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BBIYHUCIICHUE KaK YIIPABIICHUE
PEATIBHOCTHIO

* CymnepkomibioTep JJomorocoB — 2: 10" equnuir.
* PeampHOCTE (umciao ABoraapo): 10+ monn™.

* YpaBHeHue HaBpe-Crokca

L ~ . R | 2
v —(v-V)v+vAv — EVP“Ffa

E:

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

* Jluig MasbIxX IEUCTBUM, CPABHUMBIX C MOCTOAHHOM | limaHka

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



Mukpockonmmaeckast mpupoaa
CIIYYauHOCTH

Yeenunuum B 1000 VYeennuum eme 8 1000 pa3




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




3M 3HAHUU



log(cim)

MeTpryeckoe mpeacTaBICHUE
COBPEMEHHBIX 3HAHUHU

,/’\1\“\ .

(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

an comico




WHIEKC MEXIUCIUIITIMHAPHOCTH 4 U 5

/" an co el mico po

A

o

. 'ancocrelpo

Ii=S
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.




UCTOPUU



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




Physics is much too hard for
physicists.

— Dawid Hilbert —

AZ QUOTES




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
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TOYHOCTH (DOPMYJIMPOBOK



du3uka — HauboJIee NPOABUHYTAS YACTh
eCTeCTBO3HAHUSA

R

i) N v\ Apxumen:
‘} _ €CKOHEUHO MaJIbIe
g¥L 4 . W BemyuMHBL, CKIAIBIBAACE B
> 7 L . OCCKOHEYHO OOJIBIIHX
KOJIHYECTBAX, MOT'YT JaTh

JIF000€ YUCIIO.
S =4nR*, V,  =47R%/3

sphere



DOTOHBI KAK KOPIMYCKYJIbI

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




IHpuHuun Moneprboun

Bapuaiiys 1eMcTBUA BIOJb KJIACCUYECKON
TPACKTOPUHU JOJKHA ObITh HYJICBOM:




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

ATOMH3M — KBAHTOBAHUE MAaTEeprM. TEILIOTA €CTh
KOJIMYECTBEHHAS XapAKTEPUCTHUKA JIBUKEHUNA aTOMOB
BEIIECCTBA.

[TonHas sHEPrusA €CTh CyMMa JUHAMMUYECKOU
OHEPIUU 1IEJIBHOIO KYyCKa BEIIECTBA
Y TEIJIOBOU DHEPTUU BCEX €r0 aTOMOB.

IlonHas OHCPI'NA HC MCHSICTCA BO BPCMCHU.

(M.B.Jlomonocos)




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

HERER R ot Pl

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



Maremarnueckas (popma JICeKTPOMATHETU3MA —
ypaBHeHuss MakcBeJsiia

divE =p
VXE=—-0B/0t
divB =10
VxB=(j+dE/Jt)/c’

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

S
oy A
.'{.
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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:
®dotordpdekr Cronerona
EcTe ciaencrBue

KBanToBanus cBera:

[Tornomenue aroMmoM (hOTOHA OIPUBOJUT K IIEPEXOAY
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

PACIIOI0XKEHBI 110 (popmyIIe
banemepa:

E ~1-1/n?

-3TO YCTaHOBJICHO

OKCIICPUMCHTAJIBHO




3\[1’ i &

. 1lpeackazaHusi KBAHTOBOM TEOPUU —
TOJIbKO BEPOATHOCTHBIE

Maxkc bopH:

KBaapar moayiis

[ — QyHKIUH
€CTh BEPOSITHOCTH

COOTBETCTBYIOIIETO

COOBITUA

,-"
_____ LT ol | il i '..-'_':'_;_-.-
----------- ot i dvr TR VT LT



A.A.MapkoB - MJ1a 1IN

HopmainbHbIin ajiroput™ MapkoBa
DKBHUBAJICHTHOCTH BCEX MOIEIIEHU
BeraucieHun

KOHCTpyKTHBHAs MareMaTrKa




MEXaHUKa — HaubOoJ1ee
HHAS 9YaCTh €CTECTBO3HAHUA

CCJIbI.

, XMMMUSI, OIITHKA,

SHIIMAJIbHO: OMOJIOT S, SJKOHOMHKA, OJIUTUKA

* Yro mmoka jnexuT 3a €€ npeaciaaMu:.

rpaBUTaIUA, sAepHas (PU3HKa



Up KaK OKCaH

b — 9TO ITOKA’KCT CI'O

b — 3TO HAET
€phl, TPAH3UCTOPHI,
BCcto IT oOacTp

*S5"HEr0 MOYKHO HBIPATH — 3TO IIOMOXET IHOHSATH €10
IIIyOuHY

* KBanToBas mH(MOpMAaTHKA — 3TO ITyTh B INIYyOUHY
MUKPOMUPA



Y710 Takoe ClI0XKHBIE CUCTEMBI

* HCJiu MOBEASHNE CUCTEMBI N YaCTUIl MOKHO TaK WUJIU
MHA4YEe CBECTHU K IMOBEIACHUIO OJHOU, OTACIIBHO
B3ATOM YACTHUIIBI, 3TO — IIpocTad cucrema. Ilpumep:
TEOPHS TBEPAOTO TEJIA, TEOPHUS CIUIONIHBIX CPEL,
TEOPHSA KOHAECHCUPOBAHHOI'O COCTOSHUA.

