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MareMaTuka — s13bIK, Ha KoTopoM Ilpupoaa
ropoput ¢ HaMu (P. Dennman)




Physics is much too hard for
physicists.

— Dawid Hilbert —
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du3uka — HauboJIee NPOABUHYTAS YACTh
eCTeCTBO3HAHUSA
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=7 L . OcCKOHCUHO OOJIBIINX
KOJIMYECTBAX, MOT'YT JaTh
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DOTOHBI KAK KOPIMYCKYJIbI

df/dt=f', F=am
The light consists of point wise particles
(I. Newton)




IHpuHuun Moneprboun

Bapualiiys 1eMcTBUA BIOJb KJIACCUYECKON
TPACKTOPUHU JOJKHA ObITh HYJICBOM:




KBaHTOBaHHE — pa3OueHue 10001 BeJINYHHDbI
HA YaCTHU HEHYJIEBOI'0 pa3sMepa - KBAHThI

ATOMH3M — KBAHTOBAaHUE MaTepuu. TEIUIoTa €CTh
KOJINYECTBEHHAS XapAKTEPUCTHUKA JBUKEHUN aTOMOB
BEIIECTBA.

[TosHas 3HEPrusA €CTh CyMMa JUHAMUYECKOU
SHEPIUU 1EJBHOIO KYCKa BEIIECTBA
Y TEMJIOBOW SHEPTUU BCEX €I0 ATOMOB.

Ilonnas OHCPI'NA HC MCHACTCS BO BPCMCHU.

(M.B.J/lomonocos)
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OT1kpbiTHe Dapagesi: JJIEKTPUIECTBO, MATHETHU3M,
CBET — pa3Hble 'PAHM OJTHOI'0 H TOI'0 Ke

HERER R ot Pl

IIHJE}'HII.HHI'IHI:-Ii'_I TR



——

T i e P I O
e PO L PO

iy NI

S

i S 2
TN S et | T

Maremarnueckas (popma JICeKTPOMATHETU3MA —
ypaBHeHuss MakcBeJsiia

divE =p
VXE=—-0B/Jt
divB =10
VxB=(j+dE/Jt)/c’

2oe
V=0E/ox, dE/Jy, JE/Jz)
div=0E/0x+ J0E/0y+ JE/0z
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DoTo3hdekT AleKcaHapa
CroaeroBa




Makc I1J1aHK: CBeT COCTOUT U3
(poToHOB

IHepeusi 001020 homona
yacmomsl @ pasua hw

eoe h ~ 107" ape cex




DOTOH, NMOIJIOIIAEMBIM ATOMOM,
BbIOMBAET U3 aTOMA YJICKTPOH

Anp0epT DUHIITEHH:
®dotordpdekt Cronetrona
EcTb ciaencrBue

KBaHnTOBanus cBera:

ITornomenue aromoM (hOTOHA IPUBOJUT K MEPEXOLY
3JIEKTPOHA Ha BO30YKJICHHBIN YPOBEHb, IIPH JOCTATOUHOM
HEPIUH AJCKTPOH BBIJIETACT 3a IpeJIeiibl aTOMa



Y10 Takoe CI0:KHbIE MPOIECChI

Ecnn moBenenne cucTeMBI N YacTHUI[ MOKHO TakK WA WHAYE
CBCCTH K IIOBEACHUIO OJHOM, OTACIBHO B3SITOU YaCTHUIIBI, 3TO
— mpocras cucrema. IIpumep: Teopusa TBEpAOro Teia, TEOPHUs
CILIOIIIHBIX CPEJ, TEOPUS KOHJICHCUPOBAHHOTO COCTOSIHUSI.

CroxHas cucTemMa — HE IpocTa. B fTUHAMMKE CIIOXKHBIX
CHUCTEM INIaBHAS POJIb IIPUHALICKUT IOHSATHUIO HH(MOPMALIUH,
TO €CTh CBSA3H C YEITOBEKOM.

DOYHKIIMUA CI0XKHOM CUCTEMbI BCETA CBI3aHbI CO
CJIY4arHOCTBIO.

COXXHBIM OPOLECC — UHIANMBHIYAJICH.



CiaoxKHbIE PO ECCHI

C0XHBIM POIIECC B TOYHOCTH HEIIPEJCKA3yEM: caMa
Hallla )KU3Hb — TAKOU MPOLIECC

MO2KHO OTIMCHIBATH €0 TOJIBKO CPABHUBASA C JIPYTUMU
— AHAJIOTMYHBIMU IIPOIIECCAMU

C0oXHBIC OPOLECCHI HEBO3MOKHO OIIMCAaTh B
TEPMHHAX KJIaCCUYECKOM (PU3UKM; 11 HUX HYKHA
KBAHTOBAas MEXAHHKA.
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Ha xakoM pacCTOSHUH KOHYACTCH
KJaaccuueckast puzuka? Ha oqHom
aHnrcrpeme!

neanM Ha 1000:

1 MmIImMeTp

1 MUKDOH

neanM Ha 1000:

1 HAaHOMETD

Q000000000 -1 awowen. arom
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Huiabc bop: 3J1eKTPpOH B aTOMe BOAOPO/IAa UMeeT
CTAIIMOHAPHBIE COCTOAHUNA, B KOTOPHIX OH HE

NAJIAET HA SIIPO

DHEPruu dTUX COCTOSHUU
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PACIIOI0XKEHBI 110 (POopMyIIe
banbemepa:

E ~1-1/n?

-3TO YCTaHOBJICHO

OKCIICPUMCHTAJIBHO




Mukpockonuyeckast Ipapoaa
CJIYYaMHOCTH

VeemmuuMm B 1000 Yeennuum ewe B 1000 pa3
pas3




KBanToBass MexaHHMKAa — HAN00.1ee
3AKOHYCHHAA YaCTh €CTeCTBO3ZHAHUS

Y10 BXOIUT B €€ Npeaelbl:
BCS knaccuueckas pu3uka,
MHUKPODSJICKTPOHHUKA, XUMHMS, OIITUKA, MATCPHAIOBEIACHHE,
MTOTCHIIHAJIBHO:
OUON02USA, IKOHOMUKA, NOAUMUKA -
Ho 310 TpedyeT KOPpEeHHOH IePecCTPONKHU
CaMOU KBAHTOBOM TCOPHH
YTo0 noka JIeKHUT 3a €€ NpeacIaMu:

epasumanus, s10epuas pusuxa
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. 1lpeackazaHusi KBAHTOBOM TEOPUU —
TOJIbKO BEPOATHOCTHBIE

Maxkc bopH:

KBagpar moayiis

[ — QyHKIUH

€CTh BEPOSITHOCTD

COOTBETCTBYIOIIIETO

COOBITUS
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KBaHTOBast mapaaurma

KBanToBas Teopuss HE onuceIBaeT 0IHOM CUCTEMBI, A
TOJILKO OTPOMHOE YHUCJIO OJJUHAKOBO
IIPUTOTOBJICHHBIX CUCTEM.

Hanpumep, atom Bogopoaa H — moromMy 4To Takux
aTOMOB TPHUJUIMOHBI TPUIJIMOHOB.

Hampumep, Mmonekymna ammuaka NH, — noromy uro
TAaKUX MOJIEKYJI — MUWJLIUAPIbl MUJLIIAAPIOB.

KBaHTOBas TeOopus PAaKTUYCCKHU OMUCHIBACT (hadbpuxy
NnpUcoOmMoeGaeHUs: ONUHAKOBBIX CHCTEM.



KBaHTOBast mapaaurma

KBanTOBas Teopus, NpuMEeHEHHAs (OpMaIbHO K OJHOM
KOHKPETHOM CUCTEME, Ta€T JIMIIb BEPOITHOCTH HAOIIONCHUS
3TOW CUCTEMbI B TOM WJIM UHOM COCTOSIHUU Y€PE3 MAJIbIU
IIPOMEKYTOK BpeMeHHU dt.

HampuMep, mo3unus 3J1€KTpoHa B PeIaKCHPOBAHHOM
COCTOSIHMM aToMa BOJIOPO/ia KOOPAWHATA 3JIEKTpOHA OyAeT
MMETH TNIOTHOCTh BEPOATHOCTH I10 PAAUYCY

A exp(-a R) (a,A — xoHCTaHTBI, R — paccrosiHue oT
AIIEKTPOHA 10 sSapa).

Hanpumep, N10THOCTh BEPOSATHOCTH OOHAPYKEHUS aToOMa,
MMEIOIIET0 TOYHOE 3HAYEHUE CKOPOCTH V OAMHAKOBA BO BCEM
IIPOCTPAHCTRE.



KBaHTOBast mapaaurma

KBanToBOE onucanue J1r000M CUCTEMBI COCTOUT B TOM,
YTO y 3TOM CUCTEMBI €CTh OYE€Hb MHOT'O OJJTHAKOBBIX
KOITMH, M 'y Ka)KJ0M KOIIMH — CBOSI 0COOCHHAas
TPACKTOpUS.

IIpuaem Tpaekropum ObiBaroT JIKOBBIE!

B 3TOM — NpUHIUIIMAIBHBIN TUIFOPAIN3M KBAHTOBOU
MEXAHUKH, KOTOPBIN CTABUT KECTKOE OTPAHUYCHUE
Ha HaIlle 3HAHUE O MUKPOMHUDPE.



IIpoxokaeHue cBeTa yepes BelecTBo

HapaI[OKCaJ'II)HOC ITOBCACHHUC CBCTA. CTCIICHD CI'0 OTPAKCHUA MCHACTCA
IICPUOJINUYCCKH B 3dBUCUMOCTH OT TOJIIITHNHBI cTekiaal

BEPOATHOCTH
OTpakeHIIsl CBETA

0.16

+0.8

TOJIIINHA CTERJIA



OnauH GOTOH: BOJIHA UM YacTHLA?

