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LLlymHbIe KBGHTOBLIE KOMMbIHOTEPLI MPOMEXYTOYHOIrO

macwrtaba (NISQ)

Quantum Computing in the NISQ) era and beyond
John Preskill

Institute for Quantum Information and Matter
California Institute of Technology, Pasadena CA 91125, USA

27 January 2018

Abstract

Noisy Intermediate-Scale Quantum (NISQ) technology will be available in the near
future. Quantum computers with 50-100 qubits may be able to perform tasks which
surpass the capabilities of today’s classical digital computers, but noise in quantum
gates will limit the size of quantum circuits that can be executed reliably. NISQ) de-
vices will be useful tools for exploring many-body quantum physics, and may have
other useful applications, but the 100-qubit gquantum computer will not change the

world right away — we should regard it as a significant step toward the more pow-
erful quantum technologies of the future. Quantum technologists should continue to
strive for more accurate quantum gates and, eventually, fully fault-tolerant quantum
computing.
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Tesucer TTpeckunna

KeaHTOBasS MHPOpPMATUKA - HOBLIU (PPOHTUP B PUIUYECKUX
uccnenoBaHUAX

Bnepeble B uctopumn y Hac NOSBUNUCL BOSMOXHOCTU CO3AABATH U
YyNpaenatb nepenyTaHHLIMU COCTOSHUAMU MHOTOUYACTUYHBIX KBAHTOBLIX
cUCTeMm

TTpyUHUMN KBAGHTOBOU CNOXHOCTU U KBAHTOBOU Koppekuuu owmnbok

Tlpevw\yu.lecraa KBAHTOBLIX KOMMNbIOTEPOB: CylleCTBOBAHUE KBAHTOBbLