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MeTpudecKkoe npeaCcTaBICHUE
COBPEMEHHBIX 3HAHNH

du3nka 3nemexTapHsIx YacTul (physics of elementary particles - "ph"): -20:-12, -25:-23, -20:3,
spepHas dusuka (nuclear physics - "nu"): 13:-12,-24:-21,-22:-21, .

~ akycuka (acoustics - "ac") 3:4,0:-2,-2:4,
aToMHas dusnka (atomic physics - "at") -8:-7,-24:-21,-12:-11,
MOMEKyNAPHas 1 XuMuseckas dusvka \& dusneckan xumus (molecular and chemical physics \&
physical chemistry "mo"): -7,-23:-21,-12:-7,
onTuka (optics): -4:-3,0,-8:-7,
ACTPOHOMUS ¥ acTpodmavka (astronomy and astrophysics - "as"): 9:20,23:40,5:18,
(uanka XugkocTy, rasa v nnasmsl (physics of liquid, gas and plasma - "li"): 0:4,-3:9,-2:2,
(u3nKa KoHAEHCMpoBaHHOro cocTosus (physics of condensed matter - "co"): -4:2,-4:3,-7:2.
\item {\bf Xumus}: 3nextpoxumus (electrochemistry- "el"): -2:0,-3:0,-1:2,
aHamuTvyeckas xumua (analytical chemistry - "an"); -3:-1,-3:0,-1:2,
kpuctannorpadms(crystallography - "cr'): -7:-1,-23:-3,-3:10,
HeopraHuyeckas xvmus (non organic chemistry - "no"): -8:-6,-24:-20,-9:-7,
opraHu4eckas xvumus (organic chemistry - "org"): -7:-5,-22:-20,-8:-6,
—__ | nomumepsl (polymers - "po"): -5:0,-20:-1,-6:3.
” A\item {\bf Bonorusi}: Mukonorus (micology - "mico"): -3:1,-4:2,2:4,

MukpoBuonorus (microbiology - "micr"): -6:-4,-21:-12,-3:3,

botanvka (botanics - "bo"): -1:3,-2:7,4:9,

opHutonorus(omitology - "or"): 0:2,0:4,4:5,

Broxnmua 1 MonekynapHas uonorus (biochemistry and moleculat biology - "bi"): -7:-6,-21:-20,-8:-7,

skonorvs (ecology - "ec"): 6:9,12:16,7:10,

uutonorus (cytology - "c"): 4,-12,2:9,

Bupyconorus (virusology - "vi"): -7:-6,-20,1:3,

300morus (zoology - "z0"): 1:3,2:7,7:9,

numHonorus (limnology - "li"): 0:4, -3:9, -2:2,

3HToMoronus (entomology - "en"): -2:1,-6:1,7.

\item {\bf Pa3Has reonorus}:

okeaHorpadus (oceanography - "oc"): 7:9,13:14,13:14,

naneanTonorua (paleontology - "pa"): 0:3,0:4,13:16,

reonorvs (geology- "ge"): 0:9,24:25,16:17,

MeTeoponorus 1 Hayku 06 atmMocdepe (meteorology - "me"): 9,13,6:7,

Muxepanorust (mineralogy - "min"): -1:1,-2:3,13:16,

nctopus (history - "hi"): 6:9,10:14,7.5:11.
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MEXaHHUKa — HauooJIee
HHAS 9aCTh €CTECTBO3HAHHUS

PEIICIIBI:

Ka, XMMH, ONTHUKA,

b

€HIIMAJIbHO: OMOJIOTHS, DKOHOMUKA, ITOJIUTHUKA

* Y10 moka JIeKUT 3a €€ IpeacaIaMu:.

rpaBUTALMS, IACpHAS (PU3UKA



Up KaK OKE€aH

b — 93TO ITOKAKCT CI'O

Th — 3TO JAET
3€phl, TPAH3UCTOPHI,
10 IT oOmacTe

SSBHEI0 MOYKHO HBIPATH — 9TO IIOMOXET IOHATh €0
TJyOUHY

 KBaHnTOBasg nH(pOpMATHKA — 3TO NYTh B IIIyOHUHY
MHUKPOMUPA



Y10 Takoe ClI0KHBIE CUCTEMBI

* ECiIM MOBEIEHNE CUCTEMBI N YaCTUIL MOKHO TaK WIH
MHAa4Ye CBECTHU K IIOBEIACHUIO OJTHOU, OTIACIBHO
B3ATOM YaCTHUIIbL, 3TO — mpocTad cucreMa. Ilpumep:
TEOPHsA TBEPAOTO T€jIa, TEOPHUS CIUIOIIHBIX CPE,
TEOPHUA KOHJIECHCUPOBAHHOTO COCTOSHUA.

e Cll0KHas CUCTEMa — HE npocTa. B onncanun
CJII0KHBIX CHCTEM TJIaBHAS POJIb IPUHAIJICKHUT
MOHSATHUIO MH()OPMAIIMH, TO €CTh CBSI3H C YECIIOBEKOM.

* DYHKIUHU CIOKHOU CUCTEMBI BCErAa CBA3AHbI CO
CIIYYaUHOCTBIO.



MmuKpockormmueckas rnpupojia
CIIY4YauHOCTHU

VYeenunuum B 1000 VYeennuum eme 8 1000 pa3




b — KBAHTOBOC ABJICHHUC

Ka OIIMCBIBAET IIPOCTHIC
bIBasl PACIIPECIICHUE

EPOSITHOCTHA HEIIPUMEHHUMO K CJIOKHBIM
CHUCTEMaM, YTO JICIaThb C HUMHU?

e JInd CIIOXHBIX CUCTEM BO3MOKHbBI TOUHBIE
IIpEICKA3aAHUA !



Yto Tam, B riryOuHe?

KBanToBas kpurrorpadgus — aOCOIOTHO CEKPETHBIE
KOMMYHHKaLUU — HyKeH 1 kyout. CaeinaHo.

KBaHTOBasA HEJOKAIILHOCTHb, MTHOBEHHOE
NAIBHOJICHCTBUE, TEJIENOPTALIUSI— POSBIACTCA IIPH 2
KyouTax. CaenaHo.

beICTpBhIE KBAHTOBBIE AITOPUTMbI — HYKHO 0K0J10 100
KyOuToB. YUepes 5 1eT miaHupyeTcs 10cTudb pyoexa B 50
KyOHTOB.

Penuctrueckas MOAEIb XKU3HU — HY>KHO HECKOJIBKO
MHJIJIHOHOB KYOHUTOB, TO €CTh MMOJTHOE MAaCIITAOMPOBAHUE
KBAHTOBOI'O KoMIibtoTepa. MayT uccienoBanus.



IIpoekT KBanTtoBoro Komrmrsrorepa

* CoBpeMEHHBIC 3HAHUS (DU3KUKHU O CI0KHBIX CHCTEMAaX
OrpaHUYMBaOTCA IpoeKTOM KBaHTOBOrOo Kommnerorepa —
YHUBEPCAIBHOI0 MpHOOpa, CioCOOHOr0 MOICINPOBATH
[IOBEJICHNE PealIbHOM CHCTEMBI Ha MPEACKa3aTEIbHOM -
KBAaHTOBOM YPOBHE.

* OTOT OPOEKT TPeOYET YTOUHEHHUS OCHOBHBIX TE3MCOB
KBAHTOBOM T€OPHUM B TOM 00J1aCTH, B KOTOPOHW OHA HE MOXKET
OBITh MPOBEPEHA B SKCIICPUMEHTE: JJISl CIOKHBIX CHCTEM.

* YTOYHEHHE TE3UCOB HE €CTh UX IIEPECMOTP: TaM, I'I€ OHU
paboTaroT, OHU MPOBEPEHBI BEITUKOJICITHO!



3HC CBCTA U BCIICCTBA

Un cynepnouyuu 0yoem cmosims 8 exax!
0 DetiHMAaH



KBaHTOBass MexaHUKa I
[IEIIEX0 108

* Beankun 3akoH [Ipupoas

Beenenue. HoBblv THI 3HAHUSA: aJITOPUTMBI
KBaHTOBas TeOpHUs Kak COOpaHUE MPOCTHIX PELIETITOB
Caet, GOTOHBI U HHTEPDEPCHIIUS

BzaumoneiicTBue BeliecTBa U CBETa

* Bemukun 3akoH Ipupoasl 11 CI0KHBIX CUCTEM

MatrpuuHas GpopMyIupOBKa KBAaHTOBOM Teopuu. UTo nenaroT Gu3nuku

* Yro maer Ham Benukun 3akoH [Tpupoabl

KBanToBbIl KOMIIBIOTEP. KBaHTOBas mprpo1a OMOI0run



aK KOPIYCKYJIbI

yoint wise particles



JIO OTPA’KACT H4dCTb CBCTA



IIpoxoxaeHne ceera yepes BEIIECTBO

e Jlan BepPOSITHOCTH
OTPAZKeHIIS] CBeTA
MC

al

TOJIIHHA CTERJIA



A MOXET, B CTEKJIC €CTh MAJICHbKHUEC
OTBEPCTUA




Uyero He OObBSICHSIOT!

Because I can polish the glass



OJiiH (DOTOH: BOJIHA WX YacTUIa”?

* DOTOH MEepeMeNIaeTCs 0 MHOTUM TPACKTOPHUSIM
OJHOBPEMEHHO!

 OauH (DOTOH = PpOH BOOOpaAKAEMbIX TOYCUYHbIX
yactull. Kaxxmas u3 HUX UIMEET CBOKO COOCTBEHHYIO
TPACKTOPUIO.




CTHIIA = POU CBOUX
3EMILISAPOB

s TOJBKO €CJIM BEJIIMUMHA €€
a (Majia SHEeprus WIK KOPOTOK

1)

* JleicTBHE HOJKHO OBbITh CPABHMMO C ITOCTOSIHHOM
[Inanka (mpumepro 10™" 3pr cek)



CTranmnoHapHbIC COCTOSHUS DJICKTPOHA B aTOME
Bogopoaa V(r)=1/r

LIfr_] -CTalloHapHoe COCTOAHNE C SHEPFHEH E N

EL|/'— Aq"’ﬂtv )L|/



HUSI DJICKTPOHA B
aToOMeE BOJIOpOJa



Y KaKJI0ro dK3eMILIsIpa ()OTOHA €CTh
CBOM YacCkhl CO CTPEIIKOH

* CTpesiKka IIOBOpaYMBACTCS HA OIPECIICHHBIN yIroJI
do 1ocJie MpoXoKASHUS ONpeASICHHOro MyTu ds




MBI MOXXEM BbIYHCIIUTH TOJIbBKO
BEPOSITHOCTH COOBITHI, HO HE
[IPEJICKa3aTh KOHKPETHOC!

[TyTsiM COOTBETCTBYIOT CTPEIKHU
KBaapar [UIMHBI CTPENKH = BEPOSITHOCTh

HOpUCYTCTBHSI POTOHA / meposmHOCTS =
KBaJdpaT oT TJITHHBI

CTPeJIKH
Korz[a N KaK B TOYHOCTH IIPOUCXOAUT

Iepexoa OT CTPCIIOK K BEPOATHOCTAM,
Ml HE SHAEM CTpesIKa

CTpesiKu TOYHO CKJIaIbIBAIOTCH,

KOTJIa Mbl BUIUM (POTOH .
0.16

0.4



I IpOX0XXIEHHE CBETA YEPE3 CTEKIIO

X~

pes3syIbTHPVIOIIAA
CTpeJIKA

€CTh CYMMA CTPeJIOK Mo
PA3ZHBIM MYTAM

3[1eCh MIPONCXONUT oTpakeHne Ha 180
TpaIycoB

Vi

\El 3[0CCh CTPEJIKa
HC MCHACTCA




Hepe3 TOHKOE CTEKIIO CBET IPOXOIUT
[IOYTH 0€3 OTPAKCHMS

@
PEIVILTHPVHIITA A

CTpeJIKA - 0'eHb
MAJIeHbKAA

TOHKO€ CTeRJI0

Hepes TOHKOe CTERKII0 CBeT NPpOoXoTHT
NoYuTH 0e3 OTPpAReHHA




CTEKJIO IOTOJIIIE — OTPAKECHNUE PACTET!

I 0.2
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II
KBaJpar
Pe3VIbTHPVIOLIE i
cTpenkn = 0.04+0.04=0.08

CpeldHee CTERJIIO




Ilpu ToNIUHE = OJIHA YETBEPTH IJIUHBI
BOJIHBI (DOTOHA OTPAKCHUE

MAdKCHUMAJIbHO




aBHUCUMOCTH BEPOATHOCTH
HUHBI — CJIEJICTBUE BPAIICHUS
TH U CJIOKEHUHN CTPEIIOK JJIA
IbIX ITyTEU

JIET CHOBA I1a1aTh!



SaBUCHUMOCTD BEPOSITHOCTH OTPAKCHUS
OT TOJIIAHBI CTCKIIA

BEePOATHOCTD
OTpa‘keHHs CBETA

CHHHII CBeT KpACHBIII CBeT

TOJINITHA CTEeRJIA



llogemy yroJi magcHus paBeH yIriy
OTPAKCHMUS !

LX)=L1(X)+L2(X)




KaHOHUYECKUM ITYTh — KpaTYanlllii, HO
KaK CBET 00 3TOM y3HAeT?

LO=L1(X)~L2(X)

S e

—~

-

TE=T1{X)-T3(K)




KaK npoucxoauT oTpaXeHne OT pas3HbIX
yacTteun 3epkana?

LX)=L1(X)+L2(X)




Pa3o0beM poH HA IIVUKU

NeCTPYKTUBHAS

% HHTEphEepeHITUS

KOHCTPYKTHBHAS
HHTephEPSHITH




MOXXHO H10OUTHCS OTPAXKCHUS OT PA3HBIX YacTe
3epKajia, mpolapanas ero

MOBPeRIAEHHBIC VIACTRI 3€PRAJIA

VAN

P A B Rtiha S S

00JIbIIAS Pe3YIbLTHPYIOIIASE
CTpeJIKA




MOHOXPOMATHYECKUN CBET

* MOXXHO HE BpalllaTh CTPEJIKY, a yCTaHABIIMBATh €€
(PMKCUPOBAHHOE MOJIOKEHHUE B 3aBUCUMOCTH OT
BPEMEHHM BblIETa (DOTOHA U3 MCTOYHMKA: PAHbIIIC
BBUIET — OOJIBIIEE BPpEMs OHA ITIOKA3HIBACT.

* BzaumopeicTBue (D)OTOHA C ICKTPOHAMM CTEKJIA —
ITOBOPOT CcTpenku Ha 90 rpaaycos.

* D(PdexT OyaeT TakuM Ke, KaK U IPU CTapoM
METOE, HO Mbl N30aBJISIEMCSI OT MCKYCCTBEHHOI'O
[IprueMa: IoBopora crpenku Ha 180 rpaaycoB npu
OTPAXKEHUHU TOJIBKO OT MEPEAHEN ITOBEPXHOCTH
CTEKJIA.



YHET B3aUMOJICHCTBUS ()OTOHOB C
9JEKTPOHAMU B CTCKIIC

cTapad BepcHA

[

HOBadA BepcHA

e Q0E



A 1109eMYy (DOTOH JIETUT IO IPSIMO?

* OTO0 — TOXE CJIEACTBUE HHTEP(DEPEHIIMM CTPEIIOK!

éﬁ pe3VIbTHPYIOIIASI CTPeK.IA

AJIA TIPAMOTO IIYTH

pPe3VIALTHPYIOMAA CTPEJIKA
JJIsl HeMPSAMOT O MYTH




MoxxHo 11 "oOMaHyTh"' POTOH?




HIPOXOXKICHUE YaCTUIIbI Yepe3 2 1ICIn




THOU IEIN

)




VX IIETAX




SaBUCHUMOCTH OT IIMPHUHBI LICIICH
* [lenp mmpokas — uHTEpPepeHIU Maia

,Z[I/I(l)E_;’:lKHPIF[




3aBUCHUMOCTD OT IINPHUHKI IICIIN

ICJIb MIMPOKad -
HCOIIPCICIICHHOCTD
Majia

ICJIb Y3Kasi -
HCOIIPCACIICHHOCTD
BCJIMKaA




I I prHIAIT HEOIIPEACICHHOCTH — CJICICTBUE
"CBOOOHOM BOJIM'" SK3EMILISIPOB PO

* dx dp = h — yem TouHEEe M3BECTHA KOOpAMHATA, TEM
MEHBIIE MbI 3HaeM 00 nmnyJibce (bop, I'elizeHoOepr).

Imo credyem u3z 6onee 0ouje2o 3aK0HA.

e DK3EMILIAPHI PO HE MOT'YT HAXOIUTHCS B OJTHOM
KJIETKE IMPOCTPAHCTBA.

e YV KaXJI0T0 SK3EMILISIpa €CTh ''CBOOOJA BOIH': €r0
IIyTh U3BECTEH TOJILKO €My CaMOMY.



JINCKPpETHOCTH MHUpPA

* [IpoCTpaHCTBO U BpEMS HE ABJIAIOTCS
HEMPEPBIBHBIMU; OHU JTUCKPETHBI.

e 3epHO pa3pemeHuss dx uMeeT (PU3NYCCKHUM CMBICIT:
OT HEro 3aBUCAT 3apsijibl (1 Macchl!) dJIEMEHTapPHbBIX
YaCTHII.

* |lepeHOPMHUPOBKU — U3MEHEHUE 3apsAga — B
3aBUCHUMOCTH OT dX MOT'YT OBITh CJICJIaHbI
KOPPEKTHO: Ha SKCIEPUMEHTaX 3TO HE CKaXKETCS
(teopeMa boromo6oBa — [Tapacioka 1954 1)



Benukum 3axkoH | Ipupoiel

B Ka)X10M KJIE€TKE NPOCTpaHCTBA — HE 00JIee OJHOIO
3K3EMILIIPA PEATBHOU YaCTULIbI

Crpeiika JIs KaXI0ro 3K3eMILIsIpa peaabHOM
YaCTUIbI OIPU ABUXKEHUHU BIOJIb CBOCTO IYyTH
[IOCJICIOBATEIILHO IIOBOPAYNBACTCS U CKMMACTCS.

CTpeiKu Ui pa3HbIX dK3EMILIAPOB, OKA3aBIIUECH B
OJHOM KJIETKE IMPOCTPAHCTBA, CKJIAABIBAKOTCA.

BepoaTHOCTh 4aCTHUIIbI TTOIACTh B JIAHHYIO KIIETKY
€CTh KBaJIpaT JJIMHBI CTPEIIKMU.



BEpPOATHOCTHBIN XapaKTep KBAaHTOBOM
TEOPUH

° Y OIHOH, OTZIETBHO B3sITOM yacTuusl HET
HUKAKOHU CTPEJIKN.

* Crpeiika (BOJHOBAS (PYHKIIMS) — 3TO aTpUOyT
OTPOMHOI'0 YHCJIa OJJMHAKOBO IMPUTOTOBICHHBIX
YaCTHII

* V3HaTh CTPEIKY MOXKHO TOJILKO MMES OOJIbIIOE
KOJIMYECTBO OJMHAKOBBIX PCaIbHBIX YaCTHII,
HampuMep, aTOMOB BOJOPO/Ia.



CTpeiiKu KaK KOMIUICKCHBIC YK CIIa

CTpeJ'IKa — KOMIIJICKCHOC 9YH1CJIO

[ToBOPOT CTpeaKHU Ha YIoJl (¢ ¥ CKaTHE B I pa3 = YMHOXKECHHE Ha
KOMIIJIEKCHOE YHCJIO T €'°.

CraoxxeHue CTPCJIOK = CIIOKCHHUC KOMIIJICKCHBIX YHCCJI.

Bce anreOpanveckue npaBuiia CIpaBeIIMBEI U 711 KOMIUIEKCHBIX YHCEI
(TaM HET TOJILKO OTHOIICHUS MTOPSIAKA).




1 3aK0H lIpuponasl

CTHIIBI = pacCHpEACICHUE aMIUTUTY/I €€
Pa3HBIX TOYKAX — 3TO HA3BIBACTCS
Kien i Y — pyHKuue.

OJIb OJIHOIO MyTH ITEPEMHOKAIOTCS
€10BaTEIbHbBIC CKATHS U IIOBOPOTHI CTPEIIKH )

* AMIUIATYAbI BJIOJIb BCEBO3MOKHBIX ITyTEH, BEAYIINUX
B OJIHY TOUYKY, CKJIQJIbIBAFOTCS

OTO Ha3bIBAKOT IIPUHIMIIOM HHTEPHEPESHIIUN WU
IIPUHIIUIIOM CYIIEPIIO3ULIAN



Benukum 3axkoH | Ipupoiel

BOOJIb ITYTH - YMHOZKAacM

ITO BCCM IIYTAM -
CRIIaJbIBAacM

NS




ne apneHunsa: Fata
organa



e aBieHnqa: Fata
organa




TUuyeckne aeneHna: Fata
Morgana



aBneHusa: Fata
rgana




CBeTOBOHN KOHVC
t

x=t "Tpaekropus"
TPACKTOpHUS ¢oToHa
YaCTUIIBI ¢

MacCcoHm \

\ X
SK3EMIUEIPBI (bOTOHa, ABITKYIIHECA HE
CO CKOPOCTBIO CBETA, NECTPYKTHUBHO

nHTEepQEepupyIoT




[lepexo (hoToOHA M3 TOYKH B TOUKY B
[IPOCTPAHCTBE-BPEMECHHU

P(A — B) = 1/1, rae

[=(x, -XB)2 +(y, -yB)2 +(z, -ZB)2 = {0 —tB)2 " KBa3H-
PACCTOSIHHE B IIPOCTPAHCTBE-BPEMEHH.
(CKOpOCTh cBeTa c=1)

1/ oOpaiaercs B 0ECKOHEYHOCTh Ha MIOBEPXHOCTH CBETOBOI'O
KoHyca!

