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Motivace

Serge Haroche David J. Wineland
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Zaprve:
The Nobel Prize in Physics 2012 was awarded

jointly to Serge Haroche and David J. Wineland
"for ground-breaking experimental methods that
enable measuring and manipulation of individual
quantum systems"

Zadruhé:
Zaklad rodicich se ,kvantovych technologii“ — ,manybody”“ kvantova fyzika

Zatreti:
Je to prosté zajimave
a zabavné!

Direced by RANK McDONALD

A Paramount Picture
-

Louis Emile Adan BLANCHE YURKA - LYLE TALBOT - DOUGLAS FOWLEY  BERNARD NEDELL
(1839-1937) ' -
An amusing story
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Historie

1960-70s: Analyzy fyzikalnich omezeni klasickych pocitact

Rolf Landauer (1927-1999)

,vratné pocitace® (pocitani zalozené na reverzibilnich procesech)

1959:
1960:
1961:
1969:
1973:
1981:

Feynman pronesl rec ,, There’s Plenty of Room at the Bottom”

Prvni tivahy o fyzikalnich mezich miniaturizace vypocetnich procesu
Landauer ukazal, ze kazdy ireverzibilni krok vypoctu produkuje entropii-teplo
Prvni navrh ,spinového pocitace® (kvantové vlastnosti chapany spis jako omezeni)
Benett predklada koncept univerzalniho reverzibilniho pocitace

Fredkin & Toffoli demonstruji vypocetni reverzibilitu na “billiard ball computer”

Edward Fredkin

LETTER 8 MARCH 2012 | VOL 483 | NATURE | 187
INPUT (JOUTPUT

doi:10.1038/nature10872

O -
o | - Experimental verification of Landauer’s principle
! 1 linking information and thermodynamics

y ,
! H Antoine Bérut!, Artak Arakelyan', Artyom Petrosyan', Sergio Ciliberto', Raoul Dillenschneider? & Eric Lutz*+
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04/24 Richard Phillips Feynman (1918-1988)

Historie
1960-70s: Analyzy fyzikalnich omezeni klasickych pocitact

1980-81: Prvni uvahy o prospésnosti QM pro teorii pocitani
Richard Feynman, Jurij Manin, ...

) computer International Journal of Theoretical Physics, Vol. 21, Nos. 6/7, 1982

" ind
about trying 10 b 1o follow out.

: pushin® & cellent progr® and T
dkin is alway be an excelles ments, and I . . . .
rogram et P'f;;m, e 10 and et S oy mechaoles, Simulating Physics with Computers
simulation © pad BT ot would be ¥ echanic

Richard P. Feynman
t Department of Physics, California Institute of Technology, Pasadena, California 91107

Received May 7, 1981

1. INTRODUCTION

On the program it says this is a keynote speech—and I don’t know
what a keynote speech is. I do not intend in any way to suggest what should
be in this meeting as a keynote of the subjects or anything like that. I have
my own things to say and to talk about and there’s no implication that
anybody needs to talk about the same thing or anything like it. So what I
want to talk about is what Mike Dertouzos suggested that nobody would
talk about. I want to talk about the problem of simulating physics with
computers and I mean that in a specific way which I am going to explain.
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Historie

1960-70s: Analyzy fyzikalnich omezeni klasickych pocitact

1980-81: Prvni uvahy o prospésnosti QM pro teorii pocitani
Richard Feynman, Jurij Manin, ...

1985: Kvantovy Turinguv stroj
1989: Elementarni kvantové operace
David Deutsch

1994: Kvantovy faktorizacni algoritmus
Peter Shor

1992: Deutsch-Joszuv algoritmus
1994: Simonuv algoritmus

zjistovani vlastnosti neznamé funkce

pomoci konec¢ného (co nejmensiho) poctu volani
1996: Groveruv algoritmus

prohledavani nesetridéné databaze
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Hilbertove
prostoru H
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Stavy castecné nerozliSitelné => kvantova neurcitost
mira nerozliSitelnosti dana skalarnim soucinem

—

*

oucinovém prostoru H = H; ® H,
¥)=a|¥)8Y;) + AIENBNY;) # [¥)8[Y,)

Provazany stav => podsystémy nemaji sve vlastni stavové vektory

nedaji se popsat oddélené, nybrz vykazuji kvantové korelace
(bez ohledu na vzdalenost)

® 3) Vlastnosti kvantovych méreni ;
Vysledky méfeni maji pravdépodobnostni charakter £, (a)= Ka | ‘I’>‘
Méreni méni stav systému
¥)>a)
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Kvantovy bit = qubit, Q-bit, ,kvabit“...

v)=al0)+f |1)

COS§ Wging

Fyzikalni realizace

* Spinové projekce fermionu s=%

(elektron, proton, liché jadro...)
* Linearni/kruhové polarizacni stavy fotonu
* Dva vybrané energetické stavy atomu

* Proudové stavy supravodivée

L —
P

10}

A;




08/24
Kvantovy registr

Obecny stav n-tice Q-biti = superpozice vSech ¢iselnych hodnot
W) =,|0---00)+ ¢, |0---01) + @, 0---10) +- -+, [11---1)
o ~ J
0 It %) )

b o
TYT.
b e
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Kvantovy vypocet

07, ,_,%

mé?cnf%ff{v;(p"
Llasicka,
. tnformace

KVANTOVY
- ALGORITMUS

. . | E; (program)
L, S s Xan

o 2-gubitovych operacl

Posloupnos“t 1-
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,2Kvantové programovani

Rozlozeni kvantového i‘ioétu na zakladni operace:
Hq.demn.rd. trancfor'm. Pha s€ Shifﬁ

— -
| :

T &> ¥\ o>, \o>
11> = (162 -113) 11 el 11>

Controlled phase shift I
le> 10> \o2 (02 2
07117 107147, €

(a2 10 ' LA
145 13 e 1o 17,

Controlled, NOT :—E: _ :——EI’E':

(0> 10% lo>\o> g
(o> Lrdibg

(131> T D
11314 Rwalre
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c2Kvantové programovani“ priklady

Qwantum Fou.r'iel" "l‘:rqns-form‘ PO e
n{ : @FTr_

2T Xg:
|xp —> = r Z ly7
4 |
Unitarita : 7" 2T ('~ 2'3
BFTx|QFTX > = 1.2 e it \ J‘fw
_  e— i
2" y=o "" ZnAX
e / v / . —i—ﬁ

Pol.ynor.nu.alne rychla realizace TR TS T T
existuje: Existence/neexistence
E_E - i3 polynomidlng rychlé
-o— x> realizace zdvisi na
K W -~ 2 ¥ funkci f(x)

X% oeofH >
TIL )] mod 2"
I ) |yl
2 wnitarita :
o 27 | Lt f 2" 7 =
W(Fx A = (lx)ﬁw’—'—)
Operace musi byt reverzibilni => pro o o o x=X b 4 ¥Y
_neprostou funkci f(x) je tFeba na il (- (s + \}a?_
vystupu uchovat hodnotu argumentu L » oSt
4 iinelta o0& <*2'
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Priklad urceni periody r diskrétni funkce f(x)

{92 i 1 ‘i 7 merent Tento vypocet
M i : QFT . pro jistou funkeci f(x)
: : : e A
0> — @ | . T je srdcem Shorova
| ' algoritmu, ktery vede
Jop = k polynomialné rychlé
me le> : | § v poctu cifer n rozkladaného cisla

faktorizaci zadaného
Cisla N = P;'P,

1 147=F ) k2l GOy o jeo pro SN

tj. X —x'=kv

i o= L F6 2"
l [\l17 E;‘-Z ,x> DC\K W Pr. (Y) r
w s 0 ”'-\
3 o %:::ZZ e = 471507 \ \ \ L
- ;

lf‘ Prauo\‘épodobnost V\j’s‘e&ku lg F‘Ft PQFiOOlé_ 1

ixx)y
Blyy= S %7,‘ Lyl 7= g’i;‘ & {Ylyy (5656
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Piekazky DEKOHERENCE Il

