT nepeiiger
B cocrostaue |0) a BTOPOIf - B COCTOSHIE

——(al0) + b|1)),
= el0) + )
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2) ¢ BepoaTHOCTBIO p; = |c|*>+|d|? nepsbiii Ky6uT nepeiiger
B cocrosiHme |1) a BTOpOIi - B cocTostHIe

m@\m +dJ1)).

B nepBom cirydae n3MepeHue J1acT COCTOSHIE

[Wo) = 0) +0[1)),

® / ‘b|2

BO BTOPOM - COCTOdHUE

(c|0) +d|1))

= ®

Mbl CHOBa BHIMM, YTO DE3YJIBTAT TAKOTO HM3MEPEHUs
HEBO3MOXKHO ~ 3aIMCATh KAK BEKTOD B  TI'HJIBOEPTOBOM
mpocTpancTBe coctosguuii. Takoe cocrodmme, B KOTOPOM
VJIACTBYET Hallle HEe3HAHHEe O TOM, KAKOH »Ke pe3yJbTar
MOJYYIHUTCST HA TEepBOM KyOWTe, HA3BIBAIOT CMEINTAHHBIM
cocTosiHEeM. B Halem ciiydae TaKoe CMeINIaHHOe COCTOSHUE
Ha3BIBAIOT TPOEKIHedi HexomHoro cocrosuust |W) Ha BTOPOIf
KyOHT, W 3alUCHIBAIOT B BHJE MATPHUILI IJOTHOCTH BHJIA
P2 = Popw, + P1pw, TIAe MATPUIA IIOTHOCTH COCTOSHUS |1))
ompeenasercs Kak |¢) (.

PaccMorpum  cireaytoniyo cuTyaruoo. Y HAC HMeeTCs
cocrosiame A, mMpo KOTOpOe MBI 3HAEM, 4TO [JIsi KayKJI0ro

J=1,2,...,k ¢ BepOATHOCTDBIO D; OHO ABJIACTCH COCTOAHUEM
|U); nas HEKOTOPOTO (DUKCHPOBAHHOTO CIHCKA COCTOSTHHIA
{w); , 7 = 1,2,....k}. Takoe cocrosHHEe MOMKHO

IPEJACTaBUTD cebe Kak CJIydailHylo BeTMYHHY, ITPUHUMATOILY IO
snagenns |V); ¢ BepoarHocTaMu p;. Taxmm obpasom, A He
SIBJISICTCSA SJIEMEHTOM THIB0EPTOBA MTPOCTPAHCTBA COCTOAHUIA.
Takoe cOCTOSHME HA3BIBAIOT CMENIAHHBIM, B OTJAYHE OT
YHUCTBIX COCTOAHUI - 3JeMEHTOB IMILOePTOBA IIPOCTPAHCTBA.
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Nmes cmemannoe cocrogHue, Mbl, B JIeHCTBUTE/ILHOCTH,
UMeeM HEeKOTOPOe YHCTOEe COCTOsSHHE, ITIPOCTO MBI HE
3HaeM, KaKOe HWMEHHO, M CMEITaHHOCTh COCTOSIHUS MOXKHO
TpakKTOBaTh KaK Mepy Halmero He3HaHud. Marpumna
IJIOTHOCTH CMEIIaHHOTO cocTosgHus A 1o  ompeaeaeHuro

paBHa
> Pipv,.
j

Marpumpl  mIOTHOCTH  OBLIM  BHEPBble  BBEJEHBI B
KkBaHTOBYt0 Mexauuky JI./.Jlangay (mos:ke rtakxke JIxK.
dbon Heiimanom). VX posib cocTouT B TOM, 9TO BCE BBIBOJIbI
KBAHTOBOH Teopuu MOXKHO CHOPMYJIUPOBATH TOJHKO HA
SI3BIKE MATPHIL JIOTHOCTEH.

22). Hanucarh 00U BUJ MATPHIBI ILIOTHOCTH py =
|W()W| cocrognusa |¥) n xybmroB. Kakoit cMmbica umeroT
JINArOTaIbHbIE 3JIEMEHTHI ITOH MaTPHUIbI!

23). Ilycre cocrosmme |V(t)) 3aBHCHT OT BpEMEHH, H
apjsgercd pemenueM ypauenus Illpeaunrepa. Hamucarn
ypaBHeHHe,  KOTOPOMY  IOJYMHAETCS  ero  MaTpHUIa
wioTHocTH py(t). (YKasanme: mokazarh, duTo GopMmysna
JjucpdepeHnupoBanus IPOU3BE/IEHUS PACHPOCTPAHLIOTCH HA
MAaTPHIBI U HCIOJIH30BATDL €€ [ MOJIydYeHUs] YDABHeHUs Ha
MATPUILY [JIOTHOCTH. )

24). BepHo JH, 9TO ecau JiBa (CMeIIAHHBIX) COCTOSHUS
IMEIOT OJIMHAKOBBIE MATPUIIHl MJIOTHOCTH, TO MBI HE MOYKeM
HUKAKAMH 3JKCIEPUMEHTAMU OTJUYUTH WX JPYyT OT Apyra?
[To/1 aKCIIEPUMEHTOM MOHUMAETCH BbI/Ia4a IKCIEPUMEHTATOPY
peasbHON CHCTeMbl, HAXOMAMIeHcs B 33 aHHOM COCTOSHUH,
U TOCJeIyIoNIe JIeliCTBUsS SKCIEePUMEeHTATOpa HaJ JaHHOI
cucreMoif. (YKazaHue: JaTh pa3IUIHbIC YTOTHEHUS 3TOMH
ob1eit bOPMYJIUPOBKH, U PACCMOTPETH YHUTAPHbBIE IBOTIOTIH
- pemenns ypapaenus [1Ipeunrepa, 1 u3mepeHus. )

25). okazaTh, uto obimuii (ha3oBbiii MHOKATETL exp(i))
JIUIST BCEX 3JEMEHTOB KBAHTOBON CYIEPIO3WIIMHA HE HWMeeT
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dbusmaeckoro empicata. (MenoapzoBars pesynbrar 3agaun 24).

26). Ecrb sam  dusumvecknii cMbica B npubaBieHHH
KOHCTAHTbhl K IOTeHIHaIbHOll sueprun? Yro sta omeparus
O3Ha4aeT Ha YPOBHe MATPHYHOIl 3allcu ypaBHEHUs
[peaunarepa?

27). Paccmorpum N- mMepHOe THIBOEPTOBO IPOCTPAHCTBO
cocrostamii. Kak 3anmcars 0asmcHoe COCTOSHUE |j) U3 ITOTO
npocrpancrea, tiae j € {0,1,...,N — 1} B Buge croabia
koopaunar? Kaxk sammcars B MaTpudHOil dopme 00beKT
(717 (Yrkazanume: mamo, arodbl BeIpazkenue (j|k) oboznadaso
Obl CKaJIsIpHOE LpOU3BejeHue cocrosuuit [j) u |k); Hauo
IPUMEHHUTH OlpeJeeHne CKAJISPHOIO IPOU3BEJEHUNS - CM.
samaun 1 u 2). Kak 3ammcarh B IHPAKOBCKUX OOO3HAYEHUSIX
MATPUILY [IOTHOCTH YUCTOTO cocTostaus |W)?

28). Bepno s, 9TO MaTPHUIA MJIOTHOCTU BCETIA SBJISETCS
5pMuTOBOH? KakoB KaHOHWYECKWH (IMATOHAJIBHBIN) BHJ
MaTpUIpl IUIOTHOCTH 4uCTOro cocrosuus? (CMerannoro
cocrosinug? IlpuBecTn ajropuT™, pacHO3HAIONUIUI YHCTOTY
COCTOSIHUS IO 3aJaHHON €ro MaTpHIle IJIOTHOCTH.

29). Yemy paBen cJiesi MATpHIbl TI0THOCTH? OBOCHOBATD
orBeT. (YKa3aHue: HCIOIb30BATH PABUIO BOpHA U AKCHOMBI
BEPOSATHOCTH).

30). Jokazars dopmyay trace |V)(P| = (P|W).

31). Haburrogaemoit HazbiBaeTcs 060 9PMUTOB OMEpaTop
H. Kaxk oupenenurh nousitue cpeanee (H)y 3HaueHHs
nabsogaemoit H B coctosiuun |W)? (YKazaHme: HCIOIb30BATH
HabOp COOCTBEHHBIX YHCE).

32). Hokazarb dopmyny (H) = trace (pgH) =
trace (Hpy). (Ykazaume: ucrnoabzoBarh 3ajgadqy 31). Kak
BBIYUCJUTD CpeJiHee 3HA4YeHHe HAOMI0aeMOil B CMENIaHHOM
COCTOSTHUT !

33). Bepuo Jsin, 4r0 110 MaTpHIE IWIOTHOCTH CMEMIAHHOIO
COCTOSIHHSI OJHO3HAYHO BOCCTAHABJIUBAIOTCS €0 YHCThIE
kommoneHThI?  (ObocHOBaTh oTBeT. Kakoe yciaoBume HaJIO
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HAJIOKUTh HA YHCTbIe KOMIIOHEHTBI, 9YTOOBI HUX MOXKHO
OBLIIO BOCCTAHOBHUTDL OAHO3HAYHO? (YKa3aHHe: HCIOJIL30BATD
TeopeMy O TPUBEIeHNH JI000H SPMUTOBON MATPHUIBI K
KAHOHUIECKOMY BHJLY ).

Paccmopum apa mpocrpanctBa A u B, u 3adurcupyem
B HUX OPTOHOPMHUDOBaHHBIE OAa3MUCHI  a1,dg,...,4N H
b1,bs, ..., by TenzopubiM poU3BEIEHUEM ITHX MPOCTPAHCTB
AQ B wHasbiBaercs JimHefiHas 060709Ka  (HOPMATBHBIX
BoIpazkenuit a, @Q0b;, ¢ = 1,2,...,N, j = 1,2,..., M,
KOTOpBbIe  CYUTAIOTCA OPTOHOPMHUPOBAHHBIM  0Oa3WcoOM B
TEH30PHOM MPOU3BEICHIUN. YCJIOBUMCH, 9TO 3HaK (X) 0b1amaeT
CBOMCTBAMH aCCOMMATUBHOCTH, W 110 OTHOIIEHUIO K CJI0YKEHITO
JuCTpuOyTUBHOCTHIO. 'TOr7ga TEH30PHBIM  ITPOU3BEIEHUEM
coctrosamit @ € A u b € B nazwBaerca a @ b € A Q) B. Takoe
COCTOSHTE HA3bIBAETCH He 3aIlyTAHHBIM.

