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MeTpryeckoe mpeacTaBICHUE
COBPEMEHHBIX 3HAHUHU
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(u3nka anemeHTapHbIX YacTul (physics of elementary particles - "ph"): -20:-12, -25:-23, -20:3,
ApepHas duauka (nuclear physics - "nu"): 13:-12,-24:-21,-22:-21, .

~ akycTvka (acoustics - "ac") 3:4,0:-2,-2:4,

aTOMHas du3auka (atomic physics - "at") -8:-7,-24:-21,-12:-11,

MOMEKyNspHas 1 xuMudeckas duavka \& dusunyeckas xumus (molecular and chemical physics \&
physical chemistry "mo"): -7,-23:-21,-12:-7,

onTuka (optics): -4:-3,0,-8:-7,

ACTPOHOMUA U acTpoduauka (astronomy and astrophysics - "as"): 9:20,23:40,5:18,

(u3nka XupkocTy, rasa v nnaamel (physics of liquid, gas and plasma - "li"): 0:4,-3:9,-2:2,
(u3anka KoHReHcvpoBatHoro cocTosHus (physics of condensed matter - "co”): -4:2,-4:3,-7:2.
\item {\bf Xumusi}: anextpoxumus (electrochemistry- "el"): -2:0,-3:0,-1:2,

aHanuTu4eckas xumia (analytical chemistry - "an"): -3:-1,-3:0,-1:2,
kpuctannorpacus(crystallography - "cr"): -7:-1,-23:-3,-3:10,

HeopraHuyeckas xumus (non organic chemistry - 'no"): -8:-6,-24:-20,-9:-7,

oprav4eckas xamusa (organic chemistry - "org"): -7:-5,-22:-20,-8:-6,

~__| monumepsl (polymers - "pa"): -5:0,-20:-1,-6:3.
4\item {\bf Buonorus }: Mukonorus (micology - "mico"): -3:1,-4:2,2:4,

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

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

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

Buroxumusa 1 MonekynapHas Guonorua (biochemistry and moleculat biology - "bi"): -7:-6,-21:-20,-8:-7,
skonorust (ecology - "ec"): 6:9,12:16,7:10,

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

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

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

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

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

\item {\bf Pa3Has reonorus}:

okeaHorpadms (oceanography - "oc"): 7:9,13:14,13:14,
naneanTonorva (paleontology - "pa"): 0:3,0:4,13:16,

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

MeTeoponorus 1 Hayku ob atmocdepe (meteorology - "me"): 9,13,6:7,
MuHepanorus (mineralogy - "min"): -1:1,-2:3,13:16,

ucropus (history - "hi"): 6:9,10:14,7.5:11.




WHAEKC MEXIUCUMIITIMHAPHOCTH 2 U 3
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WHIEKC MEXIUCIUIITIMHAPHOCTH 4 U 5
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Ti=4 ;

Puc. 1.2: Paur MeKJIUCHTUILJINHAPHOCTH. Muxkomorus O6H8.,[I;8.€T HaHUBbBICIITHM PaHT'OM, 1 KaK
ImpeamMeT HEIIoCpeACTBEHHO CBZ3aHa C AHAJIUTHYCCKON XHMHEﬁ, SHBKTPOXHI\’IHEﬁ, KOH/I€H-
CHPOBaHHBIMH COCTOAHUAMM, IIOJIUMEDAMH, U OY9€Hb 0JIN3KO K KpHCT&.H.HOPp&(bHH.




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




Alan Turin 1
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A.A.MapkoB - MJ1a 1IN

HopmainbsHbin ajiroput™ MapkoBa
DKBHUBAJIEHTHOCTH BCEX MOJIEJIEHN
BeraucieHnunu

KoHCTpyKTHBHAs MareMaTuKa




KOHCTPYKTHBHAA MaTeMaTHKA

He npu3HaroTcs qoKa3aTellbCTBa YUCTOIO CYIIECTBOBAHUS — TOJIBKO
yKazaHue KOHKpeTHoro npumepa (bpayap)

He npusHaercs "akTyaabHONM 0€CKOHEYHOCTH'', TOJILKO HEOIPAHUYCHHBIE
KoHeuHbIe puonmkeHus (Kponekep).

BeniecTBEeHHOE YMCJI0 X €CTh AJITOPUTM, BBIJAOIIMN €TI0 PALIMOHAIbHbBIE
npuOmmkeHus: X 1,x 2,... — X;

(KoHcTpykTHBHAs1) GyHKIUS f €CTh aIrOPUTM, KOTOPBIM I10
NpUOIMKEHUIO apTyMEHTA

X_N — X BbIJIACT NpUOIMKEHUE PyHKIMU Yy n — f(X)
(A.A.MapKkoB — MJIaIINMN)

JIro0ast KOHCTpyKTHBHAsE PyHKLMs HenpepbiBHA (TeopeMa MapkoBa-
IleriTnHA)



BBIYHUCIICHUE KaK YIIPABIICHUE
PEATIBHOCTHIO

* Cynepkommbrorep JIomonocos — 2: 10'° equnmil.
* PeampHOCTH (umciio ABoraapo): 10% moap™.

* YpaBHeHue Hapbe-CtoKkca

L ~ . R | 2
v —(v-V)v+vAv — EVP“Ffa

E:

HE pabOTAET B CAMBIX MHTEPECHBIX CIIyYasiX — I MaJIbIX
00BEMOB U B cllydyae TYpOYyICHTHOCTHU

* Jlna MaJibIX JEMCTBUH, CPABHUMBIX C NOCTOAHHOM | limaHka

h ~ 10~ aspe cex KAaccu4ecKHe 3aKOHbI He padoTaloT.



Mukpockonmmaeckast mpupoaa
CIIYYauHOCTH

Yeenunuum B 1000 VYeennuum eme 8 1000 pa3




HacTumna ecth pou €€ YK3EMILISPOB.
COCTOSIHHE POsI - CTOIOCI AMILIUTY/I




CTanuoHapHBIE COCTOSHUS DJICKTPOHA B aTOME
Bojopoaa V(r)=1/r

LI/n -CTalloHapHoe COCTOAHNE C SHEPFMEIﬁ E N

EL|/— Aq/Jrv )L|/



HUSI DJICKTPOHA B
aTOMe€ BOI0POA



OJH (POTOH: BOJIHA MJIX YacTHUla?

* DOTOH NEPEMEIIACTCS [0 MHOTUM TPACKTOPHUAM
OJHOBPEMEHHO!

* OauH (DOTOH = PO BOOOPAKAECMBIX TOUYCUHBIX
gactull. Kaxkaas u3 HuUX UMEET CBOIO COOCTBECHHYIO
TPACKTOPUIO.




Beaukun 3axkoH 1 Ipupoml

BIOOJIb ITYTH - YMHOZKacM I10 BCEM ITYTSIM -

CRJIIaIbIBAcM

)\
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Iloguemy yroJi nmageHus paBeH yriry
OTPAKCHMUSI !

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




KaHOHWYECKUU IIYTh — KpaT4YauIlInum, HO
KaK CBET 00 3TOM y3HAET?

LO=L1(X)~L2(X)

S e

—~

-

TE=T1{X)-T3(K)




KaK nponcxognuT oTpaXkeHne oT pa3HbIX
yacTten 3epkana?

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




Pazo0beM poll HA IIVUKHU

JIeCTPYKTABHAA

/AK HHTephEPSHITH

KOHCTPYKTHBHAS
HHTEphEepeHITUS




MBI MOKEM BBEIYUCIUTH TOJHKO
BEPOSITHOCTH COOBITHI, HO HE
[IpEeJICKa3aTh KOHKPETHOE!

* IlyTam COOTBETCTBYIOT CTPEIKHU

* KBagpar JUIMHBI CTPEJIKH = BEPOSITHOCTh

BePOATHOCTE =
KBaJdpaT oT TJITHHBI
CTPeJIKH

IpUCYTCTBUS (POTOHA
* Korma u kak B TO4HOCTU MPOUCXOUT
NEePEX0] OT CTPEJIOK K BEPOSTHOCTSIM,

Mbel HE SHAEM CTpemKa

* CrpenKyd TOYHO CKJIaJbIBAIOTCS,

KOorjga Mbl BUJIUM (1)0TOH .
0.16

0.4



Yto OyaeT, eciay yacTuil MHOTO?

* Pa3sMepHOCTH IIPOCTPAHCTBA COCTOSIHUI OyJIET pacTH KaK dKCIIOHEHTAa

OT 4YHnCJia 4HaCTHUIL]

1000 xyOukoB

IUTSI OJTHOTO
3IIEKTPOHA

1000 xyOukoB

I OPYTroro
3JEKTPOHA

Bcero 1000 000
COCTOSIHHUM UII
IIapsbl 3JICKTPOHOB




KJjraccuyeckasi cxema MOJAECIUPOBAHUS PEATILHOCTH

Modenupyrowas npozpaMmma
Ha cynepKoMblomepe

PeasibHasi cucmema




KBaHTOBOE YIIPaBICHUE PEATTbHOCTHIO

KeaHmosas onepayuoHHas cucmema
Ha cynepkoMrbomepe

dusuYeckas Yacmb KBaHMOB0O20 KOMMbMepa
— Mpoobpas peasbHoU cucmemsbl

Ha KBaHMOoBbIX MOoYKax, OnmuYyeckux rno0Cmsx,

BO/THOBOOAX

PeasibHasi cucmema




Benukuu 3axkoH 1 lpupoasr B MaTpruuHOM

o J HOJIO}KGHI/IQ
lli i AMIUIUTYAa TIEPEX0aa us3 | B 1 | CTPENKH B KIIETKe l ‘

[B MOMeHTt e

U\ (VIO g0
Uyl [ Y0 [ y,0
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Benukuu 3axkoH 1 lpupoaer B MaTpuuHOM




JIMHEHBIN 3aKOH DBOJIIOIIUU

* |¥(t)>=exp (-i/h H t) |¥(0)>
» H- ramunsronnan (omeparop suepruu). H=E . +V

* Jlnsa oguoit yactuusl H=p?/2m +V, p=-ih grad

* CyMMHPOBaHHE IO BCEM N- 3B€HHBIM JIOMAHBIM OT ] JIO 1:

* DT0 — 3aKOH MaTPUYHOI0 YMHOXKEHHUs. UTO OH AACT, €CIIM YCTPEMUTh
3epHO dX K npeneny?



JIMHEENHBIN 3aKOH DBOJIIOIUU

CymMa 1o j mepemeT B

U(y,t) = [ K(y,z,t)¥(z, t)dx

R

CYMMI/IpOBaHI/Ie 10 JIOMAHBIM J14aCT

K(y,z,t) = [ exp %" [)Dy (1.30)

rae S|y| - aeficrsue BAOAL TpaekTOpHE 7y, KOTOpOE Bhiumcagercda no dopuyae S|y =

T
| L(k,x,t)dt, tne L(i,x,t) = Ep, — V - narpamkuan, paBusiii pa3snocTd KHHETHYECKOL
0

U NOTEHNHATLHON dneprum qacTunnl, Asmkymeiica u3 roukn x(0) = x 8 rouky (1) = y.
Orta pynxuug K (y,r,t) nazsisaerca aapom Qeiinvana, a narerpar (1.30) - definvanos-
CKAM HHTEPTATIOM 10 TPAEKTOPHSM.




et

IHpuHuun Moneprboun

Bapuaiys 1eMcTBUA BAOJIb KJIACCUYECKON
TPACKTOPUHU JOJKHA ObITh HYJICBOM:

6 S[’yclass] / 6yclass = 0

3TO 3KBUBAJICHTHO 2 3aKOHY

Hrrorona

S[’)/] = f (Ekin ) Epot) dt

v: Xx=X(t)
t,<t<t,




IIpu xapakTepHoMm aeucreuu DS, cpaBHUMOM ¢
nocrossHHou IliiaHka, KBAaHTOBasi MEXaHUKA
MePexXoaUT B KJIACCUYECKYIO

Ky, xt) = / l.‘:':f-'jU(%S['}"UD’}" (1.30)

o} :L'—}y
rae S[y| - meitcTue BAOAL TpaeKTOpHH 7, KOTOpOE BhiuucgeTcs no gopuyae S[y] =

T
[ L&,z t)dt, tne L(&,2,t) = Ejy, — V - narpamxnan, paBusiii pasnocTn KHHETHIECKO]]
0
H MOTEHIHATLHON IHePTHH HaCTHIE, ABIKymeiica u3 Toukn 2(0) = = B Trouky z(1') = y.

Ota pynkuua K (y,r.t) nazssaercs sapom Qeitnvana, a uarerpan (1.30) - definmanos-
CKUM HHTEPTAIOM 110 TPAEKTOPHAM.



JIMHEENHBIN 3aKOH DBOJIIOIUU

SIapo s cBOOOIHON yacTUIb:  PalPeRs ‘”[ —iqr ﬁ_{: T — I ) 2 /9ht
- b AL . . i -l o | B L _ll - H .'I

Ero BemiectBeHHas yacth (0T X-X 0, t=const):

A
IRLLRII

YTO B TOUHOCTH COOTBETCTBYET BOJIHAM Ji€ bpons

U(irt)=C &!:i:;r,,s{'irp B lEﬂ



asi MEXaHuKa — HauoOoJiee
BaHHAS YaCTh €CTECTBO3HAHUA

€EIIbI YK€ CETOHS:
XUMUsI, OTITUKA, MaTE€pHUaIOBEICHUE,
uTanus, ssjaepHas (pu3uKa.

Mo — HAYKU O HEHCUBOU NPUPOOE.

* YT0 1oKa JICKUT 3a €€ mpeacaamMu. OM0JI0rusd

* Mmeercs uHTEPECHOE
MIPUJIOKEHUE KBAHTOBBIX METOAOB B COILIUOJIOTHUU U €CTh
BBIPAKECHUE «KBAHMOBAA NOJIUMUKA Y


https://www.litres.ru/andrey-hrennikov-243/socialnyy-lazer-oruzhie-massovogo-porazheniya-21-go-v/chitat-onlayn/

UCTOPUU



IIugarop

Teopema Iludaropa fsko

b 4ABC, 2C=0900
AniEaaTy
34+ e =t

L+bh =c

A0KA3aTENLCTED
acu =|:a + b,
S, =CF + 2ab,
3¢ +2an+be=ca+2ab
= af bt

II.III|I|'I.IIIII||,II lll.'ll,lII |I |III| II||IJI| ||I||I|I||'Il | I| | ' I|I' Illll' |I |I 'II I I|II I|II I|I 'II'II III III.'I|I I.' |I | I' II||II 'I IIIII



ST Lk

TOYHOCTH (DOPMYJIHUPOBOK



du3uka — HauboJIee NPOABUHYTAS YACTh
eCTeCTBO3HAHUSA

- NS

R

., N Apxumen:

‘} _ €CKOHEUYHO MaJIbIE

- v | WY BEIIMYUHBI, CKIabIBASCH B
> 7 .\ OCCKOHEYHO OOJIBIINX

KOJIMYECTBAX, MOT'YT JaTh

JTF000€ YHCIIO.

S . =4nR*, V = 47R%/3

sphere



DOTOHBI KAK KOPIMYCKYJIbI

df/dt=1', F=am
The light consists of point wise particles
(I. Newton)




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

ATOMH3M — KBAHTOBAHWE MaTepuH. TEIIOTa €CTh
KOJIMYECTBEHHAS XapaKTEPUCTHUKA JBUKECHUN aTOMOB
BEIIECTBA.

[TonHasa sHEPrUg €CTh CyMMA JUHAMHUYECKOU
SHEPIUU LIEIBHOTO KYCKa BEIECTBA

Y TEMJIOBOU S3HEPTUU BCEX EI0 ATOMOB.
[TonHas 3HEPTrUd HE MEHAETCS BO BPEMEHHU.

(M.B.J/lomonocos)




OT1kpbiTHe Dapagesi: JJIEKTPUIECTBO, MATHETHU3M,
CBET — pa3Hble 'PAHM OJTHOI'0 H TOI'0 Ke

HERER R ot Pl

IIHJE}'HII.HHI'IHI:-Ii'_I TR
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Maremarnueckas (popma JICeKTPOMATHETU3MA —
ypaBHeHuss MakcBeJsiia

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

20e
V=0E/ox, dE/Jy, JE/Jz)
div=0E/0x+ J0E/0y+ J0E/0z



--------

DoTo3hdekT AleKcaHapa
CroaeroBa




Makc I1J1aHK: CBeT COCTOUT U3
(poToHOB

IHepeusi 001020 homona
yacmomsl @ pasHa hw

2oe h ~ 107" ape cex




DOTOH, NMOIJIOIIAEMBIM ATOMOM,
BbIOMBAET U3 aTOMA YJICKTPOH

Anp0epT DUHIITEHH:
®dotorpdekt Cronerona
EcTe ciaencrsue

KBanToBanus cBera:

[Tornomenue aromoM (hOTOHA IPUBOJMUT K MEPEXOLY
3JIEKTPOHA Ha BO30YKJICHHBIN YPOBEHb, IIPH JOCTATOUHOM
HEPIUH AJCKTPOH BBIJIETACT 3a IpeJIeiibl aTOMa



1L TAE B LA R AT LA AL A
T F oy 14 B | j

Huiabc bop: 3J1eKTPpOH B aTOMe BOAOPO/IAa UMeeT
CTAIIMOHAPHBIE COCTOAHUNA, B KOTOPHIX OH HE

NAJIAET HA SIIPO

DHEPruu dTUX COCTOSHUU

:5‘ 'K_ ,\?&‘R{_i:' ’ g1

PACIOJI0XKEHBI 110 (popMyIIe
banbemepa:

E ~1-1/n?

-3TO YCTaHOBJICHO

OKCIICPUMCHTAJIBHO




. 1lpeackazanuss KBAHTOBOM TEOPUH —

TOJIbKO BEPOATHOCTHBIE

Maxkc bopH:

KBagpar moayiis

\ — QyHKLIUH
€CTh BEPOSTHOCTD

COOTBETCTBYIOILIETO

COOBITUS

.....



Physics is much too hard for
physicists.

— Dawid Hilbert —

AZ QUOTES




Ilpoueanypa KBaHTOBaHUSA

KBantoBanue MHOXkecTBa A = {a,b,c,...} - 3TO mepexoy OT A K €BKIIMIOBY
npocTpaHCTBY L(A) IMHEHHBIX KOMOMHAIIMN €r0 2JIEMEHTOB:

P> = x|a>+ y|b> + z|c> +...

[Ipuuem |a>, |b>, c>,... - cuMTAeTCI OPTOHOPMUPOBAHHBIM 0a3zrucoM L(A)

[Ipumep: KBantoBanue outa A={0,1} Ha3pIBacTCSI KBAHTOBBIM OMTOM
(KyOHTOM):

P> = al0>+ b|1>
JIBa xyoura: 0a3ucHeie coctossHus {00, 01, 10, 11}

P> = 200> + b|01>+c|10>+d|11>



TeH3opHOE nMpousBeaAeHUE — Pe3yabTar
KBAHTOBAHHUSA J1E€KAPTOBA

L(K) L’(Kl) L(KZ)
A A A




0>=(]0> + |1>)A2

CooTtHonreHue
HEOIPe/IeICHHOCTEH
"KOOp/IMHATa-UMITYJIHC"

bopa - I 'etizenbepra:
*‘ " 2
0> KpaCHBIH 6a3HS )
KOOPIMHATHBIM, JKEIITHIH -

AMITYJIHCHBIN

[T>=(|0> - [1>)¥/2

(] | {f | |I. [ fi .'. II. / |II (| .'I II. /] |II 'I. | |I- 'I. | |II (| |II |I. ] |'- { ': | |; ] .II |II { .'l -'. f .'I | IIl | il | {Hf | f
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IlapagokcajJabHOCTh KBAHTOBOM
MEXaHUKH

KBaHTOBOE MajibHOIEUCTBUE:
CyIIeCTBYIOT COCTOSHUS JBYX YaCTHUI], IPHU KOTOPHIX
OHH pa3aelicHbl Ha 00abII0e paccTossHue (oonee 100

KM.) ¥ IpHA 3TOM OZHA U3 HUX MTHOBEHHO McHsET
CBOM CBOMCTBA IIPH BO3JICUCTBUM HA APYTYIO.



3M 3HAHUU



Up KaK OKEaH

b — 9TO HOKAXCT CI'0 I'PAHHUIIbI

Th — 3TO JIA€T
3€phl, TPAH3UCTOPHI,
OJIaCTh

MOYKHOHBIPSATE ™ 9T0 IIOMOXXET MOHSTh €ro
IIIyOUHY

* KBaHTOBas MH(POpPMATHKA — 3TO MyTh B NIYOUHY
MUKpPOMUPA



Y710 Takoe ClI0XKHBIE CUCTEMBI

* EcCiii NoBEIEeHUE CUCTEMBI N YACTUIl MOKHO TakK UJIU
MHA4Ye CBECTHU K MMOBEACHUIO OJHOU, OTACIIBHO
B3ATOM YaCTHUIIBI, 3TO — IIpocTad cucreMma. Ilpumep:
TEOPHS TBEPAOTO TEJIA, TEOPUS CIUIOIIHBIX CPEL.

* CaoxHas cucrteMa — He npocra. B onmcanumn
CJI0XKHBIX CUCTEM IJIaBHAS POJIb IIPUHAIICKUT
NOHSATHIO UH(POPMAIH, TO €CTh CBSI3U C YEIOBEKOM.

* OYHKIWUHU CII0)KHOM CUCTEMBI BCErIA CBA3AHBI CO
CJIYYalHOCTBIO.



b — KBAHTOBOC ABJICHHUC

Ka OITMCHIBAET MPOCTHIE CUCTEMBI,
pPEAEIEHUE BEPOATHOCTEN

TH HEIIPUMEHHUMO K CJIO;KHBIM
M, YTO JieJaTh C HUMU?

* Js CIOXKHBIX CHCTEM BO3MOKHBI TOUHBIC
IIPEACKA3AHMS !



Y BacC yKE€ €CThb II0OYTH KBAHTOBBLIU
KOMIIBIOTED

CoBpeMeHHAas MUKPO3JIEKTPOHMKA — OCHOBaHA HAa MPEACTABICHMSX
KBAaHTOBOM T€OPHHU O B3aMMOJICICTBUH aTOMOB C
3JIEKTPOMArHUTHBIM I10JIeM. HacThIl MHOTO, HO UX COCTOSTHUE
OY€HBb MPOCTOE.

KBaHnTOoBbIN KOMIIbIOTEPp KK — 0CHOBaH Ha KBAaHTOBOMU JIOTHKE,
B OTVIMYMHU OT CYILIECTBYIOLIUX, UCITOJIb3YOLIUX
KJIACCUYECKYIO JIOTUKY BBIUYMCIICHUM.

KK - 3kcnepruMeEHTanbHbIN MTPOEKT, 1EJIb KOTOPOTO — MO3HAHUE
CJIO)KHBIX CUCTEM.



DENHMAHOBCKHU [TPOEKT KBAHTOBOTI'O
koMItbroTepa (KK)

1. Ero mpeaHasHadeHue — IpeacKa3aTeabHOEC
MOJICJIMPOBAHMUE CIOXKHBIX IIPOLIECCOB (KM3HM), 4TO
BO3MOXHO TOJIbKO HA KBAHTOBOM YPOBHE.

2. KK Hasio cTpouts n3 KyOMTOB, U IIPOCTECUIIHNX
OIl€palMi HaJl HHUMHU — KBAHTOBBIX T'€UTOB,
AHAJIOTUYHO KJIACCHYECKHUM KOMITBIOTEPAM.

3. Tak MBI y4T€M KBAaHTOBBIHA XapAKTEP CIIOKHBIX
IIPOLIECCOB 1, BO3MOXKHO, JIYUIIIE IOMMEM, KaK
KBAHTOBAasl MEXaHUKA Pa0OTAECT B CIOKHBIX
CUCTEMAX.



— KBAHTOBBLIH OUT

KOTOPOT'0 €CTh POBHO JIBa
1>,

BbIM OMT: OWUT, KOTOPBIA MOYKET
aXOJUTHCSI B KBAHTOBOM CYIEPHO3UIIMU:

al0>+ b|1>

[Touemy 3T0 y100HO? Tak MOKHO BBIPA3UTh
IIPOMEKYTOUYHBIE COCTOSIHUS, U 1K€ TUHAMUKY
KyOuTa, €ClI1 a U b — KOMILJIEKCHBIC YMCIIA.



MHOT0 KyOUTOB

KyOuT MOXXHO TPaKTOBaTh Kak arpuOyT (PU3NYCCKON
gacTulbl. Hampumep, monokeHnue 3JIEKTPOHA B
CHCTEME JIByX HOTCHI[MAIbHBIX SIM: clicBa - |0>,
cIipaBa - |1>.

i — HaxoXACHUE JIEKTPOHA B OCHOBHOM (C
HAMMEHBIIIEW SHEPTUEN ) COCTOSIHMU B aToMe - 0>, B
BO30YKJI€HHOM - |1>.

B Takux ciiydasx MHOKECTBO KyOHUTOB OyI€T MOACIIBIO
MHO>KECTBA peaIbHbIX YaCTHII.



HOT'O KyOMTOB

UT KaK OMHapHBINM 3HAaK B OMHAPHOM
IPUMEDP, KOOPAUHATHI YaCTHUIIHI.

JNI€HUE YaCTHUIIbI B JIEBOU MOJIOBUHKE
- B IIPABOM ITOJIOBUHKE.

- Ucnonp3ys 2 KyoruTa MOXKHO JIOKAJIM30BaTh YaCTHUILY YK€ TOUHEE: B
4 TOYKax:

100>,|01>,|10>,|11> - kak pUOAMKEHUE KOOPAUHATHI C TOYHOCTBIO
0.25,

HNmes 3 kyouTa, MOKHO 100UThCS TouyHOCTH 0.125, n T. 1.

M cnonp30BaHuEe n KyOUTOB 1aCT TOYHOCTH 27 {-n}.



Yto Tam, B niiyoOuHEe?

KBaHTOBasi Kpunrorpadus — abCOIOTHO CEKPETHHIC
KOMMYHUKaIUU — HY>keH 1 kyout. CaenaHo.

KBaHTOBast HEIIOKaJILHOCTh, MTHOBEHHOE JAJIbHOJCHCTBUE,
TeJICIIOPTalisi— NPOsBIsETCS IIpH 2 KyouTax. CaennaHo.

BBICTpBIE KBAHTOBBIE AITOPUTMBI — HYKHO OK0J10 100
KyOouToB. Uepes 5 nert miaHupyeTcs 10cTudb pyoexa B 10
KyoutoB. EcTk i ipenen macmradupoBannio KK?

Peanuctryeckas MOJIEIb sKU3HU — HYKHO HECKOJIBKO
MHUJTMAPJIOB KyOUTOB, HO Mbl He 3HAEM, KaK 3TO Oy/IET
paborars! Iloka €CTh TOJBKO OTACIbHBIC, OUCHb YaCTHHIC
IIPUMEPHI KBAHMOBO20 NPEBOCXOOCMEA.



IIpoekr KBaHTOBOrO KoMIiprorepa

* CoBpeMEHHBIC 3HAHUS (PHU3UKHU O CIOKHBIX CHCTEMax
OrpaHMYKBaOTCs MpoekToM KBanToBoro Kommbrorepa —
VHUBEPCAIBHOI0 MpHOOpa, ClioCOOHOTO MOACIMPOBATh
IIOBEJICHUE PEAIbHOKW CUCTEMbI Ha MIPEACKA3ATEIbHOM -
KBAaHTOBOM YPOBHE.

* DTOT OPOEKT TPEeOyeT YTOUHEHUSI OCHOBHBIX TE€3HCOB
KBAaHTOBOM T€OPHH B TOM 00JIACTH, B KOTOPOU OHA HE MOKET
OBITh IIPOBEPEHA B AKCIIEPUMEHTE: JJISl CJIOKHBIX CUCTEM.

* YTOYHEHUE TE3UCOB HE €CTh UX MEPECMOTP: TaM, IJI€ OHU
paboTaroT, OHU MPOBEPEHBI BEIIMKOJICITHO!



3I€ CBETA U BEIIIECTBA

un cynepnosuyuu oyoem cmosmso 6 gexax!
Deunman



KBaHTOBasg MexaHuKa 11
[IEIIEXO0I0B

* Benuknuu 3akoH I Ipupomabl

Benenue. HoBbIM THIT 3HAHMS: aJITOPUTMBbI
KBaHTOBas TEOpUs KaKk COOpaHUE MPOCTHIX PELIETITOBR
Cget, poTOHBI U UHTEPPEPEHITUA

BzaumonencTBue BeniecTBa U CBETA

* Bemukun 3akoH [Ipupoas! s CIIOKHBIX CUCTEM

MarpuuHast popMyIMpOBKa KBAHTOBOW T€OpUH. UTO A€Ia0T (PU3UKH

* Yro maet Ham Benmkuit 3akoH [Ipupoasl

KBanToBBIN KOMIIBbIOTEP. KBaHTOBAS Mpupoaa OMOJIOTrUH



(AK KOPIYCKYJIbI

oint wise particles



JIO OTPAKACT 9dCThb CBCTA



HpOXO)KI[@HI/IG CBCTA UCPC3 BCIUICCTBO

.~ [Il%15 | BEposATHOCTD
OTpA/KeHIIs] CBeTA

MEHSICTCS
nep

TOJIIHHA CTERJIA



A MOXET, B CTCKJIC €CTh MAJICHbKUE
OTBEPCTUA




HYero He OObSICHSIOT!

Because I can polish the glass



OJH (POTOH: BOJIHA MJIX YacTHUla?

* DOTOH NEPEMEIIACTCS [0 MHOTUM TPACKTOPHUAM
OJHOBPEMEHHO!

* OauH (DOTOH = PO BOOOPAKAECMBIX TOUYCUHBIX
gactull. Kaxkaas u3 HuUX UMEET CBOIO COOCTBECHHYIO
TPACKTOPUIO.




CTHIIA = POU CBOUX
3EMILIAPOB

s TOJIBKO €CJIM BEJIMUMHA €€
a (Maja sHeprus Uiu KOPOTOK

1)

* JleiicTBHE JOJDKHO OBITh CPABHUMO C ITIOCTOSIHHOM
[Imanka (mpumepno 3 107 spr cek)



Y Ka)KJI0T0 dK3eMInIsIpa (OTOHA €CTh
CBOM YacCkhl CO CTPEIIKOM

* CrpeJika MOBOPAYMBAETCS HA ONPEACIICHHBIN YTIOJ
d@ mocie NpoXoXKACHUS ONIPEACICHHOrO NyTH ds




MBI MOKEM BBEIYUCIUTH TOJHKO
BEPOSITHOCTH COOBITHI, HO HE
[IpEeJICKa3aTh KOHKPETHOE!

* IlyTam COOTBETCTBYIOT CTPEIKHU

* KBagpar JUIMHBI CTPEJIKH = BEPOSITHOCTh

BePOATHOCTE =
KBaJdpaT oT TJITHHBI
CTPeJIKH

IpUCYTCTBUS (POTOHA
* Korma u kak B TO4HOCTU MPOUCXOUT
NEePEX0] OT CTPEJIOK K BEPOSTHOCTSIM,

Mbel HE SHAEM CTpemKa

* CrpenKyd TOYHO CKJIaJbIBAIOTCS,

KOorjga Mbl BUJIUM (1)0TOH .
0.16

0.4



MBI MOKEM BBEIYUCIUTH TOJHKO
BEPOSITHOCTH COOBITHI, HO HE
[IpEeJICKa3aTh KOHKPETHOE!

* IlyTam COOTBETCTBYIOT CTPEIKHU

* KBagpar JUIMHBI CTPEJIKH = BEPOSITHOCTh

BePOATHOCTE =
KBaJdpaT oT TJITHHBI
CTPeJIKH

IpUCYTCTBUS (POTOHA
* Korma u kak B TO4HOCTU MPOUCXOUT
NEePEX0] OT CTPEJIOK K BEPOSTHOCTSIM,

Mbel HE SHAEM CTpemKa

* CrpenKyd TOYHO CKJIaJbIBAIOTCS,

KOorjga Mbl BUJIUM (1)0TOH .
0.16

0.4



IHpOX0XKIEHNE CBETA YEPE3 CTEKIIO

X~

pe3syIbTHPVIOIIAS
CTpeJIKA

eCTh CYMMA CTPeJIoK IO
PAIHBIM IIYVTAM

30ech IPOUCXOONUT oTpakeHne Ha 180
rpagycoB

Vi

\El 3[0CCh CTPEJIKa
HC MCHACTCA




Hepe3 TOHKOE CTEKIIO CBET IIPOXOAUT
[IOYTH 0€3 OTPAKCHUS

I @
pe3yIbTHpPYIOIIAS

CTpeJIKA - 0YUeHb
MAJeHbKAH

TOHKO€ CTeRJI0

Hepe: TOHKOE CTERJIO CBET IMPOXOTHT
MOYUTH 0e3 OTPpAReHHA




CTEKIIO0 ITOTOJIIIE — OTPAXKECHUE PACTET!

[ 0.2
|
| 0.2
|
|
|
|
|
|
II
KBaJapar
pe3VIbTHPVIOILe i
cTpenku = (0.04+0.04=0.08

CpeldHee CTEeRJIO




Ipu TOMIIMHE = OJHA YETBEPTH AJIMHBI
BOJIHBI ()OTOHA OTPAKCHHUE

MAKCHUMAJIbHO




ABUCUMOCThb BEPOSTHOCTH
HUHBI — CJICJICTBUE BPAIIICHU
TH U CIIOXKECHUH CTPEJIOK 1A
BIX IIyTEU

JIET CHOBA MMajaarh!



SaBUCHUMOCTh BEPOSITHOCTH OTPAKCHUS
OT TOJILMHEI CTEKJIA

BEePOATHOCTD
OTpa‘keHHs CBETA

CHHHII CBeT KpACHBIII CBeT

TOJINIHA CTERJIA



MOXHO AOOUTHCS OTPAKEHMUS OT PAa3HBIX YaCTCH
3epKajia, mporaparan €ro

MMOoBPEeRKIACHHDBIE YIACTRKH 3€pRaJia

VAN

N R Sl =

00JIbIIAS Pe3VIbLTHPYIOIIAST
cTpeJIKA




MOHOXpOMaTHYECKUH CBET

* MOXXHO HE BpalllaTh CTPEJIKY, 4 YCTAHABIIMBATD €€
(PMKCHUPOBAHHOE I10JIOKEHHUE B 3aBUCUMOCTHU OT
BPEMEHHM BblIETA (POTOHA M3 NCTOYHHUKA: PAHbIIIC
BBLICT — OOJIBIIIEE BPEMS OHA IIOKA3BIBACT.

* B3anmojencTBue (DOTOHA C DJICKTPOHAMU CTEKJIA —
ITOBOPOT cTpenku Ha 90 rpamaycos.

* D¢ deKT OyeT TaKuM K€, KaK U IIpU CTapOM METOJIC,
HO MBI H30aBIIIEMCS OT HCKYCCTBEHHOTO IIPHEMA:
IIOBOpOTa CTpeaku Ha 180 rpamycoB mpu OTpaKEHUU
TOJIBKO OT II€PEIHEN TOBEPXHOCTU CTEKIIA.



YYeT B3auMOACHCTBUS (P)OTOHOB C
JEKTPOHAMU B CTCKIIC

cTapad BepcHA

[

HOBadA BepcHA

e Q0E



A 11049€MYy (DOTOH JIETUT ITI0 IIPSMOM?

* OTO — TOXKE CJIENCTBUE HHTEPDEPEHIINU CTPEIOK!

éﬁ pe3VIbTHPVIOIIAS CTPeRJIA

AJIH TIPAMOTO IIVTH

pPe3VIALTHPYIOIIAS CTPeJiKa
JJIs1 HETPSAMOT O IIYTH



MoxHO 11 "oOMaHyTh" (POTOH?




HPOXOXKICHNE YaCTULIBI Yepes 2 1ICIn




JTHOU IIEIU

)




yX MEIAX




SaBUCUMOCTDH OT IIMPHUHEI IICICH
* [Ilenp mmpokasi — uHTEepPepeHIns Maia

) ,I[H(I)E;':I.KHHH




3aBUCHUMOCTH OT IIMPHHBI IICIIN

ICJIb IITHUPOKad -
HCOIIPCACIICHHOCTD
MaJia

ICJIb Y3KaA -
HCOIIPCIACIICHHOCTD
BCJIIMKa




HNEJICHHOCTH — CJIECACTBHUE
JIA" 3K3EMILISIPOB POsI

€ M3BECTHA KOOpAUHATA, TEM
umiryiabce (bop, I'elizenoepr).



HeomnpeaeaeHHOCTh «KOOpAMHAaTa — UMIYJILC» JJISI OQHOTO KyOuTa

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

CooTHOIIICHUE
HEOIIPe/IeICHHOCTEH
"KOoOp/IMHaTa-UMITYJIbC"
bopa - ['eitzenOepra:
KpacHBIN Oa3uc -
KOOPIUHATHBIN, JKEIITHIH -
AMITY.ILCHBIN

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




JIMCKpETHOCTH MHpA

* [IpocTpaHCTBO U BpEMS HE SABJISFOTCA
HEIIPEPBHIBHBIMU; OHU JIUCKPETHHI.

* 3epHO pa3penieHus dx uMeeT PU3NUECCKUIA CMBICI:
OT HETO 3aBHUCAT 3apsijbl (M MacChl!) paeMeHTapHbBIX
YaCTHII.

* [lepeHOpMUPOBKH — UBMEHEHUE 3apsAjia — B
3aBUCUMOCTH OT dX MOT'YT OBITh CACJIaHbI
KOPPEKTHO: Ha AKCIIEPUMEHTAX 3TO HE CKaXKETCs
(Teopema boromo6oBa — I1apacroka 1954 r)



Benukun 3akoH 1 Iprupoasl

B Ka)X10M KJIETKE POCTPAaHCTBA — HE 00JIEE OJTHOIO
K3EMILIAPA PEATBHON YaCTHUIIBI

Crpelika it KaXKI0ro 9K3EMIUISPa pealibHOM
YaCTHIIBI IIPU JBUKEHUHN BIIOJIb CBOCTO MYyTH
[IOCJIEAOBATEIILHO [TOBOPAYUBAETCS U COKUMAETCS.

Crpeliku U1t pa3HbIX SK3EMILIIPOB, OKAa3aBIINECS B
OJIHOM KJIETKE IIPOCTPAHCTBA, CKJIadbIBAFOTCHI.

BepoATHOCTh YaCTULIBI MTONACTh B JIAHHYO KIIETKY
€CTh KBaJApar JUIMHBI CTPEIIKHU.