(a) koherentni superpozice (b) statisticka smeés

‘W> _ a‘0>+ﬂ‘1> amplitudy Hpravdepodobnostlp O ‘a‘ D = ‘ﬂ‘

Pokud uskutecnéni libovolné z alternativ Pokud uskutecnéni nékteré z alternativ

nelze principialné zjistit mérenim na [ze, byt 1 jen v principu, zjistit méfenim
jiném objektu => interference na jiném objektu => interfezerice
» Interferenéni experiment /@) 35#\(6

Zanik interference pfi moznosti zjisSténi

drahy castice: £ \i /

Xp(t)
» Interakce Q-bitu s prostredim i
=> vznik provazanosti:

)—{0) 8|0 () (@]0)+B|1))®|@,)— a|0)&| 0 (1) )+ |1)®| > (1))

Jele)—eleln) (@l 1) =0 .

\ stav prostfedi alternativy ‘ > ‘l> stavaji principialné
stav Q-bitu
rozliSitelné vhodnym meérenim na prostredi

—> koherentni superpozice — statisticka smés => konec Q-vypoctu !!!

0)®|@

i
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Piekazky DEKOHERENCE I

AUGUST 1996  PHYSICS TODAY Future of Quantum

QUANTUM COMPUTING:
DREAM OR NIGHTMARE?

ples of quantum
1g were laid out
ars ago by com-
sts qpplv\ng the
m principle of
ichanies to com-
fion. Quantum
1as recently be-
topic in physics,
:ognition that
item can be prg-

At this stipe

Recent experiments have deepened our
insight into the wonderfully
counterintuitive quantum theory. But
are they really harbingers of quantum

computing? We doubt it.

Serge Haroche apfl Jean-Michel Raimond

two interacting q
trol” bit and a
The control re
changed, but its
mines the evoluti
get: If the cc
nothing happens |
if it is 1, the targ
a well-defined tra
Quantum m
mits additional

fat some critical reflection is
required in a field bmlmg with excitement. We feel that
the enthusiasm is certainly justified, but not necessarily
for the reasons generally adduced. Although the idea of
quantum computing involves some fascinating new physics
that goes far beyond the rather mundane problem of
merely computing faster, we believe that performing large-

scale calculations will remain an impossible dream for the
foreseeable future.

Even if quantum computing remains a dream, the
physies of quantum information processing at the level of
a few qubits is fascinating. Experiments on entangled
particles with ions in a trap or atoms in a cavity will help
us understand the fundamental aspects of quantum meas-
urement theory, and they may lead to major improvements
in the precision spectroscopy of simple quantum systems.

Computing Proves
to Be Debatable

In presenting their opinions in the
article “Quantum Computing:
Dream or Nightmare?” (August, page
51), Serge Haroche and Jean-Michel
Raimond conclude that large-scale
quantum computation will remain
merely a dream of computer theo-
rists. Their principal argument is
that, for a quantum computer to be
useful, the ratio R of quantum gate
speed to decoherence rate would have
to be much higher than what can be
obtained in the laboratory. Based on
what has been achieved so far, this
may be a safe bet. However, the sub-
Ject is still in its infancy and at this
time, its fundamental limits are not
understood. Lacking such an under-
standing, Haroche and Raimond’s pes-
simism about quantum computing is,
In our opinion, premature........

CHRISZOPHER MONROE
Davip WINELAND
National Institutg
s Fchnology
Bnu!a’er Colorado
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...a jejich DEKOHERENCE. 1l

prtekonavani

Opravné procedury vyuzivajici redundanci

Ne vSak prosté ,namnozeni“ Q-bitu — tomu brani kvantovy no-cloning teorém:

P. Shor, Phys. Rev. A 52, R2493 (1995)
A. Steane, Proc. R. Soc. Lond. A, 452, 2551 (1996)
E. Knill and R. Laflamme, Phys. Rev. A 55, 900 (1997)

2 |¥)

[#) N

—

¥)

7

N

Procedura opravuje chyby, pokud se objevi jen na 1 (libovolném) Q-bitu
(predpoklad potlaceni pravdépodobnosti soucasné chyby na vice Q-bitech)

Klasifikace chyb zalozena na obecném rozkladu evoluéniho operatoru v prostoru Q-bit 0 prostfedi:

ok Hip“ Llip + phase® »~phase“
p ptp p
. (1 0Y) 0 1) o -1 (1 0)
U = ®O¢ + ®OF + ®O; + ® 05
0 1 I 0 I 0 0 -1
G, i6,=1[03,0 o3 [y

Notace: a|0)+ f|1)

Laj 10)

10)
J 10>
10)

Oprava obecné chyby: 1 0-bit — 5 Q-bitu

minimalné

Byly navrzeny i jiné metody prevence chyb...

U—I

—> ¥)
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Adiabatické kvantové pocitani

Farhi, Goldstone, Gutmann, Lapa, Lundgren, Preda, Science 292, 472 (2001)
Aharonov, van Dam, Kempe, Landau, Lloyd, Regev, SIAM J.Comput. 37, 166 (2007)

Pfiklad: problém splnitelnosti pro N bitti z_ € {0,1} a m klauzuli typu

: L ) o a=1,2,..N Z,+zp+z, =1
Realizace pomoci spinovych Q-bitu o foretla N
. (:) TR (:) @ [0) wreereerenreeireres Predpokladejme, ze problém ma pravé jedno reSeni. Toto
. | . X reSeni je zakodovano v zakladnim stavu Hamiltonianu:
s, =+ Sy =—% 2
2 B 2 . L z z _1ly_m
“ Hout_z Z(Sa+s,8+sy 2) ’;
H, (a.5.7)
t=0 t=T N 7 A \
8o = - gr=1 H( —(1— M N s°
g)=1-g +g S-S S
po-,) |m-n, €18 Z ’ Z “’3 o Z \
pocet klauzuli pocet klauzuli

tykajicich se tykajicich se
bitll z, a zg ‘ bitu z,

zakladni stav
zakladni stav

e
plné separabilni

= ,jednoduse“ splinujici zadanou
pripravitelny soustavu klauzuli !!!

> 5)
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Adiabatické kvantové pocitani

Farhi, Goldstone, Gutmann, Lapa, Lundgren, Preda, Science 292, 472 (2001)
Aharonov, van Dam, Kempe, Landau, Lloyd, Regev, SIAM J.Comput. 37, 166 (2007)

Pfiklad: problém splnitelnosti pro N bitti z_ € {0,1} a m klauzuli typu

: L ) o a=1,2,..N Z,+zp+z, =1
Realizace pomoci spinovych Q-bitu o foretla N
. ¢ TR (i) @ [0) wreereerenreeireres Predpokladejme, ze problém ma pravé jedno reSeni. Toto
. | . X resSeni je zakodovano v zakladnim stavu Hamiltonianu:
S, =15 Sﬂ:_E B (z 2 - 1)2
Hout_f Zsa_i_sﬂ—l_sy_? _%
H,, (.8.7)
t=0 t=T
80 = 0 —> gr =1 H( M 242 1 N z
g)= s |+g S8 S
HO)=H,| [HO=H, ' Z ’ Z s 2; ¢
Adiabaticks'r teorem QM pocet klauzuli  pocet klauzuli
Hamiltonian H(g) zavisejici na externim parametru tY koaJiCiCh S€ tYkaJiCiCh S€
g, ktery se explicitné méni s casem: g=g, N bitu z, a z bitu z,