[IprnyrHa B TOM, YTO MBI IPEANIOIAra€M IPOCTPAHCTBO
HEIIPEPHIBHBIM.

Hano BBecTH 3epHO paspernieHus d 1o OpoCTPaHCTBY, YTOObI
yCTPAaHUTh OCOOCHHOCTH B HYJIE.



[lepexo (hoToOHA M3 TOYKH B TOUKY B
[IPOCTPAHCTBE-BPEMECHHU

P(A — B) = 1/1, rae

[=(x, -XB)2 +(y, -yB)2 +(z, -ZB)2 = {0 —tB)2 " KBa3H-
PACCTOSIHHE B IIPOCTPAHCTBE-BPEMEHH.
(CKOpOCTh cBeTa c=1)

1/ oOpaiaercs B 0ECKOHEYHOCTh Ha MIOBEPXHOCTH CBETOBOI'O
KoHyca!

[IprnyrHa B TOM, YTO MBI IPEANIOIAra€M IPOCTPAHCTBO
HEIIPEPHIBHBIM.

Hano BBecTH 3epHO paspernieHus d 1o OpoCTPaHCTBY, YTOObI
yCTPAaHUTh OCOOCHHOCTH B HYJIE.



AMIUIATY AA TIEPEX0A JICKTPOHA

« E(A—>B)=P(A—>B)+X P(A— C)v’P(C — B)+
2. P(A— CvP(C — D)v'P(D — B)+...




B3aumMoaencTBre 2JICKTPOHA ¢ POTOHOM

V — Macca “roJioro " 3JIeKTpOHa

j — 3apsa “ToJIOro‘ ANEKTPOHA

] - ammutyna
B3aMMOACHUCTBUS (DOTOHA C
3JEKTPOHOM




Jlmarpammel OeriHMaHa

* AMIUIMTY A JUarpamMMebl €CTh IIPOX3BEICHNE aMILIMTYJ BCEX €€
qJacTeu:

e P(A — B)E(1-A)E(A—1")E(2—B)E(B—2'")j;



B auarpamMmMax BpeMs MOXET T€UYb BCIATh, a
SHEPrus J0JDKHA COXPAHATHCA TOJIBKO BO BCEU
AUarpaMme, HO HE B KaXXJIOH €€ YaCTH.




PeajibHbIN 3JIEKTPOH — BCErga "OJ€T B
00J1aK0 M3 BUPTYaIbHBIX YaCTHUIL




KaXX bl mar B "IIyTH' CI0KHOKW CUCTEMBI —
(peMHMAaHOBCKasl JrarpaMma

* Paccesnue ¢porona t

aTOMOM BOJOPOa




KBaHTOBas 2JICKTPOJANMHAMHUKA CIOCOOHA J1aTh
OTBET C TOYHOCTHIO OKOJIO JIECSITH 3HAKOB IOCIIE
3aISTOU

e 3ajaeM 3HauYeHME 3epHA d MPOCTPAHCTBEHHOI'O
pa3pelICHUS.

* [logOupaem maccy u 3apsg v u j "'ronoro”
9JEKTPOHA, BEIYUCIIIEM BEPOSTHOCTH IIPOliecca U
CPaBHHBAEM C DKCIIEPUMEHTOM.

* bere, Batickond (1949): npu ymensiienuu d
apaMeTphl V U | UBMEHSATCS, HO aMILIUTY bl —
TOJILKO YTOUYHSTCS!

 Pennman, llIBuHrep, ToMoHara: BEIYMCIICHUA
(pyHIaMEHTAJIbHBIX MPOLECCOB U XapaKTECPUCTHUK
3JIEMEHTAPHBIX YaCTHUI] ¢ TOMOIIb KO /I,



COCTOsIHIE POsl KaK CTOJI0EL aMILJIUTY 1




Benukun 3aKoH 1 lpupoasl B MaTpruyHOM
dhopme

o J TIOTOKEHIE
L‘li i aMIUIMTy1a IIEPEX0aa 13 | B 1 | CTPENKH B KJIETKE l ‘

[B MOMeHTt = E

i Y= Y Y10 \Pl(t)

Y Yo=Yy V20 [y,

Yin Y V., ®




Benukuu 3akoH | Ipupoiel B MAaTpUYHOU
dhopme




KOH DBOJIIOINN

prun). H=E _+V

, p=-1h grad



Yto Oyaer, eciy 4yacThll MHOTO?

* PasMepHOCTH IMPOCTPAHCTBA COCTOSIHUM OYJIET PACTH KaK SKCIIOHEHTA

OT 4HucCJjia 4aCTHUILl

1000 xyObukos

IJIA OJHOTO
3JCKTPOHA

1000 xyOukoB

JUISL IPYTOTO
3JICKTPOHA

scero 1000 000
COCTOAHNHU IJIA
Mapsbl IJICKTPOHOB




A MOXKET OBITh, 000iiIEMCH
OTACIbHBIMHA YacTUIIaMU !

* Torma sKCIIOHEHTHI HE OY/IET.

* Ho He OyAeT ¥ r1aBHOIO KBAaHTOBOI'O SIBJICHUS: 3aITy TAHHBIX
COCTOSHU!

* 3amyTaHHOCTh cOoCTOsHUS Y IBYX "yacTull o3HavdaeT, 4yTo V¥ Henb3s
IIPEJACTABUTH KAaK IIPOU3BEIACHUE COCTOAHUYN MTEPBOX U BTOPOX YACTHIL;
Y=Y Y . Hanpumep, mycTs kak1as 9aCTHIa MOXKET HAXOAUTHCS

TOJBKO B JBYX Toukax: 0 (cocrositaue (0> ) u 1 (coctosinue |1> ),
Torna cocrosinust Buaa (00> wim Buaa |1 1> nim Buaa

(|00>+|01>+|10>+|11>)/2 OyayT He 3anyTaHHBIMA, IOTOMY YTO OHM
PaCKJIaAbIBAIOTCS B IPOM3BEACHUE OJHO-YaCTUUHBIX (HaIIpUMeD,

nociennee ectb (|0>+1>)/4/2 (|0>+1>)/4/2 ).

A cocrosuue (|00>+11>)/4/2 - 6yaeT 3amyTaHHbIM!



KBaHTOBasI 3aIyTAaHHOCTH — OCOOBIU
(pu3nYecKuii (PCHOMEH

Ero peructpupyror B 3KCIEpUMEHTAX

3aIlyTaHHOCTh 03HAYAET KOPPEJISAIMIO B IOBEACHUN HECKOJIBKHUX YACTHII,
3aBUCAIIYIO OT UX OKPYKECHUSI.

YacTuipl, HaXOIAIIMECS 3a COTHH KHJIIOMETPOB APYT OT IPYTra, MOTYT OBITh B
3aIlyTAaHHOM COCTOSIHUH.

3amyTaHHOCTh HEBO3MOKHO BOCIIPOM3BECTH, CHA0Kasi YACTUIbI BHYTPEHHEH
aMSATHIO.

3amyTaHHOCTh O3HAYAET HAJIMYNE BHYTPEHHEU CBSI3U MEXY YIAJICHHBIMHU
00BbEKTaMH, KOTOpas 00J1a1aeT MPaKTUUYECKM MTHOBEHHBIM JieiicTBUEM. Ee
HEBO3MO>KHO BOCIIPOM3BECTH B paMKaX KJIaCCUYECKOMN (PU3UKHU.

3amyTaHHOCTh O3HAYaeT HEJIOKAIbHOCTh MHUPA.

MBI He MOKEM HCHO0JIb30BaTh 3allyTaAHHOCTh JJIs Iepeaadu 3a1yMaHHON
HaMHu MHGOPMAIIUHM CO CBEPXCBETOBOM CKOPOCTHIO. [Ipupoaa yAuBUTEIbHBIM
o0pa3oM corjacoBaHa!



KBaHTOBasI 3aIyTAaHHOCTH — OCOOBIU
(pu3nYecKuii (PCHOMEH

Ero peructpupyror B 3KCIEpUMEHTAX

3aIlyTaHHOCTh 03HAYAET KOPPEJISAIMIO B IOBEACHUN HECKOJIBKHUX YACTHII,
3aBUCAIIYIO OT UX OKPYKECHUSI.

YacTuipl, HaXOIAIIMECS 3a COTHH KHJIIOMETPOB APYT OT IPYTra, MOTYT OBITh B
3aIlyTAaHHOM COCTOSIHUH.

3amyTaHHOCTh HEBO3MOKHO BOCIIPOM3BECTH, CHA0Kasi YACTUIbI BHYTPEHHEH
aMSATHIO.

3amyTaHHOCTh O3HAYAET HAJIMYNE BHYTPEHHEU CBSI3U MEXY YIAJICHHBIMHU
00BbEKTaMH, KOTOpas 00J1a1aeT MPaKTUUYECKM MTHOBEHHBIM JieiicTBUEM. Ee
HEBO3MO>KHO BOCIIPOM3BECTH B paMKaX KJIaCCUYECKOMN (PU3UKHU.

3amyTaHHOCTh O3HAYaeT HEJIOKAIbHOCTh MHUPA.

MBI He MOKEM HCHO0JIb30BaTh 3allyTaAHHOCTh JJIs Iepeaadu 3a1yMaHHON
HaMHu MHGOPMAIIUHM CO CBEPXCBETOBOM CKOPOCTHIO. [Ipupoaa yAuBUTEIbHBIM
o0pa3oM corjacoBaHa!



- HapagoKc

A. Einstein B. Podolsky

* B cocrosaum (|00> + |1 1>)/\/5_

YaCTHUIIbI HE 00JIaJal0T OTACABHBIMU JAPYT OT APYyTra COCTOSHUSIMU: Y
HUX €CTh TOJILKO OJTHO — OOIIIEE.
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KBaHTOBasg HEJIIOKAJIILHOCTD

OIIP- mapa IIBE€ BO3MOKHBIX
00>+ |11>  opmenTaumm aetektopa B

TIBE BO3MOJKHBIX
OpHCHTALMHA ACTEKTOpa A

a,b X.,Y

- =
100 kM

PE3YIBTATHI H3MEPEHHUS
noysipu3anuu (POTOHA
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* Bbibop Boba




MUA HCIIOKAJIBHOCTH

YU HbI

OXKET OBITH OoJbIle 2 (HepaBeHCTBO bena),
a eCTh

ck000K =0

* Ee nsMepenue naet 2y/2 B TOYHOM COOTBETCTBUU C KBAHTOBBIM
pacyeTom!

e BrIBOJ: BeIMunHA B JEUCTBUTEILHOCTH €CTh
aX +bX+aY-byY

netekTop A (wian poToH ?) Kak-To "y3HaeT" 00 opHeHTaIUM
nerekropa B!

e 370 "y3HaBaHHE" NPOUCXOJUT MTHOBEHHO, a HE paCIPOCTPAHSIETCS CO
CKOPOCTBIO CBETA, KaK POTOH!



Recent result

* Entanglement at room temperature

Science 2 December 2011 < Prev | Table of Contents | Next »
Wol. 334 no. 6 :

'::_‘:. Read Full Text to Comment (0}
REPORT

Entangling Macroscopic Diamonds at Room Temperature

K.C. Lee, M. R. Sprague -, B. J. SussmanZ, J. Nunn, N. K. Langford”, X.-M. Jin"Z, T. Champion’, P. Michelberger-,
K.E. Reim™, D. England’, D. Jaksch2, I. A. Walmsley <




TPAHCTBO KBAHTOBBIX
YyecKas peaJbHOCTD!

LbIOTEP HE CMOKET OIIEPUPOBATH C

CMbIX BBIYHMCIIUTCIIbBHBIX
IIATCTBUC JIA KJIIACCHUYCCKHUX
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Benuknu 3akoH | Ipupoabl 11 Cl10KHBIX
CHCTEM: KaK €r0 IPUMECHSTH

e PeajibHag yacTulla = CUCTEMAa MHOTUX YaCTHUII

* Pou 53K3eMILIAPOB = BCEBO3MOXHbIE
IIPOCTPAHCTBEHHBIE PACIIOIOXKEHUS CUCTEMBI

() _>S KkBaHTOBbIii MUP
(basncHoe cocToAHNE)

‘peanbHan YacTiya



TepPEepeHIINN: KAK €TI0
SATh IIPAKTUYCCKHU

O U30JINPOBATH CUCTCMY OT

OHTAaKT C OKPYKCHHEM HE JOJKCH IMPHUBOIUTH K
BKJIFOUCHUIO OKPYKEHHUS B PACCMAaTPUBAEMYIO
CUCTEMY !



M€ HHTEp(DEPECHINS
>BEPOSATHA



OCTh CUCTEMBI BEJIET K
EPOATHOCTU BCTPEUH






Hano co31artk KBAHTOBBINM KOMITLIOTED!

* 3alyTaHHBIE COCTOSIHUS PEaJIbHBI, UX HEIb35
UTHOPUPOBATS.

* Hago moaenupoBath noianyoo ¥ — yHkiuo Becen
CHCTEMBbI N YACTHII,

e J[1st 3TOTO HE XBAaTUT MaMSATH HUKAKOI'O
CYIIEPKOMIIBIOTEPA.

e 3acTaBuM pabOTAaTh CaMy KBAHTOBYIO MEXaHHUKY !

e Co31aaM KBAaHTOBBIM KOMIIBIOTED: KBAHTOBOE
YCTPOUCTBO IO/ KIIACCUYECKUM YITPABICHUEM

(P.derinMan)



CXeMa KBaHTOBOI'O KOMIIbIOTEpA

VIIPABILIIOIINC KIACCUYCCKHAE PETUCTPhI | KIaccHdeckas
4acTh (3a0a€T

MaTPHULLY
3BOJIFOLIMA BO

BPCMCHU uij )

(o —

KBanTOBas 4acTh - padoUuce COCTOSTHUC \l/




BAHTOBOI'O KOMIIBIOTCPA

ayis
JPKO3E(PCOHOBCKHUE TIEPEXObI
TBEPAOM TeEJIIC

e DJICKTPOHHBIC CIIMHBI IPUMECHBIX aTOMOB B
OJIYITPOBOJHUKAX

e CoCTOSIHMS OTAECABHBIX (P)OTOHOB (PMKCHPOBAHHOM
MO/IbI



KBaHTOBBIN KOMIIBIOTEP HA MOHAX B JIOBYILKE [lays

Knaccudyeckoe
aneKkTpudecKoe none

nasepa \
® O

BpeEMA Nepexoia Mexdy OCHOBHEIM W EDSG}’}I{,E,EHHEIM
COCTOAHWMAMK 3aBUCHUT OT ﬁ. E - nonyyvaeTcA

3anyTaHHOE COCTOAHKNE EDEﬁy}I{ﬂ,EHHDFD COCTOAHWA K
kKonebaTtentHon Mo4bl: COCTOAHWE B NPOCTPaHCTEE

H_{osc} &) H {exc}

Beiuncnexune nponcxogut 8 H_{exc}
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Henmuuennbii (ha3oBbli CABUT (POTOHHBIX COCTOSIHUM B ONTUYECKOM MOJIOCTH:
0> — 0>, [1> — |1>, 2> — 2>

@

\_entangled

walls
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Hjc =weaata+weo./2+~(c"a+oat)




C-Si1gn reut Ha POTOHHBIX COCTOSHUSX
|X9y> i (_1)XY}X’y>

(af = af)" |0, 0).,




A MOJKET, BCe ke 000oMIeMcs
OTACIbHBIMHA YacTUIIaMU !