* Cli0)kHasi cucTeMa — He IpocTa. B onmcanum
CIIOKHBIX CHCTEM IJIaBHAS POJIb HPUHAIJICKUT
OHSATHIO MH(POPMAIH, TO €CTh CBSI3U C YEIOBEKOM.

* DOYHKIMU CIIOKHON CUCTEMBI BCETNA CBI3aHbI CO
CJIYYaWHOCTBIO.



b — KBAHTOBOC ABJICHHUC

Ka OIIACBHIBAET MPOCTHIC
bIBasl PaCIIpEACICHUE

€ BEPOSITHOCTH HEIPHUMEHUMO K CII0KHBIM
cCHUCTEeMaM, YTO JeJIaTh C HUMU?

* JIst CIIOKHBIX CUCTEM BO3MOXKHBI TOUHBIEC
IIPEACKA3AHMS !



Yto Tam, B niiyoOuHEe?

KBanTOBas Kpunrorpadus — abCOIOTHO CEKPETHBIC
KOMMYHUKaLMU — HY>kKeH 1 kyout. Cruenaso.

KBaHTOBas HEIOKAJIbHOCTh, MTHOBCHHOC
NAJBbHOJAECHUCTBUE, TEJIECIIOPTALIUA— IIPOSABIISICTCS IPU 2
kyouTax. Cnenano.

BBICTpBIE KBAHTOBBIE AJITOPUTMBI — HYKHO 0K0JIO 100
KyOuTOB. Uepes 5 neT mimanupyercs 10cTudb pyoexka B 50
KyOHUTOB.

Penuctrnyeckas MOJIEIb )KU3HU — HYKHO HECKOJIBKO
MHJUIMOHOB KYOHUTOB, TO €CTh MOJHOE MaCIITA0OMPOBAHUE
KBAaHTOBOTO KOMIIbIOTEpA. M AYyT HccienoBanHus.



IIpoekr KBaHTOBOrO KoMIiprorepa

* CoBpeMEHHBIC 3HaHUS (DM3UKHU O CIIOKHBIX CHCTEMaXx
OrpaHrYKBaOTCs MpoekToM KBanToBoro Kommsrorepa —
VHUBEPCAIBbHOI0 MPHUOOpa, CIOCOOHOTO MOAECIMPOBATH
IIOBEJICHNE PEATBHON CUCTEMBI HA IIPEICKA3ATCIIBHOM -
KBAaHTOBOM YPOBHE.

* OTOT NPOEKT TpeOyeT YTOYHEHMSI OCHOBHBIX TE3HCOB
KBAaHTOBOM T€OPUHU B TOM 00JACTH, B KOTOPOU OHA HE MOKET
OBITh IIPOBEPEHA B AKCIIEPUMEHTE: JJISl CJIOKHBIX CUCTEM.

* YTOYHEHHE TE3UCOB HE €CTh UX IIEPECMOTP: TaM, II€ OHU
paldoTaroT, OHU MPOBEPEHBI BEIIMKOJICITHO!



3I€ CBETA U BEIIIECTBA

un cynepnosuyuu oyoem cmosmso 6 gexax!
Deunman



KBaHTOBasg MexaHuKa 11
[IEIIEXO0I0B

* Beaukuu 3akoH [Ipupoas

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

BzaumonencTBue BeniecTBa U CBETA

* Bemuknu 3akoH [Ipupoasl 11s CII0KHBIX CUCTEM

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

* Yro maetr Ham Benukun 3axkon [Tpupoabl

KBanToBBIN KOMIIBbIOTEP. KBaHTOBAS Mpupoaa OMOJIOTrUH



(AK KOPIYCKYJIbI

)oint wise particles



JIO OTPAKACT 9dCThb CBCTA



HpOXO)KI[@HI/IG CBCTA UCPC3 BCIUICCTBO

.~ [Il5}i | BEpOATHOCTD
OTpA/KeHIIs] CBeTA

ME al

TOJIIHHA CTERJIA



A MOXET, B CTCKJIC €CTh MAJICHbKUE
OTBEPCTUA




HYero He OObSICHSIOT!

Because I can polish the glass



OJH (POTOH: BOJIHA MJIX YacTHUla?

* DOTOH NEPEMEIIAETCS 10 MHOTUM TPACKTOPUIM
OJHOBPEMEHHO!

* OauH GOTOH = POK BOOOPaKaEMbIX TOYCUHBIX
gactull. Kaxkaas n3 HuUX UMEET CBOIO COOCTBECHHYIO

TPACKTOPHUIO.




CTHIIA = POU CBOUX
3EMILIAPOB

s TOJIbKO €CJIM BEJIMUMHA €€
a (Mana sHeprus Uiu KOPOTOK

n)

* JlericTBUE HOKHO OBITh CPABHUMO C ITIOCTOSIHHOM
[Tmanka (mpumepro 107 spr cek)



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



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

* Crpelika IMoBOPaYMBACTCA HA ONPEICICHHBIA YTOJI
d@ mocie NpoXoXKACHUS ONPEACICHHOTO NyTH ds




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

* IlyTam COOTBETCTBYIOT CTPEIKHU

* KBagpar [UIMHBI CTPEIIKH = BEPOSITHOCTD

BePOATHOCTE =
KBaJdpaT oT TJITHHBI
CTPeJIKH

IPUCYTCTBUS (POTOHA
* Korma u kak B TO4HOCTU MPOUCXOIUT
IepPeXo] OT CTPEJIOK K BEPOSTHOCTSIM,

Mbel HE SHAEM CTpemKa

* CTpellKu TOYHO CKJIa[bIBAIOTCH,

KOoraga Mbl BUJIUM cbOTOH .
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



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




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

MMOoBPEeRKIACHHDBIE YIACTRKH 3€pRaJia

VAN

N R Sl =

00JIbIIAS Pe3VIbLTHPYIOIIAST
cTpeJIKA




MOHOXpOMaTHYECKUH CBET

* MOXHO HE Bpallarb CTPEJIKY, & YCTaHABIUBATh €€
(DMKCHPOBAHHOE IOJIOKEHHUE B 3aBUCHUMOCTHU OT
BPEMEHHU BblIETa (DOTOHA 13 NCTOYHHUKA: PAHbIIIC
BBLIET — OOJIbIIIEE BPEMSI OHA ITOKA3HIBACT.

* BzaumonencTBue (POTOHA C DIEKTPOHAMU CTEKIIA —
ITOBOPOT CTpenku Ha 90 rpamaycos.

* DddeKT OyaeT TakKuM XkKe, Kak U IPU CTapOM METOJIE,
HO MBI U30aBJIsIeMCsl OT HCKYCCTBEHHOI'O IpHeMa:
IIOBOpOTa CTpeaku Ha 180 rpamycoB mpu OTpakKEHUU
TOJIBKO OT IEPEAHEN ITOBEPXHOCTHU CTEKIIA.



YYeT B3auMOACHCTBUS (P)OTOHOB C
JEKTPOHAMU B CTCKIIC

cTapad BepcHA

[

HOBadA BepcHA

e Q0E



A 11049€MYy (DOTOH JIETUT ITI0 IIPSMOM?

* OT0 — TOXKE CIEICTBUE UHTEPDEPECHIINU CTPEIIOK!

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
* [llens mupokas — nHTEpPEpEeHIMS MaJjia

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




3aBUCHUMOCTH OT IIMPHHBI IICIIN

ICJIb IITHUPOKad -
HCOIIPCACIICHHOCTD
MaJia

ICJIb Y3KaA -
HCOIIPCIACIICHHOCTD
BCJIIMKa




I I puHINII HEONIPEAEICHHOCTH — CIIEACTBUE
"CBOOOHOM BOJIH" SK3EMILIIPOB POs

* dx dp = h — yem TouHee n3BeCTHA KOOpAMHATA, TEM
MEHBIIE MbI 3HaeM 00 nmmnynsce (bop, I'enzenoepr).

Imo credyem u3 bonee oouieco 3aKoHA:

* DK3EMILISIPBI POSi HE MOT'YT HAaXOAUTHCS B OHOU
KJIETKE IPOCTPAHCTBA.

* VYV KaXJI0T0 3K3eMILIIpa €CTh ''CB0O0OAA BOJIM'': €Tr0
IIyTh U3BECTEH TOJILKO €EMY CAMOMY.



JIMCKpETHOCTH MHpA

* [IpoCcTpaHCTBO U BpEMS HE SABJISIOTCSA
HEIIPEPBIBHBIMU; OHU JTUCKPETHHI.

* 3epHO pa3penieHus dx uMmeeT PU3nIeCKUil CMBICI:
OT HETO 3aBHUCAT 3apsijbl (M MaccChl!) paeMeHTapHbBIX
YaCTHII.

* [lepeHOPMHUPOBKH — UIBMEHEHHUE 3apsAaa — B
3aBUCUMOCTH OT dX MOT'YT OBITh CACJIaHbI
KOPPEKTHO: HA SKCIEPUMEHTAX 3TO HE CKAXKETCs
(Teopema boromro6oBa — I1apacroka 1954 r)



Benukun 3akoH 1 Iprupoasl

B Ka’X10¥ KJIETKE MPOCTPAaHCTBA — HE 00JIEE OTHOIO
3K3EMILIAPA PEATBHON YaCTHIIBI

Crpelnika Uit KaXKI0ro 9K3EMILISIPA pPealibHOM
YaCTHIIBI IIPU JBUKEHUHU BIIOJIb CBOCTO MYyTH
[IOCJIEAOBATEIILHO [TOBOPAYUBACTCS U COKUMAETCS.

Crpesiku U1 pa3HbIX SK3EMIUIIPOB, OKAa3aBIINECS B
OJIHOM KJIETKE IIPOCTPAHCTBA, CKJIadbIBAFOTCHL.

BepoATHOCTh YaCTULIBI ITONACTh B JIAHHYO KIIETKY
€CTh KBaJpar JJIMHbBI CTPEIIKHU.



BEPOATHOCTHBIN XapakTep KBAHTOBOM
TEOPUU

° Y OogHOU, OTAENBHO B3siTOU yactuusl HET
HUKAKOHX CTPEJIKH.

* Crpeika (BOJIHOBasE (DYHKIIMS) — 9TO aTpruOyT
OrPOMHOTO YKCJIa OJUHAKOBO MPUTOTOBICHHBIX
4aCTHI]

* V3HaTh CTPENKY MOXKHO TOJILKO UMes OOJIbIIOE
KOJIMYECTBO OJIMHAKOBBIX PEajIbHBIX YaCTHII,
HampuMep, aTOMOB BOAOPOAA.



CTpeiIKi KaK KOMIUICKCHBIC YHCJIa

Crpenka = KOMIUIEKCHOE YHUCIIO

[ToBOPOT CTPEIKK Ha YIOa ( U CXKAaTHE B I' pa3 = YMHOKEHHE Ha
KOMIIJIEKCHOE YMCJIO T €',

CroxeHue CTPCJIOK = CIOKCHHUC KOMIIJICKCHBIX YHUCCII.

Bce anredopanyeckue mpaBuiia CipaBe MBI U 1151 KOMITJICKCHBIX YUCEIT
(TaM HET TOJIBLKO OTHOIIECHUS TTOPSJIKA).




1 3aKOH |Ipuponsr

CTHIIBI = PaCHPEICIICHUE AMILUIUTY]L €€
Pa3HBIX TOYKAX — 3TO HA3BIBACTCS
Kipen wim Y — pyHKuuen.

OJIb OJTHOTO ITyTH IIEPEMHOXKAKOTCS
CJI€/IOBATEIBHBIC CHKATUS M IIOBOPOTHI CTPEIIKH )

* AMIUIATYABI BAOJb BCEBO3MOKHBIX ITyTE€H, BEAYIIIHUX
B OJHY TOYKY, CKJIQJIbIBAFOTCSI

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)=1/1, rne

o [=(x, X))+ (v,-y,) H(z,-z,) - (t, -t,)* KBa3m-
PaCcCTOSHUE B IIPOCTPAHCTBS-BPEMCHH,
(CKOpoCTh cBeTa c=1)

* 1/I obpalaercss B 06CKOHEYHOCTh Ha HOBEPXHOCTH CBETOBOIO
KOHyca!

* |IpuumHa B TOM, YTO MBI IIPEATIOIATAEM IPOCTPAHCTBO
HETIPEPHIBHBIM.

* Hano BBecTH 3epHO paspenieHus d mo mpoCcTpaHCTBY, YTOObI
yCTPaHUTh OCOOCHHOCTH B HYJIE.



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

* P(A— B)=1/1, rne

o [=(x, X))+ (v,-y,) H(z,-z,) - (t, -t,)* KBa3m-
PaCcCTOSHUE B IIPOCTPAHCTBS-BPEMCHH,
(CKOpoCTh cBeTa c=1)

* 1/I obpalaercss B 06CKOHEYHOCTh Ha HOBEPXHOCTH CBETOBOIO
KOHyca!

* |IpuumHa B TOM, YTO MBI IIPEATIOIATAEM IPOCTPAHCTBO
HETIPEPHIBHBIM.

* Hano BBecTH 3epHO paspenieHus d mo mpoCcTpaHCTBY, YTOObI
yCTPaHUTh OCOOCHHOCTH B HYJIE.



AMILIUTY/IA IIEPEXO0/Ia DIICKTPOHA

* E(A— B)=P(A— B) + X, P(A — C)»'P(C — B)+
2.5 P(A — C)v*P(C — D)v’P(D — B)+...




B3anMoaencTBrE 3JIEKTpOHA ¢ (POTOHOM

V — Macca “rojoro‘ 3JICKTpOHa

J — 3apsan “ToJIoro‘ 3JIeKTpPoHa

] - ammnTyna
B3aMMOACHUCTBHSA (DOTOHA C
3JEKTPOHOM




Jlmarpammvel deriHMaHa

*  AMIUIMTY/Ia JdarpaMmMbl €CTh IPOU3BEACHNE aMILIMTYII BCEX €€
qJacTeu:

* P(A— B)E(1-A)E(A—1")E(2—B)E(B—2")



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

* Paccesnue porona

aTOMOM BOAOPOAA




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

* 3ajaeM 3Ha4YeHUE 3epHa d IPOCTPaHCTBEHHOTO
pa3peIicHus.

* [logbupaem maccy u 3apsija v u j "'rojaoro"
9JICKTPOHA, BBIYUCIISIEM BEPOSATHOCTH IIpoliecca U
CPaBHUBAEM C DKCIIEPUMEHTOM.

* bere, Baiickond (1949): npu ymeHnsiienuu d
apaMeTPhI V ¥ ] U3MEHSATCS, HO aMILTUTYIbI —
TOJIBKO YTOYHSTCS!

* ®dennmad, llIBuHrep, TomoHara: BEIYUCICHUS
(PyHIAMEHTAIbHBIX IIPOLIECCOB U XapAKTEPHUCTUK
3JIEMEHTAPHBIX YaCTUL] ¢ ToMOIIbI0 KI/I.



COCTOsIHIE POsI KaK CTOJIOCL] aMILIUTY/I




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

U Y, ©) YV, ®




Benukuu 3axkoH 1 lpupoaer B MaTpuuHOM




JIMHEHBIN 3aKOH DBOJIIOIIUU

* |¥(t)>=exp (-i/h Ht) [¥(0)>
» H- ramunsronuan (omeparop sHepruu). H=E . +V

* Jlns ogaoit wactuiel H=p?/2m +V, p=-ih grad

* CyMMHpPOBaHHE IO BCEM N- 3B€HHBIM JJOMAHBIM OT ] JIO 1:

* DTO — 3aKOH MAaTPUYHOI0 YMHOXKEHHUS. UTO OH JaCT, €CJIU YCTPEMHUTh
3epHO dX K mpeaeny?



JIMHEENHBIN 3aKOH DBOJIIOIUU

CymMa 1o j mepemeT B

U(y.t) = [ K(y,z, t)U(x, t)dx

R

CYMMI/IpOBaHI/Ie I10 JIOMAHBIM J14CT

Ky, xz,t) = / exp( %ﬁ ) Dy (1.30)

FOE—Y

rae S|y| - neiictBue BAOAL TpaeKTOpHE 7y, KOTOpoe Bhiumncgercs no dopmyae S|y =

T
| L{&,x,t)dt, tne L(z,x,t) = Ejn — V - narpamxuan, paBubiii pasnocTH KHHETHYECKO!
0

U TOTEHIHATBION Inepruy YacTuibl, AsmKymeiica u3 toukn x(0) = x 8 ouky x(T) = y.
Ota pynxuua K (y,r,t) nazssaerca sapom Qeitnvana, a narerpan (1.30) - definvanos-

CKHM HHTEPTATOM 10 TPACKTOPHSAM.



JIMHEENHBIN 3aKOH DBOJIIOIUU

SIapo s cBOOOIHON yacThIb:  PaliPeR ‘”[ —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
IRLLRINI

YTO B TOYHOCTH COOTBETCTBYET BOJIHAM Ji€ bponiisa

U(irt)=C &!:i:;r,,s{'irp B lEﬂ



JIMHEENHBIN 3aKOH DBOJIIOIUU

CymMa 1o j mepemeT B

U(y.t) = [ K(y,z, t)U(x, t)dx

R

CYMMI/IpOBaHI/Ie I10 JIOMAHBIM J14CT

Ky, xz,t) = / exp( %ﬁ ) Dy (1.30)

FOE—Y

rae S|y| - neiictBue BAOAL TpaeKTOpHE 7y, KOTOpoe Bhiumncgercs no dopmyae S|y =

T
| L{&,x,t)dt, tne L(z,x,t) = Ejn — V - narpamxuan, paBubiii pasnocTH KHHETHYECKO!
0

U TOTEHIHATBION Inepruy YacTuibl, AsmKymeiica u3 toukn x(0) = x 8 ouky x(T) = y.
Ota pynxuua K (y,r,t) nazssaerca sapom Qeitnvana, a narerpan (1.30) - definvanos-

CKHM HHTEPTATOM 10 TPACKTOPHSAM.



Yto OyaeT, eciay yacTuil MHOTO?

* PasMEpHOCTH IIPOCTPAHCTBA COCTOSAHUN OyJIET pAaCTH KaK SKCIIOHEHTA

OT 4YHnCJia 4aCTHUIL]

1000 xyOukoB

IUTSI OJTHOTO
3IIEKTPOHA

1000 xyOukoB

I OPYTroro
3JEKTPOHA

Bcero 1000 000
COCTOSIHHUM UII
IIapsbl 3JICKTPOHOB




Ilogemy 11€J10€ HE €CTh CyMMa 4YacTteu

* Ecim yuuThIBaTh TOJIBKO COCTOSHUS OTJC/IbHBIX YaCTHII, TO
9KCIIOHEHTBI HE OYJIET.

* Ho He OyaeT 1 IaBHOTO KBAHTOBOTO SIBJICHHUS: 3allyTAHHBIX
COCTOIHUH!

* 3amyTaHHOCTh cocTosiHMS ¥ IBYyX dacTull o3Ha4daet, uyTto V¥ Henb3s
IPEACTABUTH KAK IPOU3BEACHUE COCTOSIHUN TIEPBOM U BTOPOX YACTHUILI;
Y=Y Y, .Hampumep, mycts kaxaas 4aCTHIIA MOKET HAXOAUTHCS

TOJIBKO B IBYX Toukax: 0 (cocrosiaue |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
pPacKJaIbIBAlOTCS B MPOU3BEICHNE OJIHO-UAaCTUYHBIX (HammpuMmep,

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

* A cocrosaue (|00>+/11>)/4/2 - 6yner 3anyTaHHbIM!



KBaHTOBasi 3aIIyTaHHOCTH — OCOOBIN
(pu3nyeckul GpeHOMEH

Ero peructpupyror B SKCIIEPUMEHTAX

3anyTaHHOCTh O3HAYAET KOPPEJISIMIO B TOBEICHUH HECKOJIBKUX YaCTHII,
3aBUCSIIYIO OT UX OKPY>KCHUSI.

Yacrtuiiel, HaxoAsiuecs 3a COTHU KUJIOMETPOB JPYT OT APYra, MOTYT OBITh B
3aIyTAHHOM COCTOSIHHH.

3anmyTaHHOCTh HEBO3MOXKHO BOCITPOM3BECTH, CHA0Xasi 4aCTULbI BHYTPEHHEHN
NaMSThIO.

3anyTaHHOCTh O3HAYACT HAIMYKE BHYTPEHHEH CBSI3M MEXKIY YAaJCHHBIMU
o0bEKTaMM, KOTOpas 00JIafaeT NpaKTUUECKU MTHOBEHHBIM ficiicTBHEM. Ee
HEBO3MOKHO BOCIIPOM3BECTH B paMKax KJIACCHUYECKOM (hU3UKH.

3aHYTaHHOCTB O3HAYaCT HCJIOKAJIbHOCTh MHpPA.

MBI HE MOKEM HMCIIOJIb30BaTh 3alyTAHHOCTH JJIS TIepeaaun 3aJyMaHHOM
HaM1 WH(POpPMAIIUHI CO CBEPXCBETOBOM CKOPOCThIO. IIprpoaa yauBUTEIbHBIM
oOpa3zoM cornacoBaHal!