Pocatecni stav systému = zakladni stav pocatecniho

Hamiltonianu H(g,), tj.: |P(t=0))=| ¥, (g.0)) zakladni stav

Otazka: Jak se bude vyvijet stav systému s casem? zakladni stav
Parcialni odpovéd: Bude kopirovat zakladni stav | > _>>
Hamiltonianu H(g,), ale jen pokud je splnéna o S T\L cee T>
: - - ) plné separabilni
podminka adiabaticity: | dg| I K\{f (g)| H (g)|‘P (g)>‘ — jednoduse® spliiujici zadanou

| dt| [E,(2)-E\(2)] pfripravitelny soustavu klauzuli !!!
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Adiabatické kvantové pocitani

Farhi, Goldstone, Gutmann, Lapa, Lundgren, Preda, Science 292, 472 (2001)
Aharonov, van Dam, Kempe, Landau, Lloyd, Regev, SIAM J.Comput. 37, 166 (2007)

Pfiklad: problém splnitelnosti pro N bitti z € {0,1} a m klauzuli typu

. .. ) o a=1,2,.. t+z,+z =1
Realizace pomoci spinovych Q-bitu B2t Z“a ﬂzyi{l ;ﬁv}
(:) & 1) cevserenns (I') & |0) eesscenrestiincanns
S, = +% S; = —% Schuitzhold, Schaller, Phys.Rev. A 74, 060304 (2006)

Priichod kvantovym fazovym pfechodem
\E prvniho fadu p  druhého (vyssiho) fadu

(w> s>

Mezera mezi zakladnim
a prvnim excitovanym
stavem:

ﬁ E' Ne_CN/

" g—&c
£78 i 7
—k —
... ale Gicastni se lw> |s>
ls> w>

velky pocet hladin [ M8 D

) D
LA,
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Daléi algoritmy Grover diffusion operator

 Prohledavani databazi 0y~ g I—T—r gen 2 0m) (00 — L H g |- - A=
* Problém splnitelnosti I H|
» Ulohy optimalizace ?

Y "
"

o . Repeat ”[fT} times
Rozpoznavani obrazcu ??
Umeéla inteligence ??? Asparu-Guzik, Kassal... (2008)
» Simulace fyzikalnich a chemickych s00f A o el
(biologickych) systému 3§ 250
. i i 2% 200} e
Mnohocasticovy problém (jaderna fyzika, chemie) 2% | el
52 L " H+H,
Cviceni: N, nerozliSitelnych fermiont na Q > Ny = g 100 He | o
jednocasticovych stavech. Dimenze Hilbertova prostoru: ks - H_ e
d_Q(Q_l)...(Q_NF+1)_(Q]~eNF(ln;2F1] 2 s50f,-
B B - Ok, : —
Ne! Ne 2 3 4 5 6 7 8 9 10 M

Napf. pro jadro uhliku 2C (6 p + 6 n) mtizeme pouzit bazi

energetickych vlastnich stavi harmonického oscilatoru, 1000} B

-
g8 /o
kterou shora omezime slupkou N-he. Uvazme N = 4: 58 ol S/
70 EE S/
d=d_-d, = =17191401522520225 ~1.7-10' 2a
V4 v c o
6 § % 600f i
o . = 0o > - - - - . = o . - o
Duvtipnéjsi ofezani baze (podle celkové energie Np-Casticové = £ ,/
konfigurace) vede ke zmensSeni dimenze na ,pouhych“ d =~ 10° g . H+H
” uE) _g- Li o
& 2 200fF He | o
w =
8

Mozné aplikace pfi navrhovani novych materialy, "

2 3 4 5 6 7 8 9 10 N
Number of particles

chemicky/biologicky aktivnich molekul, farmaceutik...
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a) Uvéznéné ionizované atomy (de)excitované laserem

Mozneé realizace !

a) Uveéznéné ochlazené ionty = ymi
b) Kvantova elektrodynamika v dutiné

c) Jaderna magneticka rezonance

d) Spinotronika v kfremiku

C) NMR v kapalné fazi (manipulace se spiny pomoci
pulstt mag. pole s vyuzitim
spin-spinovych interakci) b) Interakce atomt a zareni v dutinovém rezonatoru

Molekula se 7 Q-bity

tvofenymi jadry 3C,1°F
(pracuje se se statistickym souborem téchto jader)

V roce 2001 proveden kvantovy vypocet faktorizace

15=5x%x3

V roce 2011 pomoci NMR implementace adiabatického

kvantového vypoctu dosazeno: 1 4 3 — 13 X 1 1 |
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~ P [ ]
M ozne re allzace e) Makroskopické proudy v supravodivych smyckach

1911: Experimentalni objev supravodivosti [Kamerlingh Onnes] L || =
1957: Mikroskopicka teorie => makroskopicky kvantovy jev :

[Bardeen,Cooper,Schrieffer] —I>C 10} 3_I>

1962: predpovézen (1963 potvrzen) Josephsoniv jev:

kvantové tunelovani na spoji supravodic-izolator-supravodic
1964: Sestaven prvni SQUID = Superconducting QUantum Interference Device

I -

aplikace: méfeni slabych magnetickych poli (~5x10718 Tesla) napf. v 1ékafstvi
1999: koncepce supravodivého Q-bitu [Mooij, Orlando, Levitov, Tian,van der Wal, Lloyd, Science 285, 1036]

@, = magneticky tok smyckou, U = celk. energie smycky
D, ,D,, = externi magnetické toky — umoznuji ménit
vzajemné usporadani dvojice potencialovych jam v grafu
pro U. V blizkosti degenerace je zakladni a 1. exc. stav
jadfen jako superpozice
proudovyen stavi  1=#{DHU) l=(1)-10)
Ptri ochlazeni na teploty 7~ 20 mK je pocatecni stav
smycky definovanou superpozici proudovych stavu.

Interakce mezi Q-bity => 2 Q-bitové operace

J Coupler l
£ ern

@ %ﬂ.ﬂ Myt 0 D-Wave Systems

QRO

q2

Johnson et al., Nature 473, 194 (2011)

e |
Spln-u Vi,
a = P crrc;‘.,:m.lz'7

Josephson
junction




D::waue R0DUCTS & SUPPOR QUANTUM COM JUR STORY DE R

T"t,' Qu.‘|I|[|:|'| CLIIrlFJlI[I'I_‘._: CQIF'I[_I.]r'}’ -

Quantum computing
has arrived.

D-Wave offers the first commercial qguantum

computing system on the market. If you are looking for a
next-generation solution to difficult computational problems,
we've got a pretty cool option for you.

aN\CE2rMM\-:Q

\\

The D-Wave Two™ iem is a high pe:fomlante tuuting
system designed for industrial problems encountered by
Fortune 500 companies, government and academia. Our
latest superconducting 512-qubit processor chip is housed
inside a cryogenics system within a 10 square meter shielded
room. If you are interested in finding out if this quantum

computing system meets your needs please contact us for

more information: sales@dwavesys.com H | rdwa re

1 i All hardware components in the D-Wave Two™ are fully
PartnerShl p Op portu n Itl es tested and calibrated and undergo a factory acceptance

o by vl Fy choamrar el el
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Co na to Dilbert?

SHIFT HAPPENS.

www.unitedmedia.com

3)3a[97  © 1997 United Festure Syndicate, Inc.

SAdm

Vysvétleni:

Podle Everettovy mnohosvétové interpretace
QM jsou jednotlivé ¢cleny kvantové superpozice
yrealizovany“ v riznych ,svétech—vesmirech®.
Paralelni vesmiry jsou ve vzajemném kontaktu po
dobu udrzeni koherence kvantové superpozice.
Vyssi efektivita kvantové pocitani = dusledek <
paralelismu vypocti probihajicich v takovych

provazanych vesmirech. /%

~_____




24/24

SHIFT HAPPENS. |
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