TensopuelM  mpouspegenueM omepatopoB A u B
HazpiBaercst oneparop A Q) B, npeiicTByiomuii Ha GasucHbIe
BekTopa 1o mpasmiy: AQ) Ba; Qb; = A(a;) Q B(b;).
OTHU ompeJle/ieHUs eCTECTBEHHO IIePEeHOCATCsS Ha  Caydail
HECKOJTBKUX MPOCTPAHCTB.

[Ipu wucnonb3oBaHUM JUPAKOBCKUX OOO3HAYEHUN 3HAK
TEH30PHOT'O MPOU3BE/IEHUST JACTO OIMYCKAETCS.

34).  CymecrBylor  Jin  3alyTaHHbIE  COCTOSHUS?
ObocHOBaTH OTRET.

35). Ilycts |¥) - cocrostnme 2 Ky6uros. Hammcatn ero
obmmit Buja. Hammcath, Kak OyJeT BBITVISIETH MATPHUIA
IJIOTHOCTH 7 CMENIAHHOT'O COCTOSHUS IEPBOTO KyOuTa 1moc/ie
n3Meperus BTOporo. Jlokazarb, 910 p; SIBASETCS MaTpHIeil
IJIOTHOCTH 9HUCTOTO COCTOSTHUS TOTJA W TOJBKO TOTA, KOTIA
cocrosiaue |¥) GbLIO HE 3aIyTaHHBIM.

36). Omneparop Ha3BIBAETCS HE 3alyTHIBAIOIIMM, €CJTH
OH MEPEBOJMT HE 3alyTaHHbIE COCTOSIHUS JBYX KyOUTHOI
CHCTeMBbI B He 3amyTaHHble. BepHo Jm, 410 JH060i
He 3alyThIBAOIINAN OMepaTop /it 2 KyOUTOB SIBJISIETCS
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TEH30PHBIM MPOU3BEICHIEM !

36). Omeparop CNOT (control not) neiictByer Tak:
lz y) — |z 2@vy), z,y € {0,1}, @ ecrsb caoxkenne 1o
MOJYTI0 2. Bymer sim 9ToT omeparop 3amyreiBaomuM? Byger
JU OH TE€H30PHBIM mpoussejenueM? Hamucarb ero MaTpuiry.
Anajiormaabie Bonpochl 1po omneparop Toddosm Ha Tpex
Kyburax:

[z y z) — |z y 2D ay).

36). Ilycte |¥) - He 3alyTaHHOE COCTOSTHUE JIBYX KYGHTOB,
OJIMH W3 KOTOPBIX HAXOJIUTCS B PACIOPSKeHUH AJIMCHI, a
Jpyroit - y boda. Moxer Jiu Bob 6e3 obmena undopmanueii ¢
Autcoit onpesenTh, Kakue AefiTcBus (yHUTAPHBIE OlepaIu
W W3MepeHWUsi) OHa JesaeT Haj cBoiM KybGurom? Vzmenurcs
Ju BBIBOJ, ecn y Astcnt 1 Boba ecTh erie J0MOJHATEIbHbIE
KyOuTBl (KOTOPBIMH OHH HE MOT'YT OOMEHHBATHCS), KOTOPBIE
OHU MOTYT 3aIlyTHIBATH C OCHOBHBIMHI

37). Ilyctrb A um B 3aganbl marpunavu. Hanwmcarsb
KOPOTKYIO (POPMYJTy [IJisl BBIYHCJIEHUS] 3IEMEHTOB MATPUITHI
UX TEH30pHOro mpouspejeHus. O000IMUTL 3Ty hopMyJIy Ha
cJydait MHOTHX KyOHTOB.

38). Hamucarb marpuity oneparopa Anamapa H : |0) —
Z5(10) + (1)), [1) — 5(10) = [1)).

39)*. Omeparop Yomma Anamapa W ectb n - 4
TeH30pHas crerelb H (4T0 9T0 TaKoe U I0YeMy 9TO IOHSITHE
KOppeKTHO?). Beimucars KOPOTKy10 GOPMYITY 7151 9J1€MEHTOB
marpunbl W. (Vkazauue: Vemoassyem 3amaan 37) u 38) u
paccMOTPHM 3J1eMeHT w;;. Hammcars pasnoxkenue umces ¢ u
Jj B JIBOMYHOH cHCTeMe CUYUCTCHUS W HAJOXKUTH MX JAPYTr HA
JIPYTa a TOTOM MOCYATATH CKOJIHLKO Pa3 eIMHUTIA TIPUIETCS Ha
eJIMHUILY. )

40). DKCHEPUMEHT HaJ| COCTOSTHIEM C HEKOTOPOii MaTpuiieii
IJIOTHOCTH €CTh II0CJIe/I0BATE/IbHOCTD IIArOB, KaXKIblil 3
KOTOPBIX 3aKJII0YAeTCd B TOM, YTO SKCIEPUMEHTATOD
MOJyYaeT HOBYIO CHCTEMY, HAXOMMAIYIOCS B JAHHOM
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COCTOSIHMM, & 3aTeM MpOBOAUT HaJ Hell (M HyJIeBbIMU
AHIIUJIJIAME ) HEKOTOPBIE OLIePAIAH - YHUTAPHBIE H H3MePEHHSI.
[Tocsie 3TOrO MOYKHO CTATUCTHYECKH 00padoOTaTh JIaHHbIE,
HOJIYYeHHBIE Ha BeeX Imarax. MoxKHO JIn OIPaHuIUTHCS TOJIBKO
OJHOKPATHOU BBIAAYEH JAHHOTO COCTOAHHUA - HA TEPBOM
mare? MWubiMu cjoBaMu, Oyger Jiu Takasi OrDAHUYEHHASI
dopMyINPOBKA IKBUBAJEHTHA MePBOHAYAILHOIT? OOOCHOBATH
OTBET.

41). CymecrByer Ju yHuUTApHBIH omepatop U, Takoii
aro st moboro cocrosuus |U) U|U) Q) |0) = |[U) Q) |P)?
(Teopema 0 3anpere KJIOHUPOBAHMsI KBAHTOBBIX COCTOSIHUIA).
[Tpumenuts pesyabrar K 3agade 40).

Viuporménras  cxemMa ~ BBIYHNCJIEHHS Ha  KBAaHTOBOM
KOMIIBIOTEPE BBIIVISJIUT TakK: Oepercd cucreMa KyOHTOB,
HAa KOTOPOH BalUChIBaeTCsd HAYAILHOE COCTOSHHE. 3aTeM
COCTOSIHAE  CHCTEeMBI WIH €€ MOACHCTEM  H3MEeHSIeTCs
OCPeJICTBOM 0a30BBbIX KBAHTOBBIX onepanuit. B koHie
N3MepPSAeTCs 3HAYEHNE, U 9TO Pe3YIbTAT PabOThl KOMIBIOTEPA.

OKa3bIBaeTCs, YTO JIjId MOCTPOEHUS JIIOOOTO BBLIYUCICHUAA
JIOCTaTOYHO JABYX 0a30BbIX omnepamuii. KBanToBas cucrema
JlaeT  pe3yabTaT, TOJbKO ¢ HEKOTOpPOil  BepoSTHOCTHIO
SABJIAIONUICA npaBujibHbIM. Ho 3a cuer HEOOJIBIIOTO
YBEJIUYUEHUsI  ONEepanuii B  aJrOPUTME  MOYXKHO  CKOJIb
YTOAHO TPUOIU3UTH BEPOSITHOCTH TOYIEHUS MPABUIHLHOTO
pe3yabTaTa K eJIMHHIIE.

C mnomompio 0a30BBIX KBAHTOBBIX OIEpalMil MOXKHO
CUMYJUPOBATH PAbOTy OOBIYHBIX JIOTHIECKUX IJIEMEHTOB, U3
KOTOPBIX CJIeJIaHbl OOBIUHBbIE KOMIThIOTEDHI. [loaToMy /100y T0
3aJla4y, KOTOpasd penreHa cefiyac, KBAHTOBBIA KOMITLIOTED
pemuT, u 3a Takoe ke Bpems. CJieloBaTe/IbHO, HOBas CXeMa
BBIUHCICHUN OyjieT He ciiabee HbIHEITHEN.

YeMm ke KBAHTOBBIII KOMIBIOTED JIYUINE KJIACCUIECKOrO?
KBanToBblii  KOMIIbIOTED  CHOCODEH  MOJYyYaTh PeNieHus
HEKOTODBIX THIOB 3aja4 (1epeGOPHOTO THIA) 3HAUYUTENHHO
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obIcTpee, 4eM JI000H KAACCHYECKHI KOMIBIOTED. DTO H
Ha3bIBACTCA KBaHTOBBIM YyCKODEHHEM.

42). OrpazKeHWeM BJOJb BEKTOpa |a) Ha3bIBAETCSA
oTobpazKeHHe, JeHCTBHE KOTOPOTO Ha Oa3HCHBIX BEKTOpax
3ajiaercs popMyIoi

| b, if (bla) =0,
]“"“H{ lay, if B = |a).

JlokazaTh, 4TO 3TO oToOpaxKkenue yuurtapuo. llocTponth
ero MaTpuiry. 4To OHO O3HAYAET TeOMETPHIECKH !