- MapagoKC

A. Einstein B. Podolsky

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

JaCTHUILIbI HE 00J1aal0T OTASIBHBIMU APYT 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




* Bbibop Anuchil

a:
(10
“Z‘( 0—1)

* Bbibop boba

oY:

(aj — 7,)/V?2



U HEJIOKAJIHLHOCTHU

YU HbI

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

000k =0

* Ee nsMepenue naet 22 B TOYHOM COOTBETCTBHH C KBAHTOBBIM
pacyeTom!

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

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

* 3710 "y3HaBaHHE" MPOMCXOJUT 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
= 000 + 2110+ /" 001 /1 IS

& 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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REPORT

Entangling Macroscopic Diamonds at Room Temperature

K. C. Lee™", M. R. Sprague_, B. J. Sussman?, J. Nunn, N. K. Langford", X.-M. Jin"Z, T. Champion-, P. Michelberger-,
K. E. Reim®, D. England”, D. Jaksch™2, I. A. Walmsley T




TPAHCTBO KBAHTOBBIX
€CKasl peaJibHOCTb!

JOTEP HE CMOXKET ONEPUPOBATH C

YCMBIX BBIYHUCJINTCIIbBHBIX
IATCTBUC JIA KIIACCHUYCCKHUX
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Benuknu 3akoH 1 lpupoab! 11 ClI0KHBIX
CHCTEM: KaK €r0 IMPUMECHSITH?

* PeajibHasa yacTUlla = CUCTEMAa MHOTHUX YaCTHUIL

* Pou 3K3eMILIAPOB = BCEBO3MOXKHBIE
IIPOCTPAHCTBEHHBIE PACIIOJIOKEHUA CUCTEMBI

() _>S KkBaHTOBbIii MUP
(basncHoe cocToAHNE)

‘peanbHan YacTiya



Tep(PEpeHIINN: KaK €ro
STh IIPAKTUYECKHU

O M30JIMPOBATh CUCTEMY OT

PABIIATH?

OHTAaKT C OKPYKCHHEM HE HOKCH IIPUBOJIUTH K
BKJIFOUCHHUIO OKPY>KEHHUS B PACCMATPUBACMYIO
CUCTEMY !



M€ UHTEPPEpPCHIIS
>BEPOSITHA



)CTh CUCTEMBI BEJIET K
EPOSATHOCTH BCTPEUU






HaJio co3ark KBAaHTOBBIN KOMIILIOTED!

3allyTaHHBIE COCTOSHUS PEAJIbHBI, NX HEJIb3S
UTHOPUPOBATh.

Hano moaemupoBarhk mojiHyrw VY — pyHKIuo Been
CHCTEMBI N YaCTHII.

J171s1 3TOTO HE XBAaTUT NaMSATH HUKAKOTO
CYHEPKOMIIbIOTEDA.

3acTaBUM padOTaTh caMy KBAHTOBYIO MEXaHHUKY!

Co3maauM KBAaHTOBBIM KOMITBKOTEDP: KBAHTOBOE

YCTPOUCTBO 10 KJIACCUYECKHUM YITPABICHUEM
(P.®eitaman)



CxemMa KBaHTOBOTO KOMITLIOTEPA

YOPABIISFOLINE KITACCUUYECKUAE PETUCTPHI

Kmaccuueckas
4acTh (3a0a€T

MaTPHULLY
3BOJIFOLIMA BO

BPCMCHU uij )

(o —

KBanTOBas 4acTh - padoUuce COCTOSTHUC \l/




BAHTOBOI'O KOMIIBIOTCPA

ays
JPKO3€(PCOHOBCKME ITEPEXObI
TBEPJIOM TEJIC

* DJIEKTPOHHBIE CIIMHBI IIPUMECHBIX aTOMOB B
IIOJIYIIPOBOJHUKAX

* CoCTOSIHHS OTACIBHBIX (POTOHOB (DMKCHPOBAHHOU
MOJIbI



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>

)

\ entangled

\I__

_walls

-~

; |
' _AS

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




C-S1gn reut Ha ()OTOHHBIX COCTOSHUSIX:
e (-1)Yixy>

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




Ilogemy 11€J10€ HE €CTh CyMMa 4YacTteu

* [louemy HEJb3s MPOCTO XPaHUTh B IMMaMSITH KOMIIbIOTEpa
COCTOSIHME BCEX aTOMOB KMBOI'0 CYIIIECTBA, BEIb
CYIIEPKOMITBLIOTEPhI CKOPO MO3BOJIAT ATO CACIaTh, TEM
0oJiee, UTO XpaHUTh B MaMSITH HAJ0 JaJICKO HE BCE.
Escherechia Coli cocTtout u3 He 0ostee ueM HECKOJILKUX
TpuanoHoB (10'*) a yenoBek u3 10~ atroMOB?

* A 3amyTaHHBIE COCTOSHMS — TOXKE XPAHUTh OTAECIbHO, KaK
penkKne GEHOMEHBI?

* U Torga — Mbl 0OpeTEM MOJIHYIO BIIACTh HAJ )KUBBLIM!
BmecTe co Bcert ero ¢cBo0010i BOIH!

* CIMILKOM OPOCTO, YTOObI OLITH IIPABIOA. ..



0O€ HE €CTh CyMMa 4YacTeu

Ba HE €CTh MPOCTO HAOOP COCTOSHUM €ro
€CTh KBAaHTOBBIC 3aIlyTaHHBIC COCTOSHUSI.

010> + |100> wnm opyrue, Ooiee

* Ecnm yunthiBaTh BCE KBAHTOBBIC COCTOSIHHS, HE XBATUT
HHUKAKOTO CYIIEpPKOMIIBIOTEPA: OOJBITUHCTBO COCTOSIHUM -
3aIyTaHHBIC.

* MBpI nnpeTeHyeM Ha ONTUCAHUE KUBOTO?
MOKET JIn OHO HAXOAUTHCS B CYIIEPIIO3ULIAM ?

* HaOmronarenb He MOKET HAXOAUTHCS B CYIIEPIO3UIIUHN !



KBaHTOBOE COCTOSHUE YIUBUTEIBHO
HAIIOMUHAET KHUBOE CYIIECTBO

* He cymiecTByeT cnoco0a KIOHUPOBAHMS
IIPOU3BOJIBHOIO0 KBAHTOBOIO COCTOSHUSA Y

* ECTh cxema, MO3BOJILIOIIas [eEpeaaBarb Ha
paccrosgHue cocrosinue ¥, He y3HaBas €ero. 910 —
TEJECTOPTALHUS.

* YroOnl y AHCHI BOBHHUKIIO cocTosiHME ¥, OHO
JHOJKHO OBITh YHUUYTOXXKE€HO boOOM B pesyibrare
N3MEPECHUS.



CJI0KHBIE CHCTEMEBI TPEOYIOT HHOM
MaTeMaTHKH

* M&bI HE CMOXKEM HaOpaTh CTATUCTUKHU 151
KBaHTOBBIX COCTOSSHUI MHOTHX TEJI B OOIIEM
ciay4dae. Kak cTaBuTh 3KCIIEPUMEHTHI

* 3 TOr0, 4TO CE€NYaC U3BECTHO, JIYYIIIE BCETO
MOJAXOASAT aJIrOPUTMBI, HO HE (POPMYIIbI

* AJITOPUTMM3M HPEANOIAracT WHANBUAYAIBHOE
HAIIMCAHUE KOJIa IPOrPaAMMBbI; MOTY JIA 1 CUUTATh
Yy>KOU KOJ CBOUM, TaK €, KAK MATEMATUYECKY IO

dopmyiny?



MOIEIUPOBATH

(M€ pPEaKIUU

OCJIOKHCC
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KBaHTOBBIM KOMIILIOTEP KAK PEAIbHOE
YCTPOUCTBO

* Ham He yaacTcs nmojay4yuTh Biaacth Haja llpupoaon,
CTPOsA KJIACCUYECKUE AJITOPUTMUYECKUE MOECIIH,
IIOTOMY YTO BO3MOXKHBI [IPOLIECCHI, HE
YKJIQJBIBAIOIIAECS B HUX.

° Otn IMPpOHCCChI — 6BICTpBI€ KBAHTOBbLIC AJITOPUTMBI.

* VX yHUKaJIBbHOCTH JI0OKa3aHa TOJIBLKO JIJII MOJEIIEN C
"YyepHBIM SIIUMKOM'; B a0COJIFOTHON MOJEIU
BBIYMCJICHUN BCE CBOJUTCS K HEPEUICHHBIM
npoonemam, tuma P = NP (?).



IBIOTEP PA0OTACT B TOJIOBE
HaJ 0 TOJIBKO HOHAITH, Kak!

.A.Bannes)




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) npeanazHadeH i IIOMCKa
KopHer ypaBHeHuUs f(x)=1 OyneBckou @yHKuuu f oT n
nepeMeHHbIX . OH UMEET CII0KHOCTD

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

4

OyHKIMA f MOKET OBITh 3a7]laHa B BUAEC CXEMBbI KJIIACCUYCCKUX
BECHTHUJICH.




GSA (cxema)

. - COCTOSIHUE, Y KOTOPOT0 aMIIJIUTyda pacIpeiciIcHa
PaBHOMEPHO I10 BCEM 0a3MCHBIM COCTOSIHUSIM




POCT aMIIIUTYIbI 1IEJIEBOIO COCTOSHUSA
34 CUET BCEX JIPYTUX

aMILIUTyIa
1

HCJICBOC
COCTOAHHC




a IIPOU3BOAUTEIBHOCTH KBAHTOBOTO
KOMIIbIOTEPA

Hs: €ro HauOOoJIbIIas Hepa3JI0KUMas
K — pasmepHoCTh sapa.

A aMIUIMTYAa UMCCT BU/J (S, TAC S —

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

* K/q=Q,

* rae Q — Hen3BeCTHas KOHCTaHTa, Pa3MEPHOCTH, 0OpaTHOM
Pa3MEpPHOCTH BOJIHOBOT'O BEKTOPA.

* OKCIEPUMEHTHI 110 KBAHTOBOMY KOMIIBIOTEPY (DAKTUUECKHU
OIIPEAEIISIOT 3HaUeHue Q.



dHTOBBIC AJITOPHUTMBbI

Ha ITPOCTBIC MHOKHUTCJIN

I'poBep, 1996)

FOILIMU COCTOSIHUSI 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)
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Kparkas cxema anroputMma lllopa

* Kak pas3yioxXuTh YHUCJIO (| HA TPOCTHIE.

* 1. BeiOparh 1pHu3BOJILHO Y, H PaCCMOTPETh YpaBHEeHUE y'r = 1 (mod q) — 3To
MOUCK MYJIbTUILNIMKAITMOHHOIO ITepuoaa y. C Hemcue3arolien BEpOSITHOCTHIO
OH OKa)KETCs YETHBIM r=2K, 1 Torjma MoXHO pa3inoxuTh vy {2k}-1={y"k-1)
(y"k+1), Tak 4TO OJIMH U3 COMHOXHUTEJEH OyJeT IeIUTh . TeM caMbIM
3a7a4a CBEJIACh K IOUCKY T.

2. BbiOparh 4nciao KyOUTOB n:

* 3. Paccmorpers omeparop LARUEI R VAR CTTRr))

JOIOJIHEHHBIN TOXKIECTBEHHBIM Ha YKCIax, OOJbIIKX (.

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

COOCTBEHHBIX YHCEN 3aJJaHHOI0 OIlepaTropa



Haxoxnearne coOCTBEHHBIX YHUCE

* [locTponm peanmsanuro orneparopa

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!

* BOJBINIMHCTBO KJIACCUYECKUX AJITOPUTMOB HE
JNOMYCKAET KBAHTOBOTO YCKOPEHHS, OOIBIIETO YEM
I'POBEPOBCKOE.

* BOJIBIMHCTBO KOPOTKUX KJIACCUYECKHUX AJITOPUTMOB
BOOOIIE€ HE JOIMYCKAeT KBAHTOBOI'O YCKOPEHUS !

* AnroputM I'poBepa HENb3S YIAYUIIUTh HA A1
KaKOIr'o, XOTh CKOJIbKO-HHOYIb "B€COMOro" Kiacca
"gyepHbIX SIKUKOB" f. KOHCTAHTY HENB3S YyIyUIINTh
oosiee ueM Ha 3%.



ctuka GSA

A B OTCYTCTBHUM YEPHOIO SIIMKA
CBOJIMTCS K HEPEIIECHHOU

opraercs B oojgacrts "uncron"

MATEMATUKH?

* KBaHTOBBIN KOMIIBIOTEP CIIOCOOEH MOJICITUPOBATH
PEAILHOCTh — HA KBAHTOBOM YPOBHE.



JIEKOTE€pEHTHOCTH

CIIOHTaHHOE pPa3pyIICHUE CI0XKHBIX KBAHTOBBIX
COCTOSSHUU JIJIE MHOTHX YaCTHUIl — [TIaBHOE
IPENATCTBUE Ha IMyTH co3aanud KK, He 3aBucumo
OT TEXHOJIOTUH.

KBaHTOBBIE KOABI KOPPEKIIMY HAYUHAIOT pa00TaTh
ToabKO ¢ 1000 KyOMTOB MK OOJIBIIIE.

JIEKOr€peEHTHOCTh CBS3aHa C KOJJIAIICOM BOJIHOBOU
(GyHKIHH

A Bpar JiM I€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
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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]
el 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
file:///C:/Users/%D0%AE%D1%80%D0%B8%D0%B9/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/..%2FDesktop%2FDocuments%2Fbiology%2Fmmc5.mp4

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
S are machmes serving for



tum selfish gene

e genome & . must be the
s1 function W, oryine) = ¥ €Xp (10)

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

POB IIPEBPAIIACTCS B OJIHY
Ky? (KOJLJIarC BOJHOBOM

y3: KOJUIAIIC BOJIHOBOM (DYHKIIMH = aKT
CaMOCO3HAHUA

* C.Xamepo(d®: KoJu1ariC BOIHOBOU (DYHKIIUU
IIPOUCXOAUT B MUKPOTYOyJIaX HEPBHBIX KIETOK!



JIEKOr€pEHTHOCTh KaK OTPAHUYEHHOCTD
[IaMATHU KJIACCUYECKOI0 KOMITBIOTEPA

* MBI MOXEM IIPEACTABIATH JICKOIEPEHTHOCTD KaK
OIPAHUYEHHOCTH IIAMATU KJIACCUYECKOIO
KOMITBKOTEPA, MOACIIMPYIOIIETO KBAHTOBYO
IUHAMHUKY.

* Takas TpaKTOBKa JEKOT€PEHTHOCTHU OTKPHIBACT
COBEPIIIEHHO HOBBIE BO3MOXKHOCTH JIJIsI HIOHUMAaHUS
AKHUBOTO

* Hy»xHO nporpaMMupOBaHHUE HOBOTO THIIA



Koneunomepubie moneau KD/

Finite dimensional models of QED

A

Edwin Thompson Jaynes Frederick W. Cummings Michael Tavis




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
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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 = hwea™a + hw,oto + g(aTo + ac™).

The space of states then splits into mutually orthogonal and invariant with respect to H"A
two dimensional subspaces H,, each spanned by the pair of states:
[0E) =10)p]k)ay |15) = [1)p|k — 1)a. The reduction of HA to H, will be

= gk i(\ffﬂk—l)wc))'

Quantum evolution in H, induced by H, is the harmonic oscillations between [1)%) and |¢F)
with frequency Q, = /62 + 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):

N —1
i = [Hopl+i % 2i(AipAT = S(AT 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.

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

19 / 38




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
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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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Attractor for two atoms
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s aHCaMOJICH JBYX-YPOBHEBBIX
aTOMOB

MOB — HAXOIAIIUUCI B HEM aHCaMOJIb HE

HUs. CUHIJICT

* Jlro60e TEMHOE COCTOSIHHE €CTh CYIEePITO3HITUS COCTOSHUM BUIA
s.> [s.>s..> ...
] 1] 1]

* PaszmepHOCTH TEMHOIO MOANPOCTPAHCTBA aHCAMOJIS 2n aTOMOB
paBHa

n-— n-1
C2n C2n

* TemHOE MOAMPOCTPAHCTBO CBOOOIHO OT JICKOI€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.'?




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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