[Touemy Henb3s IIPOCTO XPAHUTh B IaMATH KOMIILIOTEpA
COCTOSIHHE BCEX aTOMOB >KHBOT'0O CYILIECTBA, BEOb
CYIIEPKOMIIBIOTEPhI CKOPO MO3BOJIST ATO CACIaTh, TEM
0oJiee, YTO XpaHUTh B HaMSATH HAJIO JAJICKO HE BCE.
Escherechia Coli coctont n3 He 00s1ee YeM HECKOJIBLKUX
Tprimonos (10'°) a yenosek u3 10* atomoB?

A 3amyTaHHBIE COCTOSTHUS — TOXKE XPaHUTh OT/ACIBHO, KaK
peakue (eHOMEHBI?

M Torma — Mbel 0OpETEM IOJHYIO BJIACTh HAJl )KUBBIM !
BwmecTe co Bcel ero ¢cBo00101 BOJIN!

CIMIIIKOM IIPOCTO, YTOOBI OBITH MPABOM. ..



CucréMa n 9aCTHIl — 9TO HE KOP3UHA C
ppykTamu!

CoCTOsiHME KOJUIEKTHBA HE €CTh IPOCTO HA0OP COCTOSTHUU €0
YJICHOB, IOTOMY YTO €CTh KBAHTOBBIC 3allyTaHHBIC COCTOSIHUSI.

100> + [11> umm; [001> + (010> + |100> mim gpyrue, 6oiee
CJIOKHBIC.

Ecan y4uTeIBaTh BCE KBAHTOBBIE COCTOAHUS, HE XBATUT
HAKAKOTO CYNEPKOMIBIOTEPA: OOJBIIMHCTBO COCTOSIHUM -
3aIyTaHHBIE.

MBI TTpeTEHyEM HA ONIMCAHUE KUBOTO?
MokeT i OHO HAXOJAUTHCS B CYNEPIO3UIINN?

HaOaromaTens He MOKET HAXOAUTHCS B CYIIEPIO3UIAN !



KBaHTOBOE COCTOSIHUE YIUBUTEIHLHO
HAIIOMHUHAET KMUBOE CYIIECCTBO

* He cymiecTByeT crioco0a KIOHUPOBAHUS
IIPOU3BOJILHOTO KBAHTOBOI'O COCTOSIHUS V¥

* ECTh cxeMa, MO3BOJIAIOIIAA IIEpEeaaBaTh Ha
paccrosinue cocrosHue WV, He y3HaBas €ro. 1o —
TEJECTOpPTALUS.

e YUtoOBI y AIHCHI BO3HUKIO cocTosiHUE W, OHO
HOJ’)KHO OBITh YHHYTOKEHO bOOOM B pe3yibrare
U3MEPECHUS.



Y - 20> + bj1>

_ - OIIP- >+|11>
3TO - He IIpoBoX  3T0 - DIIP-mmapa |00 11 AHca

COCTOJAHHC, KOTOPOC
MBI ITE HeHOPTpreM TAUHCTBCHHBIHA /

KBAaHTOBEBIM KaHal

3TO - OOLIYHAaA
ImouTta

COCTOAHHUC MOZKCT CYIICCTBOBATH TOJILKO B OJJTHOM Mecte!




€K1y OCTPOBAMU B




CJI0KHBIE CUCTEMBI TPEOYIOT NHOU
MaTE€MaTHUKH

* MEbI HE CMOXKEM HAOpaTh CTATUCTHUKH IS
KBAHTOBBIX COCTOSSHMI MHOTHX TEJI B 00IIEM
ciay4dae. Kak cTaBUTh 3KCIICPUMEHTHI?

* 13 TOr0, YTO CEMYacC U3BECTHO, JIYYIIIE BCErO
OJXOAAT aJITOPUTMBI, HO HE (POPMYJIbI

* AJITOPUTMU3M IIPEATIONATACT UHIUBUIYAIBHOE
HaIlKMCAaHUE KOJA IIPOrpaMMBbI; MOT'Y JIM SI CUMTATh
Yy>KOH KOJ CBOUM, TaK €, KAK MATEMATHYECKY IO

popmyiry?



MOJICJIMPOBATH


file:///C:/Users/%D0%AE%D1%80%D0%B8%D0%B9/Desktop/Documents/Desktop/Documents/%D0%BC%D0%B5%D0%B6%D0%B4%D0%B8%D1%81%D1%86%D0%B8%D0%BF%D0%BB%D0%B8%D0%BD%D0%B0%D1%80%D0%BD%D1%8B%D0%B9%20%D0%BA%D1%83%D1%80%D1%81/%D0%BC%D0%B5%D0%B6%D0%B4%D0%B8%D1%81%D1%86%D0%B8%D0%BF%D0%BB%D0%B8%D0%BD%D0%B0%D1%80%D0%BD%D1%8B%D0%B9%20%D0%BA%D1%83%D1%80%D1%81_/gst4h2w_popov.mp4
file:///C:/Users/%D0%AE%D1%80%D0%B8%D0%B9/Desktop/Documents/Desktop/Documents/%D0%BC%D0%B5%D0%B6%D0%B4%D0%B8%D1%81%D1%86%D0%B8%D0%BF%D0%BB%D0%B8%D0%BD%D0%B0%D1%80%D0%BD%D1%8B%D0%B9%20%D0%BA%D1%83%D1%80%D1%81/%D0%BC%D0%B5%D0%B6%D0%B4%D0%B8%D1%81%D1%86%D0%B8%D0%BF%D0%BB%D0%B8%D0%BD%D0%B0%D1%80%D0%BD%D1%8B%D0%B9%20%D0%BA%D1%83%D1%80%D1%81_/Methoxyl_radical_pl_H_eq_Methanol__QW__S-2__EXP-9.mp4

KBaHTOBBIM KOMITBIOTED KAK peaIbHOE
YCTPOUCTBO

* Ham HE yaacTcs moay4yuTh BiacTh Hax lIpuponon,
CTPOS KJIACCHUYECKUE AITOPUTMHUYECKUE MOJIEIIH,
IIOTOMY YTO BO3MOXHBI IIPOLIECCHI, HE
YKJIQJIBIBAIOIIINECS B HUX.

* OTH HPOLECChI — OBICTPhIC KBAHTOBBIC AJITOPUTMBL.

* /IX YHUKAJIBHOCTh JOKAa3aHa TOJBKO JIJId MOJEIIEH C
"YepHBIM SAIAKOM''; B a0COJFOTHOU MOJECIIH
BBIUMCIIEHUN BCE CBOJIMUTCA K HEPEIIIEHHBIM
npooaemam, tTumna P = NP (?).