BEPOATHOCTHBIN XapakTep KBAHTOBOM
TEOPUU

°* VY onHOM, OTAEIBHO B3siTOU yactunel HET
HUKAKOHM CTPEJIKN.

* Crpenka (BOJHOBas (DYHKIYS) — 9TO aTpUOYT
OIPOMHOTO YMCJIa OAUHAKOBO MPUTOTOBICHHBIX
4aCTHI]

* Y3HaTh CTPEIKY MOKHO TOJIBKO UMEs OOJIbIIIOE
KOJIMYECTBO OJIMHAKOBLIX PEajIbHBIX YACTHII,
HarpumMmep, aTOMOB BOAOPOAA.



CTpeiIKi KaK KOMIUICKCHBIC YHCJIa

Crpenka = KOMIUIEKCHOE YHCJIO0

[ToBOpPOT CTpEIKK Ha YoM ( U CKATHE B I Pa3 = YMHOKCHUE HA KOMILIEKCHOE
YHUCIO T €.

CrnoxeHue CTPCJIOK = CJIOKCHHNC KOMIIJICKCHBIX YHUCCII.

Bce anredopanydeckue mpaBuiia CIipaBeIJIMBbI U 151 KOMITJICKCHBIX YUCEIT
(TaM HET TOJBKO OTHOIIECHUS MOPSAKA).




1 3aKOH |Ipuponsr

CTHIIBI = PACHPEACIICHUE aMILIATY]I €€
Pa3HBIX TOYKAX — 3TO HA3bIBACTCS
nuen uian Y — pyHkumei.

OJIb OJTHOTO ITyTH IIEPEMHOXKAKOTCS
CJICJIOBATEIIBHBIC CHKATUS M IIOBOPOTHI CTPEIIKH )

* AMIUIMTYABI BIOJb BCEBO3MOKHBIX IyTEH, BEAYIIHUX
B OJJHY TOYKY, CKJIQJIbIBAIOTCSI

OTO HA3bIBAIOT MPUHIIUIIOM UHTEPPEPEHIINN WU
IIPUHIIUIIOM CYIIEPIIO3UIINA



Beaukun 3axkoH 1 Ipupoml

BIOOJIb ITYTH - YMHOZKacM I10 BCEM ITYTSIM -

CRJIIaIbIBAcM

)\

@ N
p—




ne apneHuna: Fata
organa



e aBneHnda: Fata
organa




TUuyeckue aeneHunda: Fata
Morgana



apneHunsa: Fata
rgana




CBeTOBOH KOHVC
t

x=t "Tpaekropus"
TPACKTOpHUS ¢oToHa
YaCTUIIBI ¢

MacCcoHm \

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

nHTEepQEepupyIoT




[Iepexoa (hoToHA U3 TOYKH B TOUYKY B
IIPOCTPAHCTBE-BPEMECHU

* P(A— B)=1/I, roe

s [=(x, X)) + (¥, -y, t(z,-z,) - (t, -t,)° KBas3H-
pPaCcCTOSIHUE B IIPOCTPAHCTBE-BPEMECHH.
(CKOpoCTh cBeTa c=1)

* 1/I obpamaercs B 06CKOHEYHOCTh Ha IOBEPXHOCTHU CBETOBOTO
KOHyca!

* IIpuunHa B TOM, YTO MBI IIpeinoiaraeM IpoCTPaHCTBO
HEMPEPHIBHBIM: HaJI0 BBECTH 3€PHO pa3pelieHus d mo
IIPOCTPAHCTBY, YTOOBI YCTPAHUTh OCOOCHHOCTH B HYJIE.



OIIPOC

JEKTPOJIUHAMUKE
PAKECHUE NI aMILIATY/IbI

[ e p ummyabc poroHa p=hwy/c.

Het nu 31ech npotuBopeuns?



AMILIUTY/IA IIEPEXO0/Ia DIICKTPOHA

* E(A— B)=P(A— B) +X_P(A — C)v’"P(C — B)+
2.5 P(A — C)v*P(C — D)v’P(D — B)+...




B3anMoaencTBrE 3JIEKTpOHA ¢ (POTOHOM

V — Macca “‘ToJIoro " 3JIEKTpOoHa

J — 3apsaa “ToJIoro’ 3JIeKTpoHa

] - ammnTyna
B3aMMOACHUCTBHSA (DOTOHA C
3JEKTPOHOM




Jlmarpammvel deriHMaHa

* AMIUIATYJIa AuarpaMMbl €CTh IIPOU3BEICHUE AMILJIUTY]I BCEX €€
qJacTeu:

* P(A— B)E(1-A)E(A—1)E(2—B)E(B—2")j;



B Juarpammax BpeMsi MOKET T€Ub BCIIATH, A
SHEPIrus JOJDKHA COXPAHATHCA TOJIBKO BO BCEH
AUarpaMme, HO HE B KaXKJIOW €€ 4aCTH.




PeajibHbIN 3JICKTPOH — BCEraa 'ogeT’ B
00JIaKO M3 BUPTYAJIbHBIX YaCTHII




KaXXIp11 mar B "IIyTH'' CIIO)KHOM CUCTEMBI —
(peMHMaHOBCKasl Auarpamma

t

* PaccesHue ¢poTtona

aTOMOM BOAOPOAA




KBaHTOBAas 3JICKTPOAMHAMMKA CIIOCOOHA J1aTh
OTBET C TOYHOCTHIO OKOJIO JIECATU 3HAKOB MOCJIE
3aIIsITOU

* 3ajaeM 3Ha4YeHHUE 3epHa d IIPOCTPAHCTBEHHOIO
pa3pericHus.

* [logObupaem Maccy u 3apsj v U | '"ronoro"
3JICKTPOHA, BHIYUCIISIEM BEPOSTHOCTHU Mpoliecca U
CPaBHMBAEM C YKCIIEPUMEHTOM.

* bere, Balickond (1949): npu ymensiienuu d
apaMeTPhI V 1 ] U3MEHSATCS, HO aMILIUTYIbI —
TOJBKO YTOYHSTCS!

* dennman, llIBuHrep, ToMoHara: BEIYMCIICHUSA
(byHIAMEHTAIbHBIX IIPOLICCCOB U XapaAKTEPHUCTUK
3JIEMEHTAPHBIX YaCTHL] ¢ ITOMOIIbI0 KI/I.



Heo0xXoanMoCcTh IIEpEeHOPMUPOBKU
3aps 0B

charge | t

electron *

photon




COCTOsIHIE POsI KaK CTOJIOCL] aMILIUTY/I




Ilogemy 11€J10€ HE €CTh CyMMa 4YacTteu

* Eciu yauThIBaTh TOJIBKO COCTOSHUS OT/IC/IbHBIX YaCTHII, TO
SKCIIOHEHTHI HE OYJIET.

* Ho He OyzeT 1 II1aBHOTO KBAHTOBOT'O SIBIICHMS: 3aIlly TAHHBIX
COCTOSHUM!

* 3amyTaHHOCTh cocTosiHUS W IByX "acTuil o3Hadaet, uyTto V¥ Henb3s
IIPEACTABUTH KAaK IPOU3BEACHUE COCTOSIHUN TIEPBOM U BTOPOM YACTHUII;
Y=Y Y, .Hampumep, mycts kaxmas 4aCTHIIA MOKET HAXOAUTHCS

TOJBKO B ABYX Toukax: 0 (cocrosaue |0> ) u 1 (cocrosnue |1>).
Torna cocrostaust Buaa |00> unu Buga |11> win Buga

(|00>+|01>+|10>+|11>)/2 OyayT HE 3alyTaHHLIMH, IIOTOMY 4YTO OHU

PACKIIAAbIBAIOTCS B IIPOU3BEICHNAE ONHO-YACTUYHBIX (HAIIPUMED,
nocaennee ectb (|0>+1>)/4/2 (|0>+1>)/4/2 ).

* A cocrosnue (|00>+|11>)/4/2 - Gyxer 3amyTaHHBIM!



KBaHTOBasi 3aIIyTaHHOCTH — OCOOBIN
(pu3nyeckul GpeHOMEH

Ero peructpupyror B 3KCIIEPUMEHTAX

3aIyTaHHOCTh 03HAYAET KOPPEJISIIMIO B TOBEICHNH HECKOJIBKUX YaCTHII,
3aBUCSIIYIO OT UX OKPY>KCHUSI.

YacTuilel, HaxoAsuecs 32 COTHU KUJIOMETPOB APYT OT Pyra, MOTYT ObITh B
3allyTAaHHOM COCTOSTHUH.

3amyTaHHOCTh HEBO3MOXXKHO BOCIIPOU3BECTH, CHA0KAsl YACTUIIBI BHYTPEHHEN
MaMSATHIO.

3anmyTaHHOCTh O3HA4YaeT HAJIWUHUE BHYTPEHHEH CBSI3U MEXIY yAaJeHHBIMU
0o0BbEeKTaMH, KOTOpas 00afaeT IPaKTUYCCKU MTHOBEHHBIM JciicTBUEM. Ee
HEBO3MOKHO BOCIIPOM3BECTH B PaMKax KIACCHYCCKON (DU3HKH.

BaHYTaHHOCTB O3HAYaCT HCJIOKAJIbHOCTh MHPA.

MBI HE MOXKEM HCITOIb30BaTh 3allyTAHHOCTH IS IIepeaaun 3aIyMaHHOM
HaMy HH(POpPMAIIUKU CO CBEPXCBETOBOM CKOPOCThIO. [Iprpoaa yauBUTEIbHBIM
o0pa3oM coryacoBaHal!



- MapagoKC

A. Einstein B. Podolsky

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

JaCTHUIIbI HE 00J1afal0T OTASIBbHBIMHU JPYT OT Apyra COCTOSHUSIMU: Y HUX
€CTh TOJILKO OJTHO — OOIIIEE.