43). Ilycrs |0) - Gasmcmprit BekTop Buma |00...0), |0) =
W10). Hamucars pasinoxenne |0) mo cramgapraomy 6Gasucy.
Kak Beipasurs [ uepes [z u W7

44)**, Peann3oBaTh Ha KBAHTOBOM KOMITBIOTEPE OMEPATOD
I5 . (Yka3aHue: CKaHHPOBAaTH KyOHTHI apryMeHTa CJeBa
HAIpaBo, OJHOBPEMEHHO ¢ HYJIEBOU aHIMJIIOW, HYXKHON g
cbopa Mycopa, a pe3yJbTaT BBISBIEHUST XOTsI OBl OJHOI
eJIMHUIBI HAKAILJIMBATH B CIENHAJBHOM KyOWuTe, KOTOPBIi
MOC/ie CKAHWPOBAHWS WCIOIB30BaTh I M3MEHEHUs 3HAKA.
[Toce sTOrO CaenaTh BCe omepaTopbl B CKAHNPOBAHHH B
0GpaTHOM MOpSIJIKe. )

45). Iycrs f: {0,1}" — {0,1} - n- MecTHAST OyIeBCKasT
dyuxiuga. KBanToBBIEI Opakys, COOTBETCTBYIOIIMIT €I,
geiictByer nHa 6as3ucHble BEKTOPHI Tak: Qus : |T,y) —
|z, y @ f(z)) (aBHO yKa3aHBI TOJIBKO PA3PSIBI APTYMEHTA U
snadenus pyuknuu. llycts f 3a7ana B Buie KJacCHIecKOn
cxeMbl u3  (DYHKIMOHAJBHBIX  3JIeMeHTOB.  llocTpouTh
KBaHTOBBIH aaroput™, peaiusyomuit Qus, a taxwxke I, .
CKobKO BBI30BOB [ HeoOXxommmo st 31oro? MoxkHO JjH
oboitruck ogHuM?

46). IlycTh T4q, - €IMHCTBEHHDIN KOpEHb ypaBHenus f(x) =
1, L% - pemecTrennas suneiinag o6osouka (4T0 310 Takoe?)
Bektopos |0) u |T4,). doxasars, uro LY ectn unpapmant
orpaxkenuit I, u [j.
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47). KakoB reomerpudeckuii cMmpics oneparopa ['posepa

G = —1,,,, 157 (Ykazanue: paccmorpers jeficreue G na L u
ero OPTOrOHATIBHOM JIOMOTHEHHN (YITO ITO?).
48). Ilyctp ypasmenue f(xr) = 1 umeer me omumu, a [

KopHeii. Kakoit reomeTpudecKuii cMbIC TOrAa OyIeT HMeTh
orpanudenue G ua LI ?

49). Haitru narypanbuoe ¢, Takoe uto G*|0) MakcuMambHo
OAMBKO K |Tyqr). Ecom miag s1oro 3naveHusi t W3MepHUThH
cocrogrme G*|0), ¢ Kakoil BepOATHOCTBIO MOMYYHTCH |Tyq)?
Kak orBer 3aBucut ot 4ucja KopHeit [7

50). TTocTponTh AJArOPUTM /il HAXOXKIEHHsI KAKOrO-1160
KOpHs1 ypaBHenusi f(z) = 1 Ha KBaHTOBOM KOMIIbIOTEDE.
Eciu u3BecTHo 001ee umcsio KopHeil, TO KakoBa OyaeT ero
CJIOZKHOCTH?

51). Pemurs 3amady 50) B caydae HEH3BECTHOTO UHCJIA
BCEX KOpPHEN.

52)HHk, Jokazarn, 4T0 LHOMELIEeHHAs
HUZKE KBaHTOBAs cxeMa peajimsyer QFT.
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Qo & by
ai Q b3
as O b2
as & by
ay O bO

Pucynoxk 1. Ksanrosas cxema miss QFT ™1,

Kpyxkn obosnagator oneparop Ajamapa, JIByXKyOuTHBIE
onepaTopbl UMEIOT BUI!

100 0
010 0 .

Uk’j: 00 1 0 , k> 7. (2.1)
00 0 e/

Vkazanne: 3adHKCHPOBATL [IBA MPOU3BOJIbLHBIX Oa3MCHBIX
cocrosuug a = ».a;2 u b = > b2F u paccmorpers,
j k

C KakoH aMILUIUTyIo# a 1epexomuT B b (STO €CTh
COOTBETCTBYIOUIUNA 3J1€eMeHT MaTPHUIbl OLlePaTOpa, 0 KOTOPOM
HaI0 AOKa3aTh, uTo OoH pasen QFT~! - cm. ompemenenme
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o0paTHOIrO KBaHTOBOIO IpeobOpaszoBanus Dypbe u3 3aja4un
17).) AMILIIATYIA €CTh KOMILUIEKCHOE YHCJIO, ¥ KOTPOTO eCTh
MosIyIb U paza. [IpocaeanTs mporecc n3MeHeHus TEKYIIero
BEKTOPA COCTOSIHUSI KBAHTOBOTO BBIUUCJICHUSA - CJIEBA HAIIPABO
B mokazannoii cxeme. [Ipm BeTpede ¢ omeparopom Ajmamapa
MEHSIeTCST MOJYJIb AMILIUTY/bl (a npu JABYXKyOUTHBIX?) -
BBIIIACATH €r0 Pe3yJAbTHPYIOlee H3MeHeHWe U yOeIuThCHd,
9TO OHO Takoe, Kakoe Ha 0. Ilocie sToro mocumrarh dasy
aMuTyanl. s sroro 3adukcupoBaTh JBa 3Hadenus j > k
U ONpeJIeJUTh BKJIAJ JIBYXKYOUTHOTO ONEpPATOPa MEXKIY J
u k xkyburamu. Ob6parurhb BHUMAHUE HA OOPATHBIA HOPSIIOK
a; m by ma BXome u BBIXOJe. [cmonab3oBarh, TO, UTO a;
MepeXoanT B b, ;i1 TOJIBKO B pe3yibTaTe ONPeIeTeHHOTO
oneparopa Ajgamapa. IIpocymvmupoBath Bee BKIabl B dasy
1 yOeUThCs, YTO OHU JAIOT TO, YTO TpebyeTcsl OmepaTopoM
QFT!. Ilpn meobxoanMocTH HCMOAB30BaTh nocobue ([65]) a
Takzke neppoucrodnuk ([40]).