DOTOH mepeMenIacTCsl 10 MHOTUM TPACKTOPHSIM
OJHOBPEMEHHO!

OnuH (OTOH = PO BOOOPAKAEMBIX TOUYCUYHBIX
gactul. Kaxkaas u3 HuUX UMeeT CBOI0 COOCTBECHHYIO

TPACKTOPHUIO.




Y Kaka0ro 3x3eMiLIgapa ¢porona
€CTh CBOM YaChI CO CTPEJIKON

Crpeiika HOBOpaYMBaeTCs Ha ONPEACIICHHBINA yTOJl
do mociie NpoxoXaeHUS ONPEACICHHOIO NyTH ds
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IpuHOun uHTEpPPEepeHIIUn
AMILIMTY/I

BJI0JIb IIyTH - YMHOXKaeM [10 BCEM ITyTAM -

CRJIIaIbIBAcM

- j"‘




KBaHTOBasI MEXaHUKA —
JMHCHHAS TeopHUs

JaBua [ 'niis0ept Bepnep Ienzenoepr



CocTosiHUE Pos - CTOJI0C AMILIUTY/I.
CT0J101bI MOKHO CKJIAJABLIBATH MOYJIEHHO —
MOJIYYHUTCHA CHOBA (PU3MYECKH BO3MOKHOE
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Beaukun 3akoH llpupoasi B
MATPUYIHOHU (hopMme

IIOJIOKECHHE
CTPEJIKHU B KJICTKE 1
B MOMCHT t

u i3 AMITTUTY 1A MCPEX0aa U3 ] B 1
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IIpuHOUn vHTEpdepeH A B
MATPUYHOM popMe
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qacmuua C UMNYiasCom p

ecnib BOJIHA 8UOA

w = c exp (i’h px -i/h Et)




| H=E_ + Epo . — onepamop IHepzuu.

LR T A L |

IpuHIUI HHTEP(PEpeHIIMA B HENPEPHLIBHOH
(popme: ypaBHeHue lllpeaunrepa

ih d\y>/dt = H\y>

Pewenue ypasnenua Illpeounzepa:

(w(t)> = exp(-iHt/h) |w(0)>

Hna oonoi wacmuuyvl E, . = p’/2m, p=-ih grad
exp (A) = 1+A+A°/2!+A° /3! +...



IpyuHuun narepdepeHnd B HENpPEPLIBHON (popMe: HHTErpaJl
DeHMAHA MO MYTAM

(w(2)>=[K(2,1) [y(1)>dl

K(2,1) = fexp(i S[y /i1 ) Dy
—— UHMep2UpPoOBaHue no 8cem nymsm y, eeoyuium uz 1 6 2.

[ Ipumenue npunyun Monepmuiou, nOIYUUM KIACCUYECKOE ONUCAHUE
OUHAMUKU NPU OOILULOM XAPAKMEPHOM OeUCBUL

eticmeue 0o nymu y .

S[y] = /L dt (60o1v y)

L=FE_ -E —Jlacpansxcuan cucmemol.
n pot



MBI MOKEeM BBIYHUCINATH TOJIbKO
BEPOATHOCTH COOBITHI, HO HE
IpeacKa3arTb KOHKpeTHoe!

[IyTsiM COOTBETCTBYIOT CTPEIIKU

KBagpar [NIMHBI CTPEIIKU = BEPOSITHOCTH

BePOATHOCTE =
KBaJdpaT oT TJITHHBI
CTPeJIKH

IpUCYTCTBUS (POTOHA
Korja 1 kak B TOUHOCTH ITPOUCXOAUT
NepPEeXo] OT CTPEJIOK K BEPOSTHOCTSIM,

Mbel HE SHAEM CTpeIKa

CTp CJIKM TOYHO CKJIaAbIBAIOTCA,

KOIJIa MBI BUJIUM (POTOH
0.16 ’@

0.4




CTpesikd KaK KOMILIEKCHbIE YU CJIA

CTpCJIKa — KOMIIJICKCHOC 4YHCJIO

[ToBOPOT CTPENKHU HA YIOJI (p ¥ CKATHE B I pa3 = YMHOKEHHME Ha KOMILJICKCHOE
YUCIO T €'°.

CroxeHue CTPCJIOK = CIOKCHHUC KOMIIJICKCHBIX YHUCCII.

Bce anreOpanyeckne mpaBuia CpaBeNIUBbI U JIJI1 KOMIUICKCHBIX YHCEN (TaM
HET TOJIKO OTHOIIEHUS MOPSJIKA).
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Yepes TOHKOE CTEKJI0 CBET
IPOXOAMT IMOYTH 0€3 0TPAKEHUS

O S




Crexi10 moroJime — OTpaskKeHue
paCTeT!

0.2
0 2
KBAJIpPAT
pes3yIIbLTHp VIOIe i
cTpenku = (0.04+0.04=0.08

CpeldHee CTEeRJIO




Ilpn To1lIMHE = OIHA YE€TBEPThH
TJITAHBI BOJHBI (DOTOHA OTPAKEHHUE
MAKCHMAJIbHO

,Il
1 'I'I]IJ.IEﬁ
0.4
l CTb =
1
AJBHO
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3aBHCHMMOCTDb BEPOSITHOCTH
OTPaKeHUs OT TOJIIMHBI CTEKJIAa

BEePOATHOCTD
OTpakeHHs CBETA

CHHHII CBeT KpACHBIII CBeT

0.16 /

+0.8

TOJIINHA CTERJIA



IlouemMy yroJ mageHusi paBeH yriy
OTPaKEHUA?

L(X)=L1(X)+L.2(X)




KaHOHMYECKHH NYTh — KPATYAUIIHUHN, HO
KaK CBeT 00 3TOM y3HaeT?

LX)=L1(X)—L2(X)

S e

/“‘\.
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T{F=TI1(Z)-T3(K)



Kak mpoucxoauT oTrpaKeHue OT pasHbIX
yacreu 3epkaJja?

L(X)=L1(X)+L2(X)




Pazo0beM pOM HA IVUKH
L

NECTPYKTHBHASA

/AK HHTepEPSHITH

KOHCTPYKTHBHAS
HHTEPPEpEeHITH




MoO:xkHO 100MTHCS OTPAXKEHUS OT PA3HBIX
yacTeu 3epkaJjia, npouapanas ero

MNOoBPeARICHHDbIC VIACTRKH 3€pRaJIA

/\\

00JIbIIAS Pe3VIbLTHPYIOIIAST
CTpeJIKA e —



MoHoxpoMaTHYeCKHH CBET: AJIMHA BOJHBI (PUKCHPOBAHA — BpeMsl
HCIYCKAHUSA U3 JIa3epa HeolpeaeJeHHOe

MOoKHO HE BpalllaTh CTPEJIKY, & YCTaHABIMBATh €€
(PUKCUPOBAHHOE MOJOKEHUE B 3aBUCUMOCTH OT BPEMEHHU
BbLJIETA (POTOHA U3 UCTOYHMKA: PAHBIIE BHUIET — OOJIbIIIEE
BpeMs OHA MMOKa3bIBAET.

B3aumopeiictBue OTOHA C IEKTPOHAMHU CTEKJIAa — IIOBOPOT
cTpesiku Ha 90 rpaaycos.

Db deKT OyaeT TaKUM Ke, KaK U IIPU CTapOM METOAE, HO MBI
M30aBIIEMCS OT HICKYCCTBEHHOTO IIpHEMa; IOBOPOTA
cTpeakd Ha 180 rpaaycoB IpH OTPaKE€HUH TOJIBKO OT
IIEPEAHEN IIOBEPXHOCTH CTEKIIA.



Yder B3auMoaencTBAA (POTOHOB C
IIEKTPOHAMH B CTEKJIE

cTapad BepcHA

|
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HOBadA BepcHA

e Q0E



A mouemy (hPOTOH JICTHUT IO
NpSAMOi?
DTO — TOXE CIIEJACTBUE UHTEP(PEPEHIIUU CTPEIOK!

AJIH TIPAMOTO IIVTH

pPe3VIABTHPYIOIIAS CTPeJIKaA
JJIs1 HETPSAMOT O IIYTH

=




Mo:xHo 4 "'oOManyTh'' (OoTOH?




IIpoxoxkaeHne yacTUIbI Yepes3 2

HicJIn

/l
:
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HNHTepdepeHIua HA OTHOM 1Ie/IH
(mudpaKua)




HNHTepdepeHInda HA IBYX HIEJISIX




3aBHCHMOCTD OT HIMPHUHBI HIeJ1eH
[Tlens mupokas — HHTEpPEepeHIN Majia

nadpakimsa
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KBaHTOBBIE COOTHOIIICHUS
HeolpeaeJ e HHOCTEH

dx dp =h = 10" apr cex

4yeM TOUYHEE M3BECTHA KOOPAUHATA, TEM MEHBIIIEC MEI 3HaeM 00
umiyinbce (bop, I elizenoepr).

AHAaJIOTMYHOE COOTHOILICHUE IS DQHCPI'ud 1 BDCMCHMU .

dEdt=h

4eM TOYHEE MBI 3HAEM YacTOTy (PHEpPruro) (poToHa,

BBLJICTCBILICTO U3 JIa3€Pd, TCM MCHbBILIC Mbl 3HACM O TOM,
KOI'1d OH BBIJICTHUT.

ECTb U 1pyrue COOTHOIIEHUSA HEOIIPEACICHHOCTEN



JInCKpeTHOCTH MHPa

IIpocTpaHCTBO U BpeMs HE SABIIAIOTCA
HEIPEPHIBHLIMU; OHU JTUCKPETHBI.

3epHO pa3penieHus dX umeeT (PU3NYECKUM CMBICI:
OT HETO 3aBUCAT 3apsjbl (M MaccChl!) paeMeHTapHbBIX
YaCTHII.

IlepeHOPMUPOBKH — UBMEHEHHUE 3apsAia — B
3aBUCUMOCTH OT dX MOI'yT OBITh CACIIaHbI
KOPPEKTHO: Ha SKCIEPUMEHTAX 3TO HE CKAXKETCS
(Teopema boromoooBa — I1apacroka 1954 r)



BeposATHOCTHBIN XapakTep
KBAHTOBOHW TECOPUU

Y omHOWU, OTZAE/IBHO B3siTOU yacTuusl HET
HUKAKOHU CTPEJIKH.

Crpenka (BoaHOBast (PyHKILUS) — 9TO aTpruOyT
OrPOMHOTO YHCJIa OAUMHAKOBO HPUTOTOBICHHBIX
4aCTHI]

Y3HaTh CTPENKY MOXXKHO TOJBKO UMeES OOJIbIIOE
KOJIMYECTBO OAMHAKOBBIX PeajbHbIX YaCTHII,
HaIpuMep, aTOMOB BOAOPO/Ia.



CBetTOBOﬁ KOHVC

x=t "TpaexkTopus"

TPACKTOPHS ¢oTona
YACTHUIIDI C oy
MacCcoHm

X

SK3CMIUIPBL Q)OTOHa, ABILKYIIHIEC] HE
CO CKOPOCTBIO CBETA, NECTPYKTHUBHO

HHTepPepHpyIOT




Ilepexoa poTOHA U3 TOYKH B TOYKY

B IIPOCTPAHCTBE-BPEMEHH
P(A — B) = 1/I, e

[=(x,-x) +(y, -y, Tz, -z,) - (t, -t,)°~ KBa3H-pPaCCTOSHUE B

IIPOCTPAHCTBE-BPEMEHH.
(CKOopocCTh cBeTa ¢=1)

1/ oOpatiaeTcss B 06CKOHEYHOCTh Ha IIOBEPXHOCTH CBETOBOIO KOHYycCa!

[IpyyrHa B TOM, YTO MBI IIpEANIoaaraéM NpoCTPaHCTBO HENPEPHIBHBIM.

Hano BBecTH 3epHO pa3penieHrs dx mo mpoCTpaHCTBY, YTOOBI
yCTPaHUTh OCOOCHHOCTH B HYJIE.

CBeT pacipoCTPaHIETCS CO CKOPOCThIO CBETA TOJIBKO HA OOJIBIINE
PACCTOSIHUS; HA MaJIbIX JUCTAHIIUSAX OH MOXXET UMETh UHBIE CKOPOCTH.



AMILINTYAA Iepexoaa 3JIeKTPOHA

E(A — B)=P(A — B) + X_P(A — C)v?P(C - B)+

Y., P(A — Cv?P(C — D)V’P(D — B)+...




B3anMoaercTBHE JICKTPOHA C
(poTOHOM

V — Macca “rojoro’ 3JIeKTpoHa

j —3apsan “Tosoro’ 3JeKTpPoHa

] - ammnTyna
B3aMMOACHUCTBHSA (DOTOHA C
3JICKTPOHOM



JIlnarpammbl @eHHMaHA

AMIUIMTYJA JUarpaMMbl €CTh IPOU3BEICHUE aMILIMTY]I BCEX €€
qJacTeu: 1 5

1 2

P(A — B)E(1—A)E(A—1")E(2—B)E(B—2"jj



B auarpammax BpeMsi MOKET Tedb BCIATh, a
JHEPIUsl J0KHA COXPAHATHCH TOJIbKO BO
BCEH JUMarpaMmMe, HO He B KaK/I0M e¢ YaCTH.

1' 1' Z 1' )




PeajibHBIN JIEKTPOH — Beeraa ''oger'' B 00/1aK0 U3 BUPTYAJIbHbIX
YaCTHUIL




Kaxabii mar B "'myTH'' CJI0)KHOU CUCTEMbI —
(peMHMAHOBCKAA AUarpamMma

Paccesaue gporona "

aTOMOM BOJOPOAa




KBaHTOBas 3JIEKTPOAUMHAMUKA CIIOCOOHA 1ATh
OTBET C TOYHOCTHIO OKO0JIO JeCATH 3HAKOB
[oCJIe 3anATOH

3agaem 3HaYeHHE 3epHA d MPOCTPAHCTBEHHOIO PA3PECIICHHUS.

[TopOupaem Maccy M 3aps v U j "ToJIoro" 3JeKTpOHa, BEIYHUCISIEM
BEPOATHOCTH IPOIIECCA U CPABHUBAEM C SKCIIEPUMEHTOM.

bete, Baiickond (1949): npu ymensiiieHnu d napameTphl V U |
MU3MEHSITCS, HO aMILUTMTYIbl — TOJBKO YTOUHATCS!

®deitaman, [1IBuHrep, ToMOHara: BEIYMCICHHS (PyHIaMEHTAIbHBIX
MIPOIIECCOB U XapaKTEPUCTUK DIIEMEHTAPHBIX YACTUI] C TIOMOIIBIO

KT

boroato00B, I1apactok: nepeHOpMUPOBKH BO3MOKHBI, KOJI 1ornuecku
COCTOSITEJIbHA.



L ILA Aupak JL.I.Jlangay ILJI.Kanumna H.H.borom0008
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Yro Oyaer, ec/iM 4yacTHIl MHOI0?

Pa3mMepHOCTh MPOCTpaHCTBA COCTOSIHUM OyJI€T paCTH KaK SKCIIOHEHTAa
OT YHCJIa YACTHII

1000 xyOukoB 1 1000 xyObukoB
IUTST OMHOTO 1 UL IPYTOro
3JIEKTPOHA i 3JIEKTPOHA

scero 1000 000
+ COCTOSIHHU IIJIA
+ IIapsbl 3JICKTPOHOB




KyOuThl — HeaeIuMble YaCTHIbI
MaTepuH

KBaHTOBBIN OUT — KyOHT, UMEET JIBa KJIACCUYECKHX
COCTOSIHHUS:

0>m |1>.

OHu 00pa3yrOT OPTOHOPMHUPOBAHHBIN 0a3UC IByMEPHOIO
IPOCTPAHCTBA KBAHTOBBIX COCTOSIHUM KyOHTa.

TI/IHI/I‘IHOG KBAHTOBOC COCTOAHNEC NMCCT BHU/
y>=a|0>+D|1>,

['me a, b — xoMIIeKkcHBIE Unciia, Takue 4To a2 + b? = 1.



U3Mepenue KyouTa

M3mepeHune KkyOuTa, HaXoAsAIIErocs B
cocrosHuu |[y>=a |0>+b |1>
— 3TO CJIy4YanHas BEJIUYMHA.

OHa npyuHUMAET 3HadyeHue |0> ¢

BEPOSITHOCTBIO a° U 3HA4YeHME |1> ¢
1> )
BEPOSITHOCTBIO b~ .




U3MepeHre KyOuTa B pa3sHbIX
Oazmcax

0>=(|0> + [1>)A]2

COOTHOIIIEHHUE
HEOIIpeIeICHHOCTe
"KoopaAuHaTa-uMITyJIbLC"

bopa - | 'eiizenOepra:
ﬁ.- L

0> KpacHBIN Oa3uc -

KOOPJUHATHBIN, JKEITHIH -

UMITYJIBCHBIA

[T>=(|0> - |1>)A/2



@DeHOMEH 3ayTAHHOCTH: IBA
KyoOuTa

basucheie cocrosHus: (00>, (01>, [10>, |[11>.
OO1Mii BUJT KBAHTOBOI'O COCTOSIHHUS:

> = a,|00>+a [01>+a, [10>+a, [11>
Ecnu [y>= |y > |y >, Takoe COCTOSHHE — HE 3aIlyTAHHOE.

basuchseie cocrosaus, a Takxe (|00>+01>+10>+|11>)/2 OynyT HE
3ally TAHHBIMU, IIOTOMY YTO OHU PACKJIA/IBIBAIOTCS B IPOU3BEICHUE
OJTHO-YACTUYHBIX (HalpuMep, NOCIEIHEE €CTh

(10>H1>)/V2 (J0>+H1>)/v2 ).
Cocrosaue DI1P: 2-2( |00> + |11>) - 3ammyTaHHOE.

bOJBIIMHCTBO COCTOAHUN — 3aIlyTaHHBIE.



o
e
=

JIIP - napagokc

A. Einstein B. Podolsky N. Rosen

B cocrosuuu (|00> + [11>)/4/2

KyOuTBI HE 00JIaJal0T OTACIbHBIMU IPYT OT APYra COCTOSIHUSMU: Y
HHUX €CTh TOJILKO OJIHO — 0o01ee. YacTUllbl KAKUM-TO 00pa3oM

«4yBCTBYKOT» COCTOSIHUE JIPYT APYra, XOTsI MOTYT HaXOJAUTHCA HA
PACCTOSIHUA MHOTUX KAJIOMETPOB.



KBaHTOBas 3allyTAHHOCTh — 0COOBIN
(bu3nyeckum hpeHOMEH

Ero peructpupyror B 3KCIEPUMEHTAX

3aryTaHHOCTh O3HAYAET KOPPEIISIIUIO B TTOBEJICHUN HECKOJIBKUX YACTHUII, 3aBUCSIIYIO
OT UX OKPYKEHUS.