IBIOTEP PA0OTAET B I'OJIOBE
HaJ0 TOJIBKO NOHATH, KAK!

A.Banues)




Y10 TaKkoe ObICTphIN KBAHTOBBIU
AT OPUTM

BCPOATHOCTH IIOJIYHHUTE HYKHOC OazucHOe
COCTOAHHMC ITOCJIC USMCPCHHA HCI«I-(I)YHI{HHH

\|/ (t) - COCTOAHHE KBAHTOBOU

HqaCcTH KOMIILEOTCPaA

t

quant < tclass

KBAHTOBOEC YCKOPCHUE
KJIACCHYCCKOTO
aIropuTMa







AnroputM I poBepa

GSA (Grover search algorithm) npeanazHadeH JJis IOMCKa
KopHeW ypaBHeHuUs f(x)=1 OyneBckou pyHkuu f oT n
nepeMeHHbIX . OH UMEET CII0KHOCTD

n/2
jr 2 - KOPCHb N3 KJIIACCUYICCKOI'O BPCMCHH

4

OyHk1us f MOXKET OBITh 3aJjaHA B BUJIE CXEMBI KJIACCHYECKUX
BEHTHJICH.




GSA (cxema)

*id - cocrosmue, y KOTOPOro amMILIMTY/1a pacrpe/ieieHa
PaBHOMEPHO IO BCEM 0a3MCHBIM COCTOSIHUSIM




POCT aMIIIUTY A6l 1IEJIEBOIO COCTOSHMUS
3a CUET BCEX JIPYIUX

aMILIUTyIa
1

HCJICBOC
COCTOAHHC




a IIPOU3BOAUTECILHOCTH KBAHTOBOT'O
KOMIIbIOTEpa

Us: €ro HanOoJIbIIAask HEPa3JI0KUMasl
K — pasmepHoOCTS sAapa.

asi aMILUIUTYJa UMEET BUJ S, TIEC S —

OIIIEHUE HEOIPEICTICHHOCTEM:
<< CJIO’KHOCTB COCTOSHHUA — TOYHOCTH €0 KBAHTOBOI'O OIITUCAHUSA>>
[ ) K/ q — Q’

e rae Q — Heu3BeCcTHAs KOHCTAHTAa, Pa3MEPHOCTH, OOpaTHOM
pPa3MEPHOCTH BOJHOBOI'O BEKTOPA.

e ODKCIEPUMEHTHI 110 KBAHTOBOMY KOMIBIOTEPY (DAKTUUECKU
OIpEACIISAIOT 3HaYeHueE Q.



AHTOBBIC AJITOPUTMBI

Ha ITPOCThIC MHOKUTCJIN

I poBep, 1996)

IOIIMU COCTOSHUSA KBAHTOBOU
ka, C.Buzuep, 1999)



KBaHTOBOEe npeobpa3oBaHme Oypbe

2w _ab 27i ab

N-1
QFT': |a) — \/Lﬁz_:e N |b)

QFT - kybuToBoe npnbamxxeHmne HenpepbIBHOIo
npeobpasoBaHua Pypsbe.

QFT: |a)

12 3 45 6 7 8 9 10
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Kparkasa cxema ainropurma lllopa

Kak pas3iioxuTh 4ncio  Ha IMPOCTHIE.

1. BeIOpath MpU3BOJIBHO Y, U PACCMOTPETh ypaBHEHHE y/'r = 1 (mod q) — 310
IIOMCK MYJIbTUIUIMKAIMOHHOTO neprojia y. C Hencue3arle BEpOsITHOCThIO
OH OKa)KeTcs YeTHBIM 1=2K, u Toraa MoxHo pa3noxuth y™{2k}-1={y"k-1)
(y"k+1), Tak 4TO OJINH U3 COMHOXKHUTEJIEH OyAET AeIUTh . TemM cambIM
3a7a4a CBEJIACh K MOUCKY T.

2. BbIOpaTh 4Kciio KyOUTOB n:

I[OHOHHCHHBIﬁ TOXICCTBCHHBIM Ha 4YUCJIaX, OONBIINX g.

Ero coOCTBEHHBIE YMCIIa UMEIOT BU/ (e CAEXIkS

€CJIM UX HAWUTH, HAWJEM U T. 3a/1a4a CBEJIACH K TOUCKY

COOCTBEHHBIX YHCEJ 3aJJaHHOT0 OIlepaTopa



Haxoxmenne coOCTBEHHEBIX YHCE

* [locTpouMm peaim3anuio orneparopa

Useq’qja O5> — Ua’lp>’a>

Oneparop QFT; Uy, QFT;, npuvenennsiii k coctogumo |V, 0), zact cymepro-
SUILIO COCTOSHUI Bia |0, w;), T w;- OuHapHoe pasnokenue wncita A, /N, re ),

- cobetBenHOE uncso U,



KBaHTOBBIN aJITOPUTM — IIPOU3BEICHUE
MCKYyCCTBA!

* BOJBIIMHCTBO KJIACCUYECKUX AJITOPHUTMOB HE
JOIYCKAET KBAHTOBOI'O YCKOPEHMSI, OOJIBIIIETO YEM
I'POBEPOBCKOE.

* BONBIIMHCTBO KOPOTKUX KIACCHUYCCKHUX aJTOPUTMOB
BOOOIIE HE AOMYCKACT KBAHTOBOI'O YCKOPEHMS!

e AnroputM I'poBepa HENB3A YIYUILINTh HU IS
KaKOr'0, XOTb CKOJILKO-HMOY b "B€COMOro" Kjacca
"gyepHBIX SMKUKOB" . KOHCTaHTY HEJNb3s YIYyUIIUTh
oostee yeM Ha 3%.



ctuka GSA

A B OTCYTCTBHH YEPHOTO AIIMKA
CBOJUTCS K HEPEIICHHOU

TCA B 00J1acTh '"yucromn"
MAaTEMATUKU?

e KBaHTOBBIM KOMIBIOTEP CIOCOOEH MOJECIUPOBATH
PEAILHOCTh — HA KBAHTOBOM YPOBHE.



JIEKOT€pEHTHOCTH

CIIOHTaHHOE Pa3pYyIICHHUE CIOKHBIX KBAHTOBBIX
COCTOSIHUU JIJII MHOTHUX YaCTHUII — IJIAaBHOE
IIPENATCTBUE HA IyTU co3aanus KK, He 3aBucumo
OT T€XHOJIOTHH.

KBaHTOBEIE KOJIbl KOPPEKIIMH HAUYMHAIOT padOTaTh
T0JIbKO ¢ 1000 KyOMTOB MK OOJIBIIIE.

JIEKOTEPEHTHOCTh CBA3aHA C KOJJIAIICOM BOJHOBOU
(G yHKLIUH

A Bpar Ju JI€KOr€PEHTHOCTD



Example of quantum effect: conductivity of
excitations by a chain of bacteriochlorophyll
molecules




Fenna-Matthews-Olson complex in bacterial cell (from
S.F.Huelga, M.B.Plenio, arXiv1307.3530

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




Conductivity in FMO complex
(bacteriochlorophyll molecules)

1 2 3
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




Computer classical models of Life do
not work as its prototype
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derstand the Life?

f living matter:

uter model of living cell (GEM), by [1]
| in computer modelling of living;
still very far from predictive power

[1] J.Forster et al, Genome-Scale Reconstruction of the Saccharomyces cerevisiae Metabolic

Network, Genome Res. Feb 1, 2003; 13(2): 244-253.


http://www.ncbi.nlm.nih.gov/pubmed/?term=F%26%23x000f6%3Brster%20J%5Bauth%5D
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tand the quantum
puter?