»e€J1J1a, JOKA3bIBAIOIINU
D HEJIOKAJIbHOCTD



nton Zeilinger




a1n Aspect



KBaHTOBAasS HEJTOKAJIHLHOCTD

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

TIBE BO3MOKHBIX
OpHCHTAMHU ACTEKTOpa A

a,b X,Y

- =
100 kM

PE3YIBTATHI N3MEPEHHUS
nosipu3anuu (POTOHA




* Buibop Anuchl

a:
(10
“Z‘( 0—1)

* Bbibop boba

oY:

(aj — 7,)/V?2



U HEJIOKAJIHLHOCTHU

YU HDbI

€T OBbITh OoJIbIIE 2 (HepaBeHCTBO bea),
a €CTh

000k =0

* Ee u3Mmepenue naet 24/2 B TOYHOM COOTBETCTBUH ¢ KBAHTOBBIM
pacueTom!

°* BrIBOJ: BeanunHa B JE€VMCTBUTEIBLHOCTU €CTh
aX +bX+aY-byY

neTekTop A (mim OoToH ?) Kak-To "y3HaeT" 00 OpUEHTAIUM JETEKTOpa
B!

* DT10 "y3HaBaHHE" MPOHUCXOJUT MTHOBEHHO, a HE PACIIPOCTPAHSIETCS CO
CKOPOCTBIO CBETA, KaK (pOTOH!



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!




Tenemnopranys




(0,0, FIL (A 0

. m cNOT
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& 1000 +/7-f//0+b/m //of-t/wo” i

— A 00(0+1)+ 217 (0 +1) + )1 10(0-1) + J"01/0~1)
= D ooo+Aooi+A110 + ) 111 +/‘4 /007«470/7‘*01@
o ,\,Oﬁ v \_/&4 011 0,0,

| 0

A{c




€)Xy OCTpOBaMHU B




Recent result

* Entanglement at room temperature
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TPAHCTBO KBAHTOBBIX
€CKasl peaJibHOCTb!

IOTEp HE CMOXKET ONEPUPOBATH C

YCMBbBIX BBIYHNCJIINTCIIbBHBIX
IIATCTBUC HJIA KJIACCHMYCCKUX
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Benuknu 3akoH 1 lpupoab! 11 ClI0KHBIX
CHCTEM: KaK €r0 IMPUMECHSITH?

* PeajibHast yacTulla = CUCTEMAa MHOTUX YaCTHUI]

* Pour 3K3EMILISIPOB = BCEBO3MOXKHBIE
IIPOCTPAHCTBEHHBIE PACIIOJIOKEHUA CUCTEMBI

() _>S KkBaHTOBbIii MUP
(basncHoe cocToAHNE)

‘peanbHan YacTiya



Tep(PEpeHIINN: KaK €ro
STh IIPAKTUYECKHU

O M30JIMPOBATh CUCTEMY OT

PABIIATH?

OHTAaKT C OKPY’KEHMEM HE JOJDKCH MPUBOJIUTD K
BKJIFOUEHMIO OKPYKECHHUS B PACCMATPUBAECMY IO
CUCTEMY !



M€ UHTEPPEpPCHIIS
>BEPOSITHA



)CTh CUCTEMBI BEJIET K
EPOSATHOCTH BCTPEUU






HaJio co3ark KBAaHTOBBIN KOMIILIOTED!

3allyTaHHBIE COCTOSHUS PEANIbHBI, UX HEJIb3S
UTHOPUPOBATh.

Hano moaemupoBarh moiHyw VY — pyHKIuo Been
CHCTEMBbI N YACTHII.

J171s1 3TOTO HE XBAaTUT NAaMATH HUKAKOTO
CYIIEPKOMIIBIOTEPA.

3acTaBUM padOTaTh caMy KBAaHTOBYIO MEXaHHUKY!

Co3gaauM KBAaHTOBBIM KOMIIBIOTEDP: KBAHTOBOE

YCTPOUCTBO 10 KJIACCUYECKHUM YIIPABICHUEM
(P.®DeitaMan)



CxemMa KBaHTOBOTO KOMITLIOTEPA

YOPABIISFOLINE KITACCUUYECKUAE PETUCTPHI

Kmaccuueckas
4acTh (3a0a€T

MaTPHULLY
3BOJIFOLIMA BO

BPCMCHU uij )

(o —

KBanTOBas 4acTh - padoUuce COCTOSTHUC \l/




KBAHTOBOI'O KOMIIBIOTCPA

[Tayns
€ JDKO3€(PCOHOBCKHUE IIEPEXObI
HUJKOCTH U TBEPIOM TeJlIe

* DJIEKTPOHHBIE CITMHBI IPUMECHBIX aTOMOB B
IIOJIYIIPOBOJHUKAX

* CoCcTOsIHHS OTACIBHBIX (POTOHOB (PMKCHPOBAHHOM
MO/IbI

* JIHK u PHK B Bogno cpeae (!!?)



IBIOTEP PA0OTACT B TOJIOBE
HaJ 0 TOJIBKO HOHAITH, Kak!

.A.Bannes)




KBaHTOBBIM KOMIILIOTEP HA MOHAX B JIOBYIIKE [layss

Knaccudeckoe
anekTpuJyeckoe none

nasepa \
® O

BEpEMA NepexXoia MeEXIY OCHOBHEIM U EDES}-"}I{JJ,EHHI::IM
COCTOAHWAMKW 3aBUCUT OT ..F'l_\. E - Iony4aeTCcA

3anyTaHHOE COCTOAHNE EDEEWEHHDI’D COCTOAHWNA K
kKonebaTtenbHon MO4bl: COCTORHWE B NPOCTPaHCTEE

H_{osc} & H_{exc}

BeiyucneHne nponcxogut B H_{exc}
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Hesmnennbii (pa3oBblii CABUT (DOTOHHBIX COCTOSIHAM B ONTHYECKOM MOJOCTH:
0> — |0>, |[1> — |1>, 2> — 2>
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C-S1gn reut Ha ()OTOHHBIX COCTOSHUSIX:
e (-1)Yixy>

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




Ilogemy 11€J10€ HE €CTh CyMMa 4YacTteu

* [louemMy HeJlb3s HPOCTO XPAHUTh B IaMsATH KOMIILIOTEPA
COCTOSIHME BCEX aTOMOB KMBOI'0 CYILIECTBA, BE/Ib
CYIIEPKOMIIBIOTEPBI CKOPO MO3BOJIAT 3TO ClI€IaTh, TeM OOJIEe,
YTO XpPaHUTh B MaMATH HaJI0 Aajieko He Bce. Escherechia
Coli cocTout u3 HE 00JI€€ YeM HECKOIBKUX TPUJIHOHOB
(10'%) a genmoBek u3 10* aromoB?

* A 3amyTaHHBIC COCTOSIHUS — TOXKE XPaHUTh OTJICIbHO, KaK
penkne PeHOMEHBI?

* U1 Torma — Mbl 0OpeTeM IIOJIHYIO BIACTh HaJl )KUBBIM!
BmecTe co Bcer ero ¢cBo0010i BOJIH!

* CHUIIIKOM OPOCTO, YTOOBI OBITH MPaBHOM. ..



0O€ HE €CTh CyMMa 4YacTeu

Ba HE €CTh MPOCTO HAOOP COCTOSHUM €ro
€CTh KBAaHTOBBIC 3aIllyTaHHBIC COCTOSHUS.

010> + |100> wnm opyrue, Ooiee

* Eciam yuuThIBaTh BCE KBAHTOBBIE COCTOSHUS, HE XBATUT HUKAKOIO
CYIIEPKOMIBIOTEPA: OOJBIIMHCTBO COCTOSIHUM - 3alTyTaHHBIE.

* Mp&I npeTeHIyeM Ha ONMMCAHUE KUBOTO?
MOKET 11 OHO HAaXOAUTHCSA B CYNEPIIO3ULINN !

* HaOnromarenb HE MOXKET HAXOAUTHCS B CYyIIEPIIO3ULINN !



KBaHTOBOE COCTOSHUE YIUBUTEIBHO
HAIIOMUHAET KHUBOE CYIIECTBO

* He cymiecTByeT cnoco0a KIOHUPOBAHMS
IIPOU3BOJIBHOIO0 KBAHTOBOI'O COCTOSHUA ‘Y

* Ecth cxema, mo3BOJIAroIIas Iepe/iaBarbk Ha
paccrosHue cocrosinue ¥, He y3HaBas €ro. 910 —
TEJECTIOPTALUA.

* Yro0BI y AHCBI BO3HUKJIO cocTosiHUAE Y, OHO
JNOJKHO OBITh YHUUYTOXXKE€HO boOOM B pe3yibrare
U3MEPECHUS.



CJI0KHBIE CHCTEMEBI TPEOYIOT HHOM
MaTeMaTHKH

* MEbI HE cMOXKeM HaOpaTh CTATUCTHUKH IS
KBaHTOBBIX COCTOSIHUM MHOTHX TEJI B OOIIEM
ciaydae. Kak cTaBuUTh 3KCIEPUMEHTHI !

* U3 Toro, 4To cenyac U3BECTHO, JIYUIIIE BCETO
MOJAXOAAT aJIrOPUTMbI, HO HE (POPMYIIbI

* AINTOPUTMHU3M IIPEANOIaracT MHANBUAYAIbHOE
HAIIMCAHUE KOJa IPOrPaMMBbI; MOTY JIA 1 CUHUTATh
YyKOU KOJ CBOMM, TaK €, KAK MAaTEMAaTHUYECKY IO

dopmyiy?