YacTuirel, HaXOSIIMECs 32 COTHU KMJIOMETPOB APYT OT APYyra, MOTYT ObITh B
3aIlyTAHHOM COCTOSIHUH.

3anmyTaHHOCTh HEBO3MOXKHO BOCIIPOU3BECTH, CHA0Xas YaCTUIbl BHYTPEHHEN
NaMsAThHIO.

3aryTaHHOCTh O3HAYAeT HAIIMYNE BHYTPEHHEN CBSI3U MEXKAY YIAJICHHBIMU
00bEKTaMM, KOTOpasi 001aaeT MPaKTUIECKU MTHOBEHHBIM JieiicTBUEM. Ee
HEBO3MOKHO BOCHPOU3BECTH B paMKaxX KIaCCUUYECKON (PU3UKH.

38.HYTEIHHOCTB 03HAa4YacT HCJIIOKAJIbHOCTb MHpPA.

MBI HE MOXEM HCITOJb30BaTh 3allyTAHHOCTH JIJIS MEPEIadn 3aAyMaHHON HAMH
HH(pOPMAIIUM CO CBEPXCBETOBOM CKOPOCTHIO. [IpHupoia yauBUTEIbHBIM 00pa3oM
corjiacoBaHa!



JKCIEPUMEHT, YCTAHABJIUBAIOIH I
KBAHTOBOE TAJbHOICHCTBHE

J>koH bein

KBaHTOBOE MaIbHOACHUCTBUE O3HAYAECT MITHOBEHHY IO
KOMMYHUKAIUI0, KOTOPYIO HEJIB3s UCIOJIB30BAThH JJIA
nepeaaynd nHpopmauu. Oukcanys 3TOH KOMMYHHKAIMHA —
HapyIIEHUE HEPpABEHCTBA bea.






Alain Aspect




Alain Aspect




KBaHTOBAad HEJIOKAJLHOCTD

OIIP- mapa JIBE BO3MOKHBIX
00>+ 11>  opuenTraumm nerekropa B

BE BO3MOKHBIX
OpPHCHTAMH ACTEKTOpa A

a,b X,Y

- =
100 kM

PE3yABTATEl H3MEPCHUS
nojsipu3anuu (POTOHA




Bbibop Anucel

— 0 1

a—a:,;:( 10)
(10

b:o-z_< 0_1)

Bbibop boba
X= (0, +0.)/V2
Y= (0, — JZ)/\/§



Perucrpanust HeJIOKAJIBbHOCTH

CpenHee 3Ha4CHUE BEINYHHBI

aX +bX +aY —bY He moxeT ObITh OOJbIIE 2 (HEpABEHCTBO bemna), motomy
YTO ATa BEJIMYMHA €CTh

X(atb)+Y(a-b) u ogHa 3 ckobok =0

(X,Y,aub=+-1).
Ee usMmepenue gaer 24/2 B TOYHOM COOTBETCTBUM C KBAHTOBBIM PAcuyeTOM !
BrIBO/: BE1MYMHA B JEUCTBUTEIBHOCTH €CTh

aX+bX+aY-byY

netexktop A (nim (GotoH ?) Kak-To "y3HaeT" 00 opHeHTaluu aeTekTopa B!

2710 "y3HaBaHUE" MPOUCXOAUT MTHOBEHHO, 4 HE PaCHPOCTPAHSAECTCS CO
CKOPOCTBIO CBETa, KaK (PpOTOH!



Hucmpykuus: pacuem cpeonezo 3Ha4eHus
huzuueckou eenuuunvl yepes mampuuyy
NIOMHOCHU p = lw><w/| 0oannozo cocmoanus

CpenHee 3HaYCHNE BEJIMYMHBI A, 3aJaHHON KaK
CaMOCOIIPSKEHHBIN onepaTop (MaTpHIla) B COCTOSIHUH |\y>
€CTh

tr(A |y><vy|)






Ucnoab30BaHNe KBAHTOBOU HEJIOKAJIBHOCTH B pacipenae/ieHHbIX
BbIYMCJIEHUSIX: OAHOBPEMEHHbIA CHHTE3 MOJUMEPHBIX LIENMOYEeK B
yaaJeHHbIX TOYKaX. D eKT JANbHOAEHCTBUI — KAYeCTBO CKJIECHKH
Bo3pacraer 0ojiee yem Ha 12%

Y.1.0Ozhigov DISTRIBUTED SYNTHESIS OF CHAINS WITH ONE-WAY BIPHOTONIC CONTROL

Quantum Information and Computation, Vol. 18, No. 7&8 (2018) 0592{0598



CMenIaHHbIE COCTOSIHMA KaK Mepa HAIIero
He3HAHUS

p,= w><y| - mampuya ni10OMHOCMU YUCTO2O
COCMOSIHUAL.

A ecnu movl eco ne 3Haem? Toeoa mvi 00NIICHDI
cdumanms, Uno y HAdC ecnmb CMechb.

Pr=D, W ><y |+ p, lw><y|+..+p lv><y,

Cmeco @ — Imo uacmsv YuCmozo cocmosarusa, om
Komopozco Ham Oocmynua MOoOJ/IbKO noO/i1o6UHA 6ceco
¢u3uuec:<ozo eeuiecmea



KBaHTOBasi JHTPOINUS BedeT cedst
MAPAA0KCAJIBHO BCJIEACTBUHU 3AlIlYyTAHHOCTH

Knaccuueckas sumponus [llennona 015 6epossmuocmuo2o pacnpeoenerust
)22 2y /5

S(p)=- . p,log p.— smo mepa xaoca danno2o pacnpeoenenus.

Keanmoesasi IHMPOonu- QbOH Heumana mampuyvl NJIOMHOCMuU CMEeUAHHO20
COCMOAHUA pcp

Np,) =-tr(p,log p ) - modicem 6o3pacmamo npu pacuiuperuu CUCHEeMbl, Ymo

HEB0O3MOIICHO 6 KjldCCUYeCKoM ciydae.
HOPII&OK K8AHMOBDBIX cucmem morcem yeeirudueamsvbCsa npu ux paculupenuu

Llpumep: ecnu 6 cocmosnuu |@> = |00> + |11> 63amb moavko nepsvlii Kyoum,
sHmponusi 6yoem makcumanvHou: 1, a snmponus ecezo |®@> pasua 0.



IIpoeKT KBAHTOBOI0 KOMIIBIOTEPA

Opuit Manun ITons bernbod
r,




1IpoeKT KBAaHTOBOI'0 KOMIIBIOTEPA

Puuapn ®envaman  [[3Bup e  Yapnws3 benner JKunb bpaszap

WW.rasearch.ibm. com




KBaHTOBOE BBIUHCJICHUE

KBaHTOBOE BEIYHUCICHNE — MaHUIMYJISIINN C KBAHTOBBIM
COCTOSIHUEM MacCHBa KyOMTOB JIJISI IIOJIYUYCHMS JKEJIaeMOTO
pe3yJbTara.

MaHuITyIIIUN — 3TO YHUTAPHBIC ONepauu (FreUThl) UIN
N3MEPEHUHAL.

Hampumep, reiir NOT (wnmum o ): |0> — |1>, [1> — |0>,
reur o : |0>— |0>, [1> — -|1>,
reut CNOT: |x,y> — |x, x*+y (mod 2)>,

reit Amgamapa: [0> — (|J0>+[1>)212, [1> — (]0>-|1>)212



AOCTpaKTHas ¢XeMa KBAHTOBOI'0 KOMIIbLIOTEPA

YIPABISIFOIINAC KIACCUUCCKUC PETUCTPBI

A T

Knaccnueckas
4acTh (3a0a€T
MATPHILY

3BOJIFOLIAN BO

BPCMCHU uij )

KBanTOBas 4acTh - padoUuce COCTOSTHUC \l/



KBaHTOBOE COCTOSIHHE HeJIb34
KJIOHHPOBATH

KioHupoBanue — 3TO oneparus, Kotopas 13
coctositHus |'V>|0> nenaer cocrosiaue |\W>|V>.

Takas onepanys HE MOKET OBITh YHUTAPHOM,
no3toMy oHa DU3NYECKU HE
OCYIIECTBHUMA.



Teaenmopranus Kak nNpocrenilnee KBAaHTOBOE
BbIYHCJICHUE

YV = aj0> + bj1>

3TO - He mpoBoa 310 - DIIP-mapa (00> + 11>

el

bo6 Anmca
@a 2970 - HCHU3BCCTHOC e - \_ — — Y
COCTOAHHUC, KOTOPOC “
MBI TEJICTIOPTUPYEM TAUMHCTBCHHBIHN /

KBAaHTOBBINM KaHaJl

3TO - OORIYHAasA
ImoyrTa

COCTOAHHUC MOZKCT CYHICCTBOBATDL TOJILKO B OJJTHOM MecTe!



OO0miast cxema reJienopramumn
OTHOI'0 KyOHuTA

C.Bennett, G.Brassard, C.Crepeau, R.Jozsa, A.Peres and W.Wootters, Teleporting
an unknown quantum state via dual classical and Einstein{ Podolsky{ Rosen
channels",Physical Review Letters 70:13 (1993), pp. 1895-1899

U)o —4¢— H— A
9)) — A
|(I)>E 2 W>B

1N
e B
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JIlnHAMHKA COCTOSAHUS
¥ >=70>+p|1>

[PU TeJICMOPTAUN




KBaHTOBOEC COCTOSIHUEC
VIMBUTE/IHbHO HAIIOMUHACT KHUBOE
CYLIECTBO

He cymecTByeT cnoco0a KJIOHHUPOBaHHUS
IIPOU3BOJILHOIO KBAHTOBOI'O COCTOSIHUA Y

EcTh cxema, mo3BOIrOIIas IeEpeaaBarb Ha
paccTosiHue cocrossHue W, He y3HaBas €ro. 1o —
TEJICTIOPTALIHAL.