53). Jlama cxema KBAaHTOBBIX BEHTHJIEH, peaTu3yoliast
yauTapubiii oneparop U. IlocTpouts cxemy, pean3yromnryio
omepatop Us,|¥,a) = (U*lY)|a), tne a- ogmr Ky6ut
(oneparop ycnosroro npumenenust, Tuna CNOT). Ykaszanue:
pacIupuTh HAOOP JIEMEHTAPHBIIT BEHTH/IEH, BKIIOYUB B HETO
yesosabie BeaTuan tuna CNOT nyis Bcex MCHOMB3yOMUXCS
BEHTUJIECH.

54)**. B yciaoBuax 3amaun 53) peamuzoBarb U, 14
a- TPOM3BOJIBHOE YUCJIO KyOUTOB. KakoBa CJI0KHOCTH ITOTO
KBAHTOBOI'O aJrOPUTMa’!

55). Ilycth a- n-KyOuTHBI perucTp, a cOGCTBEHHbIE YHCIA
U wumeror Buj erp(2miwyg) tae wy wMenor Bug k/2%, k
HarypaJbaoe. [lokazaTs, 9T0 IpUMeHEHHEe onepaTopa

Revy = QFTs U,

rjae  LOC/AeJHuil omeparop IPUMEHdeTcd K aHiuiLle, K
HAYaJIbHOMY COCTOSIHHIO BuZa [,0) wu mocsieyromniee
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M3MEPeHNe AHIIJLIBL JIACT OJHO W3 4ucesa wg. (YkaszaHue:
BBIYHCJINTH  pPe3yJbTaT [pPUMEHEHHsl OIepaTopa.) DToT
asroput™m TpuHatexkuT AbGpamcy u Jlroitay. B wactHOM
caydae, Korma U ecTb YMHOXKEHHE Ha HATypPaJbHOE YHCIIO,
ero ucroJas3opaa lop.

56)***.  Tlokazarb, 4ro muponejaypa u3 3agadnm 5H5)
crocoOHa JaTh NPUOIHZKEHHE ¢ TOYHOCTHIO 10 /2" OJHOrO
W3 wy ¢ BeposTHocThIO 1 — 1/s, nmaxke ecam wy He
HMEIOT YKA3aHHOTO B 3ajade 55) Bujaa. (YKasaHue: ONEHUTH
BEPOSTHOCTh OLIMOKH, €CJIM Iedb COCTOUT B IOJYYeHUH
NpuOIMKEeHAnsT ¢ TOYHOCTBIO §/2" [ HATYPAJbHOTO S.
Mozkno Bocmosb3oBaThes mocodbueM (|?]). )

57)***. Tlycth ¢ - HaTypaJbHOE YUCI0, Takoe uTo 2" 1 <
q < 2", 2" =1 (mod(q)) (r - MyIbTHITHKATHBHBII TEePUOTT
T 1o Mojayao ¢), ouneparop U, jeiicTByeT Ha n KyGHTHOE
basucnoe cocrosane kKak U.|ly) = |yz mod(q)) ecnn y < ¢
u Uyly) = |y) ecm y = ¢q,q+ 1,...,2" — 1. Jlokazarn,
q9T0 TpuMeHeHHe Revy, K COCTOSHWIO U3 3ajadu b5) u
IOC/Ie/IyTOIee U3MEPEeHHe AHIUJLIBL [O3BOJISET BbIYHUCJIUTD
r. (YKazaHue: HCIONB30BATH pe3yabTar 3ajgadn 56). Kakosa
CJIOKHOCTD JTAHHOTO aaropuTMa’

58)***. Tlokazarh, 4TO CJIOKOCTH AJITOPUTMA W3 3aja4dH
57) MOXKHO DaJUKATBHO YMEHBIIUTh, €CJIH  CAeJarh
peammzanuio U, s, 9KOHOMHBIM  00DA30M,  HCIOIB3YS
[MOCHEIOBATENBHOE YMHOXKEHHUE BUJIA xzd, d=0,1,2,....