M MOJICJIMPOBATH

pPEaKINMU:
0Jla B MOJICKYITY
OHAa K MOJICKYJIE

M mogoOHbIE IPOCTEUINTNE PEAKIIUH.
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L unorernyeckny KBaHTOBBIM KOMITBIOTED:
BUJI C TOYKH 3peHUs (pu3uku 20 Beka

* Teoperndecku BO3MOXKHBI IIPOIIECCHI,
IMIPUHIAIINAIBEHO HEBOCIIPOU3BOIMMBIC HA
KJIACCUYECKUX KOMIBIOTEPAX.

* ODTH IPOLECCHl — OBICTPhIC KBAHTOBEIC AJITOPUTMBL.

* IX yHUKaNbHOCTH JIOKAa3aHA TOJBKO JIJId MOJICIIEH C
"YyepHBIM SIIUMKOM'; B a0COJIFOTHOM MOJEIHU
BBIYUCJIICHUN BCE CBOAUTCS K HEPEIICHHBIM
npobiemam, Tuna P = NP (?).



Y10 Takoe OBICTPEIM KBAHTOBEIM
aJTOPUTM

BCPOATHOCTH IIOJIYHHUTE HYKHOC OazucHOe
COCTOAHHC ITOCJIC USMCPCHHUA HCI«I-(I)YHI{HHH

\|/ (t) - COCTOAHHE KBAHTOBOU

HqaCTH KOMIILEOTCPA

t

quant < tclass

KBAHTOBOEC YCKOPCHUE
KJIACCHYCCKOTO
alIropuTMa







Anroputm I poBepa

GSA (Grover search algorithm) npeaHazHadeH s IIOMCKa
KopHeW ypaBHeHus f(x)=1 OyneBckou pyHkuu f oT n
nepeMeHHbIX . OH UMEET CII0KHOCTh

n/2
jr 2 - KOPCHb U3 KJIACCHUYCCKOI'O BPCMCHHU

4

OyHkuMsa f MOKET OBITh 3aJ]laHa B BUAEC CXEMBbI KJIIACCUYCCKUX
BEHTHUJICH.




GSA (cxema)

L SF

*IhN - COCTOsIHME, Y KOTOPOTO aMILIMTYAA pacipeaciacHa
PaBHOMEPHO I10 BCEM 0a3MCHBIM COCTOSHUSIM




POCT aMIIIUTYIbI 1IEJIEBOIO COCTOSHUSA
34 CUET BCEX JIPYTUX

aMILIUTyIa
1

HCJICBOC
COCTOAHHC




a IIPOU3BOAUTEIBHOCTH KBAHTOBOTO
KOMIIbIOTEPA

Hs: €ro HauOOoJIbIIass Hepa3aoKuMas
— Pa3MEpPHOCTH sJIpa.

g aMIUIATyda UMCCT BU (S, I'IC S —

NIEHUE HEOIIPEACTICHHOCTEM:

<< CJIOKHOCTBH COCTOSAHUA — TOYHOCTH €0 KBAHTOBOT'O OITUCAHUI~>>

AM)C(Y) = Q,

* e Q — Hen3BecTHas Oe3pa3MepHask KOHCTaHTA.

* DKCIEPUMEHTHI 110 KBAHTOBOMY KOMITBIOTEPY (PAKTUYECKH
onpeaenaroT 3HaueHue Q.



dHTOBBIC AJITOPHUTMBbI

d ITPOCTBIC MHOKHUTCJIN

I'poBep, 1996)

FOILIMU COCTOSHUS KBAHTOBOU
3anka, C.Buzuep, 1999)



KBaHTOBOEe npeobpa3oBaHmne Pypbe

2w _ab 27i ab

N-1
QFT': |a) — \/l—ﬁz_:e N |b)

QFT - kybuToBOe npubnn>xeHre HenpepbIBHOIr O
npeobpasosaHna dypobe.

QFT: |a)

12 3 45 6 7 8 9 10
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Kparkas cxema anroputMma lllopa

* Kak pas3yioxXuTh YUCJIO ( HA TPOCTHIE.

* 1. BeiOparh IpHU3BOJIBHO Y, U PACCMOTPETh ypaBHEeHUE Y'r = 1 (mod q) — 3To
MOMCK MYJBTUIUIMKAIIMOHHOTO Mepuoaa y. C Hencuesaroiiei BEpOsITHOCThIO
OH OKa)KETCs YETHBIM r=2K, 1 Torjma MoxHO pa3noxuTh y* {2k}-1={y"k-1)
(y"k+1), Tak 4TO OJMH U3 COMHOXXHUTENIEH OyaeT AeanuTh . TeM caMbIM
3a7a4a CBEJIaCh K IIOUCKY T.

2. BpiOparh 4nciao KyOUToB n:

3. Paccmotperts oneparop LARUL el EACICSED),

JOIOJIHEHHBIN TOXKIECTBEHHBIM Ha YKCIax, OOJbIIKX (.

* Ero coOCTBEHHBIEC YHCJIa UMEIOT BU]T
€CJIM UX HAWTH, HAUJEM U T. 3a/1a4a CBEIACh K MIOUCKY

COOCTBEHHBIX YHCEN 3aJJaHHOI0 OIlepaTropa



Haxoxnearne coOCTBEHHBIX YHUCE

* IlocTpoum peanmzaiuro oreparopa

Useq’lpa (l’> — U“’qj>’a>

Onepatop QFTy Uy, QF Ty, npuvenennniit k coctosumio |V, 0), xact cynepro-
SUINMIO COCTOSTHMH BUA |0, w;), Te w;- Guraproe pasnoxenme wncia A;/N, re )

T
/
/o

- coOcTBeHHOe Yueo [




KBaHTOBEBIN AJITOPUTM — IIPOU3BEICHUE
MCKYCCTBA!

* BOJIBIIMHCTBO KJIACCUYECKUX aJITOPUTMOB HE
JNOMYCKAET KBAHTOBOTO YCKOPEHHS, OOIBIIETO YEM
I'POBEPOBCKOE.

* BOJIBIIMHCTBO KOPOTKUX KJIACCUYECKUX AJITOPUTMOB
BOOOIIE HE JOITYCKAeT KBAHTOBOI'O YCKOPCHUS!

* Aurroput™ ['poBepa HENB3A YIYUIINMTD HA JJIS
KaKOIr'0, XOTh CKOJIbKO-HHOYIb "BECOMOro'" Kiacca
"gepHBIX SKUKOB" f. KOHCTAaHTY HENB3S yIyUIIUTh
oosiee ueM Ha 3%.



ctuka GSA

A B OTCYTCTBHM YEPHOIO SIIMKA
CBOJIMTCS K HEPEIIECHHOHU

raerca B 00i1actp "'aucromn”

MaTEMATUKH?

* KBaHTOBBIM KOMIBIOTEP CIOCOOEH MOAECIUPOBATH
PEAIILHOCTh — HA KBAHTOBOM YPOBHE.



JIEKOTE€pEHTHOCTH

CIIOHTaHHOE pa3pyLICHUE CI0XKHBIX KBAHTOBBIX
COCTOSSHUU JUJIE MHOTHX YaCTHUIl — [TIaBHOE
[IPENATCTBUE Ha IMyTH co3nanud KK, He 3aBucumo ot
TEXHOJIOTHH.

KBaHTOBBIE KOABI KOPPEKIIMK HAYMHAIOT pad0TaTh
T0JbKO ¢ 1000 KyOUTOB MK OOJIBIIIE.

JIEKOr€pEHTHOCTH CBSI3aHa C KOJJIAIICOM BOJIHOBOU
(GyHKIHH

A Bpar JiM A€KOr€PEHTHOCTD?



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




Fenna-Matthews-Olson complex 1n 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 1ts prototype

External
environment

RNA
o] modification
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regulation complexation Protdin
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Protein
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Chromosome
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RNA processing Protein
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W Protein
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Figure 1. M. genitalium Whole-
Integrates 28 Submodels of Dive
Processes

(A) Diagram schematically depicts

models as colored words—grouped
as metabolic (orange), RNA (gre
(blue), and DNA (red)—in the contex
M. genitalium cell with its charact
like shape. Submodels are connec
common metabolites, RNA, prote
chromosome, which are depicted
green, blue, and red arrows, respecti
(B) The model integrates cellular f
models through 16 cell variables. First
are randomly initialized to the beginni
cycle (left gray arrow). Next, for each
(dark black arrows), the submodels
current values of the cellular variabls
their contributions to the temporal eve
cell variables, and update the values ¢
variables. This is repeated thousa

during the course of each simulatio

cell functions and variables are grou
physiologic categories: DNA (red), F
protein (blue), metabolite (orange)
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derstand the Life?

f living matter:

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

s\FOpuin\Desktop\Documents\biology\mmc5.mp4

[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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Life as the metastable state

Ground
state

Thermal
environment

Perturbed llL\\‘
state

Crystal lattice

0906.4279.pdf - CpeacTeo npocw:

Ground
state as
an energy
minimum

oTpa

More
realistic
case, with
many
local
minima

] 4

Cell

Configuration space

14. Ground state

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

o world 1
(83 world 2
O

quantum worlds

quanting T

o *l@ o
a particle

ensemble

what we see



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




ish gene

volution: gene 1s the subject
are machmes serving for



tum selfish gene

e genome & . must be the
1 function \P(fvarymg) = |¥|exp (19)

mber of creatures with v.p. of the
genome & . . V¢ 1s the mtention of the genome to
change 1tself

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

(biological evolution in terms of quantum mechanics)



TOBAJA MUCTHUKA

OB PEBPAIIACTCS B OAHY
Ky? (KOJLJIaIlC BOJHOBOM

y3: KOJUIAIIC BOJIHOBOM (DYHKIIMH = aKT
CaMOCO3HAHUA

* C.Xamepodd: komIamnc BOIHOBOM (PYHKIUM
IPOUCXOAUT B MUKPOTYOyJIaX HEPBHBIX KIETOK!



IBIOTEP PA0OTACT B TOJIOBE
HaJ 0 TOJIBKO HOHAITH, Kak!