YTo0OBI y ANIMCHI BO3HUKJIO cocTossHUE 'V, OHO
HOJIKHO OBITh YHUYTOKEHO boOOM B pe3ymnbrare
U3MEPEHUS.



Teaenmopranua MeKay oCTPOBaAMH
B AT/IAHTHKE

T L
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KBaHTOBBIM KOMIILIOTEP Pad0OTAaET B r0JI0BE KAKA0I0 U3 HAC, HAIO0
TOJBKO NMOHATH, Kak! (K.A.BayueB)
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Y10 TaKkoe ObICTPbIN KBAHTOBbLIN
AJITOPUTM

BCPOATHOCTH IIOJIYHHUTE HYKHOC OazucHOe
COCTOAHHC IIOCJIC USMCPCHHUA HCI/I-(i)YHKI_IHH

quant

\|/ (t) - COCTOSTHHME KBAHTOBOU

HqaCTH KOMIILEOTCPA

t

quant < tclass

KBAHTOBOEC YCKOPCHUE
KJIACCHYCCKOTO
aJIrOpUTMA

BpeMs




[Metep Illop: KBAHTOBBI KOMNBLIOTEP MOBOJISAET
PACKJIAAbIBATH HATYPAJIbHbIC YHCJIA HA $
MHOKHUTEJIH MOYTH CO CKOPOCTHIO UX YMHOKEHUS




e
T

Adaroputm I'poBepa

GSA (Grover search algorithm) npenna3znaueH
U1 TTIOMCKa KOpHEeW ypaBHeHus f(x)=1
OyneBckor (pyHKIUHM f OT n nepemMeHHBIX . OH
MMEET CIIOKHOCTD - KOPEHBb U3 KJIIACCUYECKOTO

BpeMeHH — okomo  JU 2n/2
4

" Oyaknus f MoxeT OBITH 3a7aHa B BUJE CXEMBI KJIACCUYECKHUX
BEHTUJIEH.

%3 HUX MOYKHO CO31aTh KBAHTOBBIA TeUT

2 Qu. : [X,y> — [x,1(x)+y (mod 2)>



Peaan3anusa GSA

OtpakeHue BIOIb BEKTOPA a: I — yHHTapHEINM O1IepaTop, KOTOPLIH

MOYKHO Pean30BaTh I a = |0~

MOt a = [X, >

Huns jo> o710 nenaercs wepes [0>: 1 =H I H (H - oneparop
Apnamapa). -

Jast [x > 3T0 memaercs ¢ IOMOIIBIO aHIIUJLIEL:

Qu ., [¥>(|0> - [1>) = L, o - TeTieps omeparop G=-1 ,,6__>I

nl_ Ha
0>

X tar>

byaetr moBOpoTOM MJIOCKOCTH, 00pa30BaHHOM I‘X

tar>

yTOJI1, IPUMEPHO paBHBIH 2 N2,
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GSA (cxema)

/0> - COCTOSIHHE, Y KOTOPOI'O aMILUTUTY/a pacipeaciicHa
PABHOMEPHO MO BCEM 0a3UMCHBIM COCTOSHHUSIM

X, >
| xtar> tar

A\

oY




PocT aMIUINTYABI 11EJI€BOTO
COCTOSIHHUS 32 CUeT BCeX APYrux

aMIUIUTy A
1

HCJICBOC
COCTOAHHC



KBaHTOBOE BBIYHCICHHAEC —
HNPUHIUITHATIBHO HOBBIU MPOIECC

KBaHnTOBOE BhIUHCICHUE (DAKTUUYECKH BBIXOAUT 3a NPECIIbI
(u3uky, 0arogaps GEHOMEHY OBICTPBIX KBAHTOBBIX
BBIYUCIICHUU.

M3BecTHaAs (r3uMKa OCHOBaHA Ha KJIACCUYECKHUX BBIYHUCIICHHUSX,
IIO3TOMY OBICTPO€ KBAHTOBOE BBIYMCIICHUE €CTh IIPOIIECC,
KOTOPBIM HEBO3MOXKHO BOCIIPOU3BECTH B PEKUME PEATIBHOTO
BPEMEHU KJIACCUYECKUMU CPEICTBAMM.

B KBaHTOBOM TCOPHH HET HUKAKHX 3aIIPETOB HA OBICTPHIC
KBAHTOBBIE AJITOPUTMBI.



JleKorepeHTHOCTH

I[@KOFGPCHTHOCTB -CIIOHTAHHOC OTKJIOHCHHC 3BOJIIOITHMHX BCKTOPA
COCTOAHUS OT YHUTAPHOI'O 3dKOHA B OTCYTCTBHHU H&6JHOI[21T€J'I$I.

JIeKOorepeHTHOCTh MOKET IIPOUCXOAUTh OT KOHTAKTa C OKPYKEHHUEM
— 3TO CIIOHTAHHOE M3MEpeHue. boprOa ¢ Takon
ICKOTePEHTHOCTBIO - M30JISIIUSI CUCTEMBbI UIIM HUCIIOJIH30BaHUE

crienManbHBIX OpueMoB: decoherence free subspace, Harpumep,
TOIOJIOTUUECKHUE BEIUKCIICHUS.

B CJ10KHBIX cHCTEMAaX BO3MOKHA PyHIaMEHTAJIbHAS

JIEKOTEePEHTHOCTH, BOSHUKAKOINAA M3-32 OTPAHUYCHUA HA
KBAHTOBBIN (JOPMAJIN3M KAK TAKOBOM.

I eTbl — BCEro JUIIb HHTEPPEUC MOJAb30BATEII KBAHTOBOI'0
KOMIIBIOTEPA; HYKHA MOJTHOICHHAA ONEPAIMOHHAS CHCTEMA



Peanvnas cxema k6anmoeoz2o
Komnbromepa

lMone3o08ameibCKull UHmMepagbelc:
2elimbl npozpamMmMHbIe NpUMUMUBhLI

BHYmMpeHHAa 4acmb DﬁEFJEL{UOHHDﬁ cucmemsl:

dpalisepbl ycmpolicms  fpozpamMmMa obuwjel op2aHusayuu
BbIquc/1eHul

KBaHmosas yacmb. peasibHble Kyﬁumbf‘, ux
npueomoes/ieHue U ecmecmseHHbIe MaHunynayuu




Cumyauusn ce2o0us

* Hardware ons keaumosoco komnvromepa 6yoem co30aH 8 medeHue 3 —
5 nem (Keanmoeviu uenmp MI'Y). On yoice noumu co30amn Ha 0CHOBe
MOWHO20 3a0ela 8 Keanmoegou gusuxe. Mooxcem Ovimb, OH yorce
coenan. Ho mamemamuuecrxozo obecneuenuss HET. Mol e ymeem
ynpasnsime smum npubopom! Hysrcna onepauyuonnas cucmema 01
K6AHMO0B020 KOMNnblomepa.

* Ecmb monvko nonvzosamensvckul unmepgeiic. Keaumosvle 2etimel,
npeonodicertvie PetiHMAHOM.

*  Hyorcnwvl a) Opatisepvl K86aHMOBLIX ycmpoucmes u 6) oowas npozpamma,
VAPABAAOUAA KEAHMOBbIM 6bIYUCTIEHUEM.

*  Omo — npoepammsl 0Jisi CYnepKoMnbromepa, Komopwie 00HCHbI
pabomamsb 00CMAMOYHO ObICMpPo, UmMobbl YNPAGISImb KEAHMOBLIM
BLIUUCTICHUEM.



CioxHbIe CHCTEMBI TPEOYIOT HHOM
MAaTeMATHUKHU

MBI HE CMOKEM HAOpaTh CTAaTUCTUKH JIJIS
KBAHTOBBIX COCTOSSHUM MHOTHX TEJI B OOIIEM ClIydYae.
Kak cTaBUTh S3KCHEPUMEHTHI?

N3 Toro, 4to cenyac U3BECTHO, JIYUIIIE BCETO
NOAXOASAT aJITOPUTMEIL, HO HE (POPMYJIbI

AJNITOPUTMHU3M NPEAIIOIAracT UHANBULYAIbHOE
HAIlMCAHUE KOJ1a TPOrPaMMBbI; MOT'Y JIX Sl CYATATh
Yy>KOHU KOJI CBOMM, TAK €, KAK MAaTEMaTHYECKY IO

popmyiry?



KBaHTOBasi pusnka KyOMTOB

ba3ncHbIC (KIIaCCHYECKHUE) COCTOSHUSA
IPEJICTABIISIIOTCS B KyOUTOBOM (hOpME — Kak
KOOpJAMHATa B IBOMYHOU CUCTEME CUUCIICHU:

00 01 10 11

n OMTOB MO3BOJISIIOT 3alIMChIBAaTh HAaTypalbHBIC YHCJIA
oT 0 1o N=2" BKIIOUUTEIHHO.



KBaHT aMILUIMTYAbI BO3HUKAET IPH
KOMIIbIOTEPHOM MOACJTUPOBAHUU

KoneHrareHckas (cTaHAapTHas ) KBAHTOBAs MEXaHHUKA:

W= 0>+ [1>+.. A4 [N-1>,

OasucHOE cOoCTOAHUE KyOUTOB |j> =|a,a, a>, a =0,l.

KoMIbIOTEPHOE NPENCTABICHUE KBAHTOBBIX COCTOSHUU
JIro0oe kj =en+ 1€ m,, N, m - HeIbIe, € >(0 — KBaHT
AMILIUTY/IBI.
BennunHa € 1 CII0)KHOCTh KBAHTOBOTO COCTOSHHS JTOKHBI

HaXOJUTHCS B COOTHOIIICHUH HEOIPEACICHHOCTEMH, TO €CTh
OBITH OOPATHO MPOIOPIIMOHAILHBIMU.



BHenrHAA CJI0)KHOCTh KBAHTOBOI'0 COCTOSIHUA €CTh PASMECPHOCTD €I'0
MAKCHUMAJIBHOI'O 3allYTAHHOI'0O ACJIUTC/IA

11,2,..n}=M + M_,M N M, = — pa3OueHue MHOXeCTBa KyOUTOB Ha
1Ba MOAMHOXKECTBA, TaK YTO

P>=Y > >
¥ MHOXKE€CTBO M C 9TUM CBOMCTBOM COLEPKUT MAKCHMAJIBLHOE YHCIIO
kyouToB R. Torma BHemHsas caoxxHoCTh S(|V>) paBHa 2*.

AOCOJIOTHAs CIOKHOCTD |V> €CTh MUHMMYM BHEIITHHUX CI0KHOCTEH I10
BCEM IIEPECTAHOBKAM 0a3MCHBIX COCTOSHUM T U3 S :

C(|¥>)=min S(t|¥Y>)

T HA3bIBACTCS KBA3UYACTUYHBIM IIpeACcTaBICHUEM. OHO MOXET
pPEAYLUPOBATH CIIOXKHOCTb.

AOCOJIIOTHAs CIOXKHOCTh — MaMSTh IIPOIECCOpa B CYNEPKOMIIbIOTEPE,
MOJAEIUPYIOIIEM 3BOJIIOIIMIO BEKTOpa COCTOSTHUSA |\WW>.



Croscnocms K6AHMOBO20 COCMOAHUS

| P> — | W > | W > Bce kyOuTe! pazOnBaem Ha 2 MHOKeCTBa, TAK YTOOBI
1 2 B cOCTOSAHNN |W'> OHI OBLIN OBl HE3aBHCHMEI

R= uucno xyoumos
8 MAKCUMATLHOM

oenumerne | V>.

S(|¥>)=2"

Haoo e3amo munumym S(|¥>) no ecem nepecmano8kam 6A3UCHbIX 6EKMOPOB T:

C(|¥>)=min_S(t |'¥'>) - omo abconomnas cnosxcnocms K6anmoeo2o

COCMOAHUSL — pasmep npoyeccopa 8 CynepKkomnoviomepe, cnocooOHom
pazmecmums | V>,

T HA3bIBAEMCSl K8A3UYACMUYHBIM npeocmasienuem. OHo Modicem
peoyyuposams caodxichocms. |00...0>+|11... 1> umeem cnoorcnocmo 2.



CooTHOIIeHHME HeonpeaeJJeHHOCTen
«CJIOKHOCTD - TOYHOCTh)

OFpaHI/I‘IGHHOCTB IaMATH KIIACCHYCCKOI'O KOMIIBIOTCPA BJICUCT
COOTHOIICHUC TOYHOCTHU MU CIIO’KHOCTH BHU/1A

N/e=Q
riae Q — KOHCTaHTa, HE 3aBUCAIIAs OT COCTOSIHUSA |\P>.
B cTanmapTHOM KBaHTOBOM Teopuu (Q cuMTaeTCsi 0€CKOHEYHOCTHIO.

KoncTanty (Q MOXKHO ONIPEAECIUTD U3 alropurMa [ poBepa: oH
pabotaeT Tonpko Iipu €-= 1/N, mosatomy Q OyaeT KBagpaTom
MAKCUMAaJIbHOTO YMCJIa COCTOSHUM, JIJISI KOTOPBIX aJITOPUTM
I’ poBepa padboTaer.

https://arxiv.org/abs/1902.05426



O pu3nyeckoM cMbICIIE
KOHCTAHTBI ()

KoncranTa Q COOTHOLIEHU HEOIIPEACICHHOCTEN «CIOAKHOCTD —
TOYHOCTB)» CBSI3BIBA€T KBAHTOBOE MPEJICTABICHUE CIOKHBIX IMPOIIECCOB
PA3HOU IIPUPOABI C OTHUM — BBIYHUCIIEHUEM I10 aJITOpUTMY [ poBepa.

[Tpumep 1. Ocuniusinyu Padu: ucnyckanye U noriouieHue GoToHa
aromoM pyouaus R*, momerieHapIM B pe3oHaTop AauHBL 0.7 cM.

For one period of Rabi oscillations of the Rubidium-85 atom in the cavity oc-
curring with the emission of a photon with a wavelength of about 1.4 em we have:
w = 10 sek™1 Eoep = hw ~ 1071, dt =~ h/Egep = 1071°, Given the time of
Rabi oscillation ¢ ~ 107° sek, we get € = 107, If a good drawing of the electron
wave function requires N = 102, we end up with Q ~ 10'°. Thus, if this process can
be well drawn on the basis of quantum theory. then ) > 10'° ~ 2% and Grover’s
algorithm should work on about 16 qubits.



O pu3nyeckoM cCMbICIIE
KOHCTAHTLI ()

[Ipumep 2. Pactiag HecTaOMIBHOIO U30TOIA reus 6:

Now we consider the decay of the nucleus of a Helium isotope: He® — He®+n —
He* + 2n (in this rough approximation we take into account only nucleons). The
characteristic energy value will be about 10 Mev ~ 10~° erg, and the energy-time
uncertainty relation will give dt ~ 1072 sec. The whole process takes about 1.6 sec,
from € ~ dt/t =~ 107?2, and we have an estimate for Q ~ 10% =~ 22'7. Thus, if
quantum mechanics can be continued to nuclear processes such as the decay of the
isotope Helium - 6 to a stable isotope Helium-4, Grover algorithm should work well
already with at least 100 qubits.

JI1s1 KOpOTKOM CTaIMH 3TOT0 MPOIecca — pacmaja H30TolIa
He°, nmurensHOCTRIO 107° Cek, aHanmOTHYHBIN pacueT AacT

3HadeHre Q nmpumepHo 10%°, uro o3nHagaet padory GSA Ha
33 KyOuTax.



AdaroputM I'poBepa Kak YHUBepPCAJIbHBIA
U3MEPUTEIb CJI0KHOCTH IIPOLIECCOB

KonctanTa (Q mO3BOJISIET CPABHUBATH MPOLIECCHI
Pa3JIMYHON MPHUPOJIBI II0 YUCITY KyOUTOB, HA KOTOPBIX
GSA yBepeHHO padOTaer.

[ maBHas 3a7a4a SKCIIEPUMEHTOB 110 KBAHTOBBIM
KOMITBFOTEPAM — ONPEACIIEHUE KOHCTAHTHI Q.

Bennuuna Q onpeaenseT rpaHuiibl IPUMEHUMOCTH
KBAaHTOBOM (DPU3MKH B CIIOKHBIX MPOIIECCaX.
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Recent result

Entanglement at room temperature

Science 2 December 20171:
Yol 334 no. 6060 pp. 12531256
DOl 10.1126/science. 1211914
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Beaukuu 3akoH IIpupoabl 1 CJI0KHBIX CHCTEM: KaK €ro
NPUMEHSATH?
Peanpnas qaCTHUlld — CUCTCMAd MHOI'UX HAdCTHUIL

Poy 3K3eMIIAPOB = BCEBO3MOXKHBIE
IIPOCTPAHCTBEHHBIE PACIIOIOKEHUS CUCTEMBI
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C-Sign revT Ha (POTOHHBIX COCTOAHUSAX:
x,y> — (-D)¥ix,y>
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Figure 2: C-Sign gate array
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KBaHTOBBIC AJITOPUTMBI

bBbICTpbIe KBAHTOBbBIE AJITOPUTMbI

PaznoxxeHue yncen Ha npocteie MHOXKUTEIU (Peter Shor,
1994)

Oomas 3agada nepedopa (Lov Grover, 1996)
KBaHTOBOE MOJEJIMPOBAHUE PeaIbHbIX IIPOLECCOB

Peuienue ypaBaenus llpenunrepa it KBAHTOBBIX BEPCUN

3aJa4 Ki1accuueckon mexaHnuku (Cristof Zalka, Steven
Wiesner, 1999)

HMuaTepnperanun peaabHbIX IIpoieccoB B KO/



KBaHTOBOC nMpeodOpasoBanue Oypbe
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Do we understand the Life?

Enormous complexity of living matter:

Genetically scaled computer model of living cell (GEM), by [1]
illustrate the modern level in computer modelling of living;
though

[1] J. Genome-Scale Reconstruction of the Saccharomyces cerevisiae Metabolic

Network,


http://www.ncbi.nlm.nih.gov/pubmed/?term=F%26%23x000f6%3Brster%20J%5Bauth%5D
file:///C:/Users/%D0%AE%D1%80%D0%B8%D0%B9/Downloads/..%2FDesktop%2FDocuments%2FDesktop%2FDocuments%2Fbiology%2Fmmc5.mp4

Do we understand the quantum
computer?

What | cannot create, | do not understand.

(Richard Feynman)




Quantum worlds can meet in living
because the Life can be realized by
huge number of ways

what 1s

O world 1
O o world 2
W/ -
< 8
O o
a swarm

quantum worlds
quanting
° ° !l @
a particle .

ensemble
what we see



TpyaHocTH pa3BuTHA KBAHTOBOU
ouoJiorum

«KBaHTOBBIE APPEKTHI CIAUIIKOM XPYHKHU U
MOAABJISIFOTCS ICKOTEPEHTHOCTHIO B YKHBOM

HM. Wiseman, J. Eisert, Nontrivial quantum effects in biology: A
skeptical physicists' view, in "Quantum Aspects of Life", D.
Abbott Ed. (World Scientific, Singapore, 2007)

O0beKThI OMO0JIOrMM NPUHIUIIMATIBHO
OTJIMYAKTCA OT PU3HYECKUX IPUOOPOB, U MOTOMY

KBAHTOBasd (])n:;mca HC MOZKCT IIPUMCHATHCH B
0MO0JIOTHH TaAK, KaK OHA IPUMCHACTCIA B XUMHMN.

OcCHOBHOI NP00IeMOH ABJISAETCH CJA0KHOCTD



Cumyauusn ce2o0us

* YV Hnac nem u ne 6yoem cynepkomnvromepa, CnoCoOH020
pabomams ¢ maccusamu uz 10° yucen, umo 6 cospementvix
npeoCcmaeieHusx Heooxo0uMo 0Jist MOOENUPOBAHUS
XUMU4eckux peaxyuil u3 He oonee yem 10 wacmuy.

* Mpbl He 3Haem, He0OX0OUMbL U maKue mpeooB8arus 000uLe.
llomomy umo mul He 3HaeM, KaK K8AHMOBASL MeoPUsl.
pabomaem 6 061ACMU CIOANCHBIX CUCHEM (HECKOIbKO
0ecsimKko8 Kyoumoe).

* Muvi Oonoicnbl paccmampusams KOMAblomep KaK uzuyecKull
npuodOp, NOMOMY YMO CAOHCHBLE CUCHEMbL HENb3sl ONUCAMDb
OOHUMU hopmynamu



~ Quantum worlds can meet in living
~ because the Life can be realized by
huge number of ways

we have to sum amplitudes over all paths

Quantum Kernel

00 O

— -—-—
— _ =
S /
cage where we
sum up 1s HUGE




KBaHTOBBIN «\3TOUCTHUYCCKHUN)» I'CH

['eHOM & OJIKEH OBITh apr'yMEHTOM OMO-BOJIHOBOU
(YHKIIUH

¥ =¥ exp (1¢(¥))
|¥(£)]* ecTh OTHOCUTEIBLHOE YMCIIO CYIISCTB C

T€HOMOM &, V¢ - KHaMEPEHUE K U3MEHEHUIO))
reHoMa



KBaHTOBasi 0CHOBA KU3HU: BO3MOKHOCTH CTAHAAPTHOU
KBAHTOBOM MEXaHUKHU B MPUJIOKEHUH K KUBOMY

1. D¢ dext DAT (Tpancnopt s3Hepruu, NojepKanHbiil Teraom, dephasing assisted
transport) — FMO cBetocoouparenbHbiii FMO-KOMILIEKC B 3€JIEHBIX CEPHBIX
OaKTepusIx

Fenna, R. E.; Matthews, B. W. (1975). "Chlorophyll arrangement in a bacteriochlorophyll protein
from Chlorobium limicola". Nature 258 (5536): 573—7. Bibcode:1975Natur.258..573F.
doi:10.1038/258573a0

Plenio, M., et al., "Dephasing assisted transport: Quantum networks and biomolecules"”, New J.
Phys. 10, 113019 (2008).

2. Marsero-peuenuus NTHI 1 HACEKOMBIX

Wajnberg, E., Acosta-Avalos, D., Alves, O.C., de Oliveira, J.F., Srygley, R.B. and Esquivel, D.M.,
"Magnetoreception in eusocial insects: an update". Journal of the Royal Society Interface. ,
2010, 7 (Suppl 2): §207-S2235.

3. KBaHTOBBIN MeXaHU3M O0OOHSIHUS

Horsfield, A. P.; Haase, A.; Turin, L. (2017). "Molecular recognition in olfaction". Advances in
Physics: X. 2 (3): 937-977. doi:


file:///C:/Users/%D0%AE%D1%80%D0%B8%D0%B9/Downloads/%2Fwiki%2FDigital_object_identifier
file:///C:/Users/%D0%AE%D1%80%D0%B8%D0%B9/Downloads/%2F%2Fdoi.org%2F10.1080%2F23746149.2017.1378594

Koneunomepnbie mogean K

Finite dimensional models of QED

j . AN
Edwin Thompson Jaynes Frederick W. Cummings Michael Tavis
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dusnyeckasi peaju3anusi: ONTHYECKHE PE30HATOPbI,
coeIMHEHHbIE OIITOBOJIOKHOM

Jaynes-Tavis-Cummings-Hubbard-Dick model
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One cavity with atom: Jaynes-Cummings model

Basic state: |photon number)|atom excitation), photon number can be 0,1, ..., n, ...; atom
excitation can be 0,1 (two level atom).

Photonic operators a™), a - creation and annihilation of a photon - act on the first component,
atomic operators o, o - act on the second component.

Definition:
a“|n) =+n+1ln+1), aln) =+/nln—1)
oTlm)y=(m®d1)|mal), olm)=mmod1):
7+10) = 1), o*1) = 0. o]0} =0, ol1) = [0}

Basic atomic states representation:

8/ 38




One cavity with atom: Jaynes-Cummings model

Basic photonic states representation:

1 0
0 1
|0>p - 0 ; |1>p — 0 )

Representation of atomic operators:

0 0 0 1 0 0
+ _ + 4
w=( o) ( o) (oY)

Commutative relations:

+ +

ata=aa -1, 0o =1—00

9/ 38
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One cavity with atom: Jaynes-Cummings model

Representation of photonic operators:
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One cavity with atom: Jaynes-Cummings model

Hjc = hweaTa+ hw,o"o +g(a™ + a)(c™ + o)

g = Jwh/VE(x)|d|, V- effective volume of the cavity, d- dipole momentum of transition

|0) > |1). It coincides with experiments if

1) w, < 1/d, where d is the size of atom (the necessary condition of dipole approximation,
which allows the representation of interaction in the form Xieig Xatomic excitation) and

2) w, &~ wc - the condition of long retention of a photon in the cavity. Factually, the half of the
wavelength of the photon emitted by the atom must be a divisor of the cavity length.

In electrodynamics the field is divided to modes. A mode is a couple (p. £) - two orthogonal
vectors: the vector of impulse and the vector of polarization. One mode is the harmonic
oscillator of electric field directed along the polarization; here one mode operators of creation

annihilation look as a™ = \%(q +ip), a = %(q — ip), h =1, and the "field coordinate”

Xiield = q = (a* + a)/v/2. Analogously, "atom excitation coordinate” looks as
Xatomic excitation = 0 + . Because every interaction between systems with coordinates x. y can

be expended to the power series, its first summand xy (dipole approximation) gives Hc.
11 / 38




Rotating wave approximation

H,c Hamiltonian is infinite and its investigation is hard.
If g < hw we can omit the summands a*o™ and ac in Hamiltonian, which do not conserve
energy themselves and obtain the rotating wave approximation (RWA):

HWA — hwea™a + hw.oTo + g(ato + ac™).

The space of states then splits into mutually orthogonal and invariant with respect to H
two dimensional subspaces H,, each spanned by the pair of states:

[V8) =10)pl k), |F) = |1)p|k — 1).. The reduction of HRYA to H, will be

H _( ke g\/E )
k gVk h(ws+ (k—1we) )

Quantum evolution in H, induced by Hy is the harmonic oscillations between [/§) and |¢f)
with frequency Q) = /62 + 4g2k/h, § = w, — w. is detuning between frequencies of atom and
cavity.

12 / 38
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BaxxHOCTH NPpUOJINAKEHUA
BPAINAIOIIEHCH BOJTHBI

RWA — BaxHenmmi npremM, No3BOJSIONIMN PAAUKAIBHO PEAYIIUPOBATH
Pa3sMEPHOCTH NPOCTPAHCTBA COCTOSHUN:

371ECh OHO PACMaaeTCs B IPSAMYIO CyMMY

H IPOCTPAHCTB MAJION pa3MEPHOCTH,

MHBApUAHTHBIX OTHOCUTEIbHO RWA

H NpUOJIM>KEHUS OllepaTopa SHEPTHUU:

H=H+H+.+H+..

[

H

4

JI71s1 TOUHOTO raMUJIBTOHUAHA TAKOTO PA3JI0KEHUS HET, U paboTaTh HAJO C
MPOCTPAHCTBOM a-MPUOPHU HE OTPAHUYEHHON pa3MEPHOCTH.



Open quantum systems: quantum master equation

An open quantum system is decribed by the quantum master equation (Lindblad, Kossakowsky,
Glauber, Sudarshan):

NZ -1
. 5;) . * 1 s *
ih=e = [H.pl 1 Y 7i(AipAT — S (Af Aip + pAT AY)) (1)
i=1
Liouville operator space Ly of matrices N x N - Euclidean space with dot product
(A|B) = tr(A*B).

[,A1, Ay, ..., Ay2—1 must form the orthonormal basis in Ly, gi > 0 are their intensities.
Each A; is the factor of decoherence.

13 / 38




Relaxation of one atom in cavity
~v = 4g is the border of oscillations.