13 pesympraroB 3agad 56)-58) BBITEKAET KBAHTOBBII
aJrOPUTM [I.ITTopa daxTopuzanum HPOU3BOJIHLHOTO
neaoro guciaa g. Jljps  9TOro  Hajgo yMeTb HaXOJAUTD
MYJIbTUIJINKATUBHBIE — TI€PHOJAbLI  CJIyYaliHO  BBIODAHHBIX
qucesl 110 MOAYJIO  ¢; CJIOXKHOCTH 3TOrO  aJlOPHTMa
O(log q)? log*(log q) He HAMHOTO TPEBBIMAET CJIOKHOCTD
MpOCTOro yMHOXKeHHs merbix wucena (log? q). Anropurm
[TTopa siBsieTcst CaMbIM OBICTPBIM U3 U3BECTHBIX KBAHTOBBIX
anaroputmoB. K coxa/leHuto, JI0 CUX 10p He JOKA3aHO, YTO He
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CYHIECTBYET CTOJIb K€ OBICTPOrO KJIACCHYECKOrO aJrOPUTMA.
CaMmblii OBICTDBIHT M3 M3BECTHBIX KJIACCHYIECKHUX AJTOPUTMOB
tpebyer Bpemenn O(q/?).

59). Ucnonb3yst pesyabrar 3agadu 52), A0Ka3aTh, YTO
npubauzkenHoe npeodpasopanne Oypbe MOKHO PEan30BaTh
3a BpeMmst O(n) rie n - yncso Kyouros. (Ykazanue: 0r6poCUTH
JBYXKYOUTHBIE BEHTHJIH ¢ OOJBITHM 3HavYeHueM |j — k| u
OIEHUTH BO3HWKAIOILYIO TPH TOM OIITHOKY. )

60). Jokaszatb dopmyny Tporrepa exp(A + B) =
(exp(£A)exp(+ B))™ nnst spmurosbix Marpun A n B (Bakna
Ju 31ech 3pMuToBocTh? ). Ouennts omubKy 910 GopMyib.
(YKaszanue: IPUMEHUTH PA3JI0KEeHHEe B Psi/i SKCIIOHEHTHI ).

61). BoiBectu Gostee Tounoe Bhipazkene g exp(A + B)
geM ¢dopmyaa Tporrepa.

62)***  JlokazaThb, YTO HAa KBAHTOBOM KOMIBIOTEDE
MOXKHO MOJYYATH coctogune u3 O(n) KyOuT, ciyzaree
KyOHTOBBIM — Upub/mzkeHueM To4HOrO pernenust  W(t,7)
ypasuenus Illpenmnrepa 1 KBaHTOBOH CHCTEMBI U3 N
peainbHbIX uacTul, 3a Bpems O(t?), npu ycaoBum, 4TO
IIOTEHIMAbl  B3aMMOJEHCTBAA MeXKIy YaCTUIAMH HMEROT
IIPOCTO¥ ANTOPUTM BBIYUCIEHUS (cxeMy u3 (hDyHKIMOHATbHBIX
9JEMEHTOB). YKa3aHhe: HCIOJb3ys De3yJabTarhl 3a1ad 18),
20) w 52), UpeaCTaBUTH TIaMUJIBTOHHAH B BHAE CYMMBbI
KUHETUYCCKON M NOTEHIWAJbHON 3HEpruil M NPUMEHUTH K
BO3HUKAIOMIMM 3KCIOHEHTHIM opMmyay Tporrepa. 3arem
NPUMEPUTH pe3yJabTaThl 3agad 18) u 20) K WMILYJIbCHOI
gacTu. Vcnoap30BaTh TAKKE UMEIONIMECH CXEMbl BblUMCJICHUS
HOTEHIIAAJIOB.

Beuto nokaszamo, 4TO0 HE I BCAKOTO  AaJaTOPUTMA
BO3MOXKHO  «KBAaHTOBOE  YCKOpeHHe».  bBojee  Toro,
BO3MOXKHOCTh ~ IOJYYEHHs] KBAHTOBOTO YCKODEHHS I
UPOM3BOJIBHOIO  KJACCMYECKOrO  aJIOpUTMa  SIBJISIETCS
Gosbioii peakoctbio ([30])

[Tpumenenue waeil KBAaHTOBOW MEXaHUKH y K€ OTKDPBLIN
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HOBYIO 310Xy B 00JacTu Kpunrorpaduu, Tak Kak MeTO/bl
KBanroBas kpunrorpadusi| KBAaHTOBOIT Kpunrorpadun
OTKPBIBAIOT HOBBIE BO3MOXKHOCTH B 00JIaCTU Tepejiadn
coobrennii. Ilpororunel cucreM mogo0HOrO poja HAXOIATCS
Ha CTaIUU pa3paboTKu

2.1 dusunyueckue peajan3anun
KBAHTOBBIX KOMIILIOTEPOB

[Tocrpoenne KBaHTOBOIO KOMIIbIOTEPA B BHJIE PeaJbHOIO
dusmveckoro npudopa gapagercd QyHIaMeHTAIbHON 3a1a4eit
dusuku 21 Beka. B Hacrosiiee BpeMs MOCTPOEHBI TOJHKO
orpaHudeHHbIe ero BapuaHThl (B mpeeaax 10 kyour). Bompoc
O TOM, /0 KaKoO¥ CTemeHW BO3MOYXKHO MAacCIITaOMPOBAHUE
TAKOTO YCTPOICTBA, ABIAIETCS MPEIMETOM HOBON MHTEHCUBHO
pa3BuBaloIeiics 00JacTH - MHOIMOYACTHYIHON KBaHTOBOI
MexaHuKu. [[eHTpabHBIM 3/1eCh SBJISETCS BOTPOC O TPHPOIL
JIEKOTePEeHTHOCTH (TOYHee, 0 KOJIIAICEe BOJHOBOW (DYHKINH),
KOTODBIH MOKa OCTaeTcsl OTKPBITHIM. Pa3andHble TPAKTOBKH
TOTO TMpOIecca MOYXKHO HAWTH B CIHUCKe JIUTEPATYPHI.
[IpuBenem mnpumep peanuzanun omnepamuun  CNOT  Ha
3apsIIOBBIX COCTOSHUSX JIEKTPOHA B KBAHTOBBIX TOYKAX.

Onun KyOouT MOXKHO IPEJCTaBUTbL B BHJIE JIEKTPOHA B
JBYX SIMHOM IOTeHIHase, Tak 9ro |0) o3HAYaeT HAXOXKIEHHEe
ero B JIeBO# siMe, a |1) - B IpaBoif. To Ha3bIBaeTCsa KyOUT HA
3apsiIOBBIX cocTOsiHusix. OOmuil Bu KBAHTOBOTO COCTOSIHUSI
TAKOTO 3JIEKTPOHA!

(W) = A0l0) + Au[1).

3aBUCUMOCTD €r0 OT BPEMEHU €CTh 3aBUCUMOCTH OT BPEMEHH
aMILTUTY A9, A1; OHa 3ajaercd ypasuenuem [IIpenunrepa
BH 12,

in2y — Hv,
ot
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rae raMmuJILTOHNAH H umeer B CuJj1ly OJUHAKOBOI'O BHJa 4dM H

IPMHUTOBOCTU BH/
a —a
—a a

JJIA HeKOTOpOfI KOHCTaHTHBI a4, TaK 9YTO BEKTOD

. 1
0) = —=(|0) +[1))
V2
eCThb CO6CTB€HHbeI BeKTOp 9TOT0O Tr'aMHUJBTOHHAHA C
cobcrBennbiM  3uadenneM () (Tak Ha3bIBAEMOE OCHOBHOE

COCTOSIHIEE), &
~ 1
1) = =500 =11)

- cOOCTBEHHBII BeKTOp €O 3HadeHumeM 2a  (mepsoe
BO30YKJeHHOe cocTosiHne). HuKakux Ipyrux coOCTBEHHBIX
COCTOSTHUH (€ ONpeJIeJIeHHBIM 3HAYEHHEM 9YHEPruu) 37ech
HeT, TAK KaK HAINa 3aja4a aByMepHas. [IoCKOIbKY KarKaoe
cocrostuue |V) nepexour 3a BpeMsi t B COCTOsIHUE

Ao exp(0t)[0) + Ay exp(—2at/h)|1),

to nas peannsamuu onepannu NOT (mepexoma [0)— > [1)
1 Hao0bopOT) JIOCTATOYHO MPOCTO TMOJIOKAATH BpeMms ¢ =
wh/2a. To ects reiit NOT naercs mpocTo ecrecTBEHHON
KBAaHTOBOW 3BoJIIONMeil Harrero KyOuTa THpPHW YCJIOBUU, UYTO
BHEIITHUI MOTEHIHAJ] 3aJaeT ABYX SMHYIO CTPYKTYpPY; 3TO
JIeJIAeTC ¢ MOMOIIBIO TeXHOJOIUU KBAHTOBBIX TOUEK.

Jlnst peanmzamuu CNOT mamo pacmosiokurh jBa KybuTa
(TO ecTh B MApbI $IM) TEPIEHIUKYISIPHO APYT APYTY, U B
KayKJI0f W3 HHUX PaACIHOJJOKUTH 110 OTIETHLHOMY SJIEKTPOHY.
Torma KOHCTaHTa a I TepBoii (ymopapisieMoii) mapbl sm
Oymer 3aBHCETh OT TOrO, B KAKOM COCTOSHHH HAXOIUTCS
JIEKTPOH BO BTOPOil (YHPABJISIOMER) nape siM: ecju OJimzKe
K 11epBoil, a Oymer OoJiblle, ecjin Jajbine - Menbiine. [Toaromy
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COCTOSHUE 3JEKTPOHA BO BTOPOW 1ape OUpeJesisieT BpeMs
copeputennss NOT B mepBoit simMe, 9TO TO3BOJISIET CHOBA
BBIOPATH HYKHYIO JITUTEJILHOCTH BPEMEHU JIJIT TPOU3BOJICTBA
onepanun CNOT.

DTa cxeMa OvYeHb MPUOIU3UTETbHAS U WIeATH3NPOBAHA;
peaJibHble CXeMbl CJIOXKHEe U UX Peau3aliys HpeICTaBJisier
BBI30B 9KCIIEPUMEHTAILHON (DU3UKE.
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