What | cannot create, | do not understand.

(Richard Feynman)



How this superposition can survive?
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41. Central Dogma implies physical irreversibility

Vasily Ogryzko, Quantum information processing at the cellular
level. Euclidean approach arXiv:0906.4279
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Quantum worlds can meet in living
because the Life can be realized by
huge number of ways
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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

cage where we
sum up 1s HUGE
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S are machines serving for
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tum selfish gene

€ genome fvarying must be the

s1 function lIf(fvarymg) = |¥| exp (1 ¢)
mber of creatures with v.p. of the

genome fvarymg, V¢ 1s the intention of the genome to

change 1tself

arXiv: 1402.4713 Y.1.Ozhigov, Quantum selfish gene

(biological evolution in terms of quantum mechanics)



TOBAA MUCTHUKA

POB IIPEBPAIIACTCS B OJIHY
Ky? (KOJIAIIC BOJTHOBOM

. KOJUJIAIIC BOJIHOBOM (DYHKIIMHU = aKT
CaMOCO3HaHUSA

* C.Xamepo(®: KoJIaIIC BOJTHOBOM (DYHKIINHU
IPOUCXOJIUT B MUKPOTYOy1aX HEPBHBIX KJICTOK!



JIEKOTEPEHTHOCTh KaK OIrPAaHUYCHHOCTD
[IaMSITH KJIACCUYECKOI0 KOMITbIOTEPA

* MbI MOXEM IIPEACTABIATH JIEKOTEPEHTHOCTDb KaK
OrPAaHUYECHHOCTh MaMATH KIACCHUYECKOTO
KOMIIBIOTEPA, MOJAECIUPYIOIIETO KBAHTOBY IO
ITUHAMUKY.

* Takas TpaKTOBKa JEKOIr€PEHTHOCTH OTKPHIBAET
COBEPIIEHHO HOBBIE BO3MOKXHOCTH JIs1 TOHUMAHUSA
KUBOT'O

* Hy>xHO nmporpaMMupoOBaHHUE HOBOI'O THUIIA



KoneunomMmepnrie moneau KO/

Finite dimensional models of QED

b

Edwin Thompson Jaynes Frederick W. Cummings Michael Tavis




Du3uyecKas peaim3anus: ONTHICCKUE PE30HATOPHI,
COCJIMHECHHBIC ONTOBOJIOKHOM

Jaynes-Tavis-Cummings-Hubbard-Dick model

E(x)




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+1n+1), aln) =+/n|n—1)
otlm)y=(m®d1)me1l), olm)=mmd1):
0710) = [1), 07[1) =0, 0[0) =0, o[1) = [0)

Basic atomic states representation:




One cavity with atom: Jaynes-Cummings model

Basic photonic states representation:

1 0
0 1
|O>p — 0 5 |1>p — 0 )

Representation of atomic operators:

0 0 0 1 0 0
+ _ + 4
“=( o) ( o) (oY)

Commutative relations:

+ +

ata=aat -1, 0cfo=1—-o00
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One cavity with atom: Jaynes-Cummings model

Representation of photonic operators:

0 0
1 0
2 0

s
0 0
0 1

+ .

a 9= 0 0




One cavity with atom: Jaynes-Cummings model

Hjc = hweaTa+ hw,oTo +g(a” + a)(ec™ + 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 Xfeig Xatomic excitation) and

2) w, & we - 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”

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

be expended to the power series, its first summand xy (dipole approximation) gives H,c.
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):

HA — hweata+ hw,oto + g(ato + ao ™).

HRWA

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:
[VEY =10)plk)as |UF) = [1)plk — 1).. The reduction of HRYA to H, will be

= guk i(\o/fﬂk—l)wc))'

Quantum evolution in H, induced by H, is the harmonic oscillations between [k} and |¢F)
with frequency Q) = /02 + 4g2k/h, § = w, — w, is detuning between frequencies of atom and
cavity.

12 / 38




Open quantum systems: quantum master equation

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

N2 —1
ih— = [H.pl +i Y i(AipAT = S(A7 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, g > 0 are their intensities.
Each A; is the factor of decoherence.
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Relaxation of one atom in cavity
~v = 4g is the border of oscillations.

Figure: Density matrix dynamics for v = 0.5, g = 1.

f(t)
10K JERp——

L l| : i
0.8 —

F / p
0.6 ‘1 .

L E T e ae Y

L) 4 c[t]
pi. § i tx

L _ :f '._ ’

LT :

L = J \ :
o2ti Y P SN

g 1 sy £ 3 i
\J‘I . /, ..i- ~.\ o o ,-|"_.."‘~,,. w IF = e L B 4 ¢
2 4 & 10 12 14

14 / 38




Transfer of atomic excitation along the chain of cavities

Hamiltonian of TCH model:

HTCH—Ztha a,—i—Zhw’-’aUJ +k2(3,+18;+8 aii1 —}—Zpﬂa,—ka )(U++O' ) (2)

i.Jj i.J
Effect of thermal phonons:
H= Hrcy + Hg + H;, Hg = Z Emk b} bk,

Z ik_}wk( ,k‘|‘brk)a U + h.c.
!kJ
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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" %UOI} — [10)) that gives zero

conductivity |(V(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> -

initial
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Dephasing-assisted transport, DAT

2 atoms

sink
1.0 i

0.8

0.6

0.4

0.2

| I 1 1 | 1 1 I | 1 1 1 | 1 I I | tlme
10

2 4 6 8

15

Figure: Evolution of states of the sink in time. Niooms =2, k=2, = 8,0out =15. No input.
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Quantum bottleneck

Dependence of conductivity on the intensity of input and output

timeReach
120 -
80

— =1 k=1
u=1k=5
————— =8 k=5
———— =5 k=8
— = =10 k=10

———— out
10 12

Figure: The time of sink filling to s = 0.995 for the chain of two atoms




Ensemble Rabi oscillations in one cavity

|L)pn|00...0)1]11...1)2 4> |L)pp[11...1)1|00...0)2 - ensemble oscillations.

Figure: Oscillation of ensemble type in one and two cavities




Ensemble Rabi oscillations in one cavity
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Ensemble Rabi oscillations in one and two cavities 3D picture

n=25
w, = 21.506 GHz
g/w,.=0.01

time, ns 150

{0, 25>

state

50 {25, 0>

Figure: 3D picture of oscillations in one cavity and in two cavities




Relaxation of ensemble oscillations
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Figure: Error rates over detuning and photon leakage for the optimal cases with desired detuning.
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Photon environment as thermal bath

TL T
HEYA = hwa™a + E hwoo; + E gi(ora+o;a")

j=1 j=1

th — [Ha P] + @L(P) L = Li-n = Louta
L, = g-irz(a+pa = %{Pw (ICL_{_})’ Lout = go*ut(apa'+ - %{ﬂ a’+a’})

Figure: Cavity in photon bath: Hamiltonian and quantum master equation
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Attractor for two atoms
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IlomydeHne TEMHBIX COCTOSTHUH

= W
N

\ optical twegzers™

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.!?




be3omnacHbIN HOCTVYII HAa TCMHBIX COCTOAHMAX

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 D2. 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.
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