14 / 38

Figure: Density matrix dynamics for v =0.5,g = 1.
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Transfer of atomic excitation along the chain of cavities

Hamiltonian of TCH model:

HTCH—Zhwca a;-%-z hw”aUJ —i—kZ(a,Ha;—Fa aj i1 —1—2@(3,—}—3 )(0'3_—}—0';) (2)

iJ IJ

Effect of thermal phonons:

H = Hrch + Hg + H;, Hp = Z Emicbt bk
\/ 3
Z ijwk(b,k + b;k)O’ U - h.c. ( )

ka

16 / 38
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Example of quantum effect: condljctivity of
excitations by a chain of bacteriochlorophyll
molecules
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Fenna-Matthews-Olson complex in bacterial cell (from S.F.Huelga,
M.B.Plenio, arXiv1307.3530

Antennae

FIG. 3. A schematic picture of the transport network such
as the one realized in the Fenna-Matthews-Olson complex.
Molecules, such as Bacteriochlorophyll a (BChla), are ar-
ranged in space giving rise to specific distances and relative
orientations between individual BChla thereby adjusting the
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Conductivity in FMO complex of bacteriochlorophyll molecules

(Fenna, R. E.; Matthews, B. W. (1975). "Chlorophyll arrangement in a
bacteriochlorophyll protein from Chlorobium limicola". Nature 258
(5536): 573—7. Bibcode:1975Natur.258..573F. doi:10.1038/258573a0)

duction Efficien

2
Log(Dephasing rate)

FIG. 4. Plot of the conductivity of the FMO complex where
excitations enter the FMO complex at site 1 and exit at site
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Figure: Evolution of states of the sink in time. Naioms =2, k =2, 4 =8, out = 15. No input.

T



s
4

e P O A

sxzzdalg ety gt R R R B R T

00

= 2, k=38 lime =15

‘*\w\“i

=8 k=2 1ane =6

FIG. 6. The state of sink at the fixed time, Lindblad-based dephasing. Two atoms, no input (initial state has a photon in the
first cavity). Dependency over the output rate out and the dephasing coefficient g.
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KBaHTOBOEC OYTHLIOYHOE
FOPJIbINIKO

KOHTp-UHTYUTHUBHBINM (DEHOMEH: IPHU YCUIICHUM
yTE€YKH (P)OTOHOB U3 MOJOCTH OHU HAUMHAIOT
MEJJICHHEE €€ OKUIATh.
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Quantum bottleneck

Dependence of conductivity on the intensity of input and output
timeReach

1201
80

40

10+
5+
::"}": 27
|II|'III 1 -
0.7+
I. Ill 1 1 I 1 I 1 1 | Out
0 2 4 6 8 10 12
' Figure: The time of sink filling to s = 0.995 for the chain of two atoms
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MexaHu3M KBAHTOBOI'0 Oy ThLJIOYHOI0
rOPJIbIIIKA

dt oOpaTHO pONOPIMOHAIbHO HHTEHCUBHOCTH CcTOKa. HaceneHHOCTh
CTOKa HapacTaeT NOPLUMSIMH BTOPOIro MOPsIKa MaloCTH no dt




Ensemble Rabi oscillations in one cavity

|L)pn|00...0)1]11...1)2 <> |L)pa|11...1)1]00...0)2 - ensemble oscillations.

Figure: Oscillation of ensemble type in one and two cavities
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Ensemble Rabi oscillations in one and two cavities 3D picture ;

22
: n=25
[ N w, = 21.506 GHz |
| g/w, =0.01 1

time, ns 150
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:- 50 {25’ 0> state 250 <2D; 0}
Figure: 3D picture of oscillations in one cavity and in two cavities
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Figure: Error rates over detuning and photon leakage for the optimal cases with desired detuning.
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1 Photon environment as thermal bath
Gout
-
T T
HEY A = hwata + Z hwoo; + Z gi(cra+oja™)

j=1 j=1

ZH')O — [Hﬂ p] + ZL(P) L = Li-n = Louta
1 1
Lin = gin(a™pa — §{P: aa™}), Lout = Gout(apa™ — E{P: a*a})
Figure: Cavity in photon bath: Hamiltonian and quantum master equation
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Attractor for two atoms
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Dark photonic states
If two graphs G; and G, have the same optical conductivity, we can glue their final vertices and
obtain the joint graph, which holds "dark photonic state" %001) — |10)) that gives zero

conductivity |(W(t)|final})|> = 0. It involves the not complete drain to the sink for initial state
01).

Figure: Joint graph with dark photonic states

initial

01> - |10> ik

initial




TeMHbIe cocTOsTHMA aHcaAMOJ1eld TBYX-
YPOBHEBBIX aTOMOB

TeMHOE COCTOSTHHME aTOMOB — HAXOOANIUNUCI B HEM aHCAMOJIb HE
MOXET UCITYCTUTh CBET

IIpuMep TEMHOTO COCTOSIHUS: CUHIJIET
|s>=|01> - [10>

JIro00€ TEMHOE COCTOSIHUE €CTh CYNEePHO3UILIMS COCTOSIHUN BH/IA |

s> |8, .>s., . > ...
ij i'j "]

PazmMepHOCTh TEMHOTO OAIIPOCTPAHCTBA aHCAMOJISI 2n aTOMOB
paBHa

C n_C n-1

2n 2n

TeMHOE mOAIPOCTPAHCTBO CBOOOIHO OT JEKOTE€PEHTHOCTH.



IlosryueHHe TEMHBIX COCTOSTHUH
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Figure 1. Preparation of dark singlet in optical cavity. Initially, Pockels cells PC1 and PC2 are both switched on. Photon
flies from Laser L1 with vertical polarization V', changes polarization to H after PC2, reflects from the mirror M1 and
change its polarization to V after PC1. Then PC1 must be switched off before photon comes back reflecting from the
right wall of cavity. Photon will then locked inside the cavity. After arbitrary time frame PC1 switches on again and
photon change the V polarization back to H, passes through PC2, which is switched off, reflects from M2 and comes to
detector D. Alternative way: photon comes from laser L2 with V polarization and becomes locked in the cavity, then
PC1 switches on, and photon comes to detector; PC2 is not needed. Figure is taken from the paper.'?




Eie oquH MeTo MOJTy4YeHU TEMHOI0 COCTOSTHUSA

Puc. 1: Ontuyeckuii or6op. JIlunpdaanosckuii oneparop Ly = a™a - yiaer ¢orona

1 BO3BpAT ero oOpPaTHO B MOJIOCTH MOCJE ITPOXOXKIACHUI depes JeTeKTop. JdeTekTop
IieJTKaeT BCIKHH pas3, Korjaa B HeTo momajaeT (poToH.

Ecnu nepBoHavaibHOE COCTOSIHHME aTOMOB |01> 1 1eTEeKTOp MOJIYUT, Y HAC €CTh TEMHBIN
cunriet (01> - |[10> B nonmoctu. Cam ¢pakT HAOII0OIEHUSI MEHSIeT KBAHTOBOE
cocTosiHue!

J1J1st TpOU3BOIBLHOTO HAYAILHOTO COCTOSIHUS aTOMOB - TIOCJIE TOTO, KaK JIETEKTOP
3aMOJIYUT, B TOJIOCTU OyneT cocTosiuue |00> uiau TeMHoe.

JI71s1 uX pa3iuueHus HAaXOMM CpEHEE BPEMs BbUIETA U3 MOJIOCTH 3alyIIEHHOTO Ty/a
dotona: st |00> oHo OyzeT 3aMeTHO OO0JIbIlIe, YeM JIJI1 TEMHOTO M3-32
B3aMMOJICHCTBHUS C aTOMaMHU. DTO MOXKHO BBISIBUTh CTATHCTHYECKH.



be3onmacHbIA JOCTYII HA TEMHBIX COCTOSTHUSAX

Figure 2. Verification of the password for the quantum lock. The sequential pair is moving to the controlling cavity. One
from the detectors must click if this pair does not match to the right password.

In the case when the pair a;,b; is wrong, the probability of the photon emission by atoms a; (or b;) is 1/2.
It they emit a photon in the time when they are between cavities, this photon will not be detected; but if
the emission takes place inside the controlling cavity, it hits detector 2. In all cases when the pair a;, b; is
wrong a photon appears; it passes by detectors only if it was emitted between cavities. In the last case the fact
of emission can be checked subjecting the pair trapped in the controlling cavity by the action of non uniform
potential causing Stark shift of atomic frequency that shows the excitation of one of atoms a;, b;; if these atoms
are in the groundstate the current pair is considered as wrong.




IIpuHOMIHAJAbLHAS TPYIHOCTH MPOEKTA
«KBaAaHTOBBIN KOMIILIOTEP» - CJI0KHOCTh

Ham npencTouT npeoaoieTb 0Oapbep BIYUCINTEIBHON
CJIO)KHOCTH: IIPEACTABUTH COCTOSIHUE B
npocTpancTBe pasmepHocTu 10°° Ha pealbHBIX
BbIYUCIIUTENbHBIX MAIIIMHAX, BO3MOXXHO, C
OTJEJIbHBIMU KBAHTOBBIMHU BJIEMEHTAMM.

KoHeuHoe 3HaueHre KOHCTAaHThI Q JacT HACK Y
cliejiaTh ITO.

Kakrum HMEHHO 00pa3oM 3TO peain30BaTh,
HEU3BECTHO.



TeMbl MAruCTEepCKUX U
KAHAUJIATCKUX padoT

1. X¥MMYE€CKHM KBAHTOBBIM KOMIBIOTEP. MOIEINPOBAHNUE
(bparMEHTOB €ro padOThl Ha KIACCUYSCKOM
CYHEPKOMIBIOTEPE

2. Mcrmonp30BaHNe KBAHTOBOTO TAJILHOJIEUCTBUS B
pPACOPEACICHHBIX BBIYMCIICHUAX

3. MaTepnperanus OHOIOrHYSCKUX IIPOLECCOB: KPOCCUHTOBED
OAMHOYHBIX 1enodek JIHK, npoBeneHne HEpBHOTO UMITYJIbCa

- B XUMHUYCCKOM KBAHTOBOM KOMIIBIOTCPC.

4. aTepnperauus saepHbIX npoueccoB: XAC, neneHue
TSDKEJIBIX SJIEP - B XUMHUYECKOM KBAHTOBOM KOMIIBIOTEPE.
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