.A.Bannes)




JIEKOr€pEHTHOCTh KaK OTPAHUYEHHOCTD
[IaMATHU KJIACCUYECKOI0 KOMITBIOTEPA

* MBI MOXXEM MPEACTABIIATH JEKOT€PEHTHOCTh KaK
OIPAHUYEHHOCTD ITAMATU KIIACCUYECKOIO
KOMITBIOTEPA, MOACIIUPYIOIIETO KBAHTOBYO
ITUHAMHUKY.

* Takas TpaKTOBKa JEKOI€PEHTHOCTHU OTKPHIBAET
COBEPIIIEHHO HOBBIE BO3MOXXHOCTH JIJIsI IOHUMaHUS
AKHUBOTO

* Hy>XHO mporpaMMHUpOBaHWE HOBOI'O TUIIA



d KBAHTOBAHUIA IT1OJIA

[ €CTh (PYHKITUSA:

, A=(X,Y,Z).

ACTh (X,y,Z) Ha N MajbIX y4acTKOB,
0) pazaenuthb 00macTh (X,Y,Z) Ha M MalbIX y4acTKOB,
B) pa3/ieIMTh 00J1acTh BEIIECTBEHHBIX YHCEI Ha L MaJibIX y4acTKOB,

I') 3aKcaTh KBAHTOBOE COCTOSIHUE MOJISI KaK BEKTOP B KOMILIEKCHOM MPOCTPAHCTBE
pasmepHoctu NML.

KBaHTOBOE COCTOSTHHE TTOJIs1 — 3TO (DYHKIIHS, KOTOpas 1o Jroodomy 3 NML
KJIACCUYECKUX COCTOSIHUM BBIACT aMILTUTY/y 3TOTO COCTOSHUS.

[Ipumep: cocTosinre ¢ OHUM (HPOTOHOM (PUKCHUPOBAHHOW MOJIBI €CTh Takas (PyHKIIHS,
KOTOpPAas JIbBUHYIO JIOJI0 aMIUIATYAbl KOHIIEHTPUPYET HA KIIACCUYECKOM COCTOSIHUU

€ exp(1w(x-ct))

I'1€ € — O4UCHb MaJiajd BCIINMYHHA.
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Du3nyuecKas peajin3aius: ONTAYECCKUE PE3OHATOPHI,
COEJIMHEHHBIC 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+1ln+1), aln) =+/nln—1)
oTlm)y=(m®d1)|mal), olm)=mmod1):
07[0) =[1), 0T|1) =0, o[0) =0, o[1) = |0)

Basic atomic states representation:




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




One cavity with atom: Jaynes-Cummings model

Representation of photonic operators:

0 0
1 0
2 0

V2
0 0
0 1

4+,
a'a= 0 0




One cavity with atom: Jaynes-Cummings model

Hjc = hweata+ hw,oto + g(at + a)(c™ + o)

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

|0) <+ |1). It coincides with experiments if

1) w,c < 1/d, where d is the size of atom (the necessary condition of dipole approximation,
which allows the representation of interaction in the form Xfieid 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”

Xfiels = g = (a* + a)/+/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 Hjc.
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):

HYWA — hweata + hw,oTo + g(ato 4+ ac™).

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:
V&) =10)plk)a, |0F) = [1)p|k — 1)a. The reduction of HRA to H, will be

Hk:( g}% i(\f+(k—l)wc) )

Quantum evolution in H, induced by Hy is the harmonic oscillations between [¢/%) and |¢F)
with frequency Q) = /02 + 4g2k/h, § = w, — w. is detuning between frequencies of atom and
cavity.
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O RWA npubnuxenuu 00Jiee HOAPOHO CM. B IPUIIOKEHUHU, MOCBSIIIEHHOM MTPUOJIMKEHUIO
BPAILAIOIIENCS BOJIHBI -

http://sqi.cs.msu.ru/files/glava 4. prilozhenie.pdf



http://sqi.cs.msu.ru/files/glava_4._prilozhenie.pdf

Open quantum systems: quantum master equation

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

NZ—1
- ap - * 1 * ES
i = [H.pl+7 ) 7i(AipAl = S(ATAip + pATAY)) (1)

i=1
Liouville operator space Ly of matrices N x N - Euclidean space with dot product
(A|B) = tr(A*B).

[.A1,As, ..., Ay2_1 must form the orthonormal basis in Ly, gi > 0 are their intensities.
Each A; is the factor of decoherence.




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

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 3’+Z hw”aUJ —i—kZ(a,Ha;—Fa aj i1 —1—2@(3,—}—3 )(0'3_—}—0';) (2)

iJ i
Effect of thermal phonons:
H = Hrcy + Hg + H;. Hg = Z Emkb., bk,
Z V/ Sikjwr (b + b,k)a o; + h.c. 3)

ka
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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" %(|Ol) — |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> -

initial
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Dephasing-assisted transport, DAT

2 atoms
sink
1.0_*
0.8 r
06 g=1
L 1 e 1 s g — 5
04 r
i ——— g =15
02+
| | | | | | | | | I | | | | | | | tlme
2 4 6 8 10

Figure: Evolution of states of the sink in time. Nyoms =2, k=2, =8, out = 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
————— U=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 <> |L)pa|11...1)1]00...0)2 - ensemble oscillations.

Figure: Oscillation of ensemble type in one and two cavities




Ensemble Rabi oscillations in one cavity

0.8
>
=
o
O
i
1,
0.8
Z 06
3
i.l__ 0.4_
0.2
0 .
0 10 20 30 40 50
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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 156”-

{0, 25>

state

50 {25, 0>

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




Relaxation of ensemble oscillations

0.8
2 0.6
5
S 0.4
0.2 |
0
0 1 2 3 4 5

Time, mks

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

HEY A = hwata + Z hwoo; + Z gi(cra+oja™)

j=1 j=1

ZH')O — [Hﬂ p] + ZL(P) L = Li-n = Louta
Lin = g-irz(a'+pa == %{Pw aa_l_}): Lout = gout(apa‘—l_ - %{P« G,+CL})

Figure: Cavity in photon bath: Hamiltonian and quantum master equation
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I10J10CTh, HAXOAAIIASACA B COCTOSHUNA TEPMHUYECKOIO PABHOBECUS C
OKPYKEHUEM MOCTOAHHOU TEMIIEPATYPhI

Puc. 2.5: Ionocts B poronnoit "sanne”

OnpegesinM cTaloHapuoe CoCTOANNe 1MoJ1d ¢ TeMiueparypoit T’ Kak cMentanioe cocTo-
dnne ¢ ruddbCOBCKUM pacipegeienneM KoMionent Poka:

20

G(T)y = CZ e~ KT In)(n|, (2.13)

n=0

rae I - xkoncrauta boabnmana, c- HOPMHPOBOUHLIN MHOXKHUTeIL. Bpeaem obo3navenue
Yin/ Yout = 1. Cocroanuue G(T') ¢ GyaeT Torja CyHecTBOBATL TOILKO IPH 1 < 1, HOCKOJIBKY
B IIPOTHBLOM CJIyuae TeMmieparypa oyier eckonedno 6o/bmoil u cocroanne G(1') s Oyaer
HEHOPMUPYEMBIM.

Hacestennocts doronnoro hokoBeKoro cocrodius |n) upu remueparyvpe 1’ mnporop-

IHOHAJILIIA e.;rp(——hw;). B namteit Moaes i Mbl oJiaraeMm ,}% —

i
K In(Yout{Vin)




Attractor for two atoms

0.2 -

ZA471Y O SMHBOIOORJ

0.15

0.1
Paccrogame no Atirl

0.05




s aHCaMOJICH JBYX-YPOBHEBBIX
aTOMOB

OB — HAXOIAIIUICSI B HEM aHCaMOJIb HE

HUs. CUHIJICT

* JIr000€ TeMHOE COCTOSIHUE €CTh CYIIEPIIO3UIIMS COCTOSSHUM BUA |
s> [s.>1s.,.> ...
] 1] 1]

* Pa3MepHOCTh TEMHOTO MOAMPOCTPAHCTBA aHCAMOJIA 2n aTOMOB
paBHa

n-— n-1
C2n C2n

* TemMHOE MOATIPOCTPAHCTBO CBOOOIHO OT AEKOT€PEHTHOCTH.



[lomyueHne TeMHBIX COCTOSHUM

e e e 1 |

-

-3

)

L1
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.'?




OnTruyeckuii 0TOOP TEMHBIX COCTOSIHUI

t, mks

Puc. 2.14: Hanoanenne cToka NpH OJHOM HCHBITAaHUM: cjaeBa nipu v = 0.01g, cnpasa npu
(-:r oy g.




OnTruyeckuii 0TOOP TEMHBIX COCTOSIHUI

P{t]- TC|iC|t =50ns

t,ns

Puc. 2.16: I[LnorHocrs pacupenesnenus cpegHero BpemMenu Bprrera ¢porona 3a 1000 ucibl-
TaHWi, TOUYHOCTDL ModeaupoBanud dt = 1 ns




TemHbIe COCTOSIHUS MHOT'OYPOBHCBBIX dATOMOB

MyJIETUCUHIIIETHI




OnTrYyecKrnii 0TOOP TEMHBIX COCTOSTHUM
MHOTOYPOBHEBBIX aTOMOB

psink(t)

—1010403)

—103)(|0112) — [1,02))
— | D3)

Puc. 2.17: HanoJsnenue croka B 3aBHCHMOCTH OT BpeMelu, 7y = .




N(u’UQL Tc:li-::k =100 ns

— |D3)
— 10,0503)
— 105)(]0112) — [1,02))

20
t, mks

Puc. 2.18: I[Liornocts pacupeje/enns cpejinero spemenu sbuieta gporona 3a 1000 ncrbi-
tauuil, diqic = 100 ns, v = g.




bE30I1aCHBIN HAOCTYII Ha TCMHBIX COCTOSHUAX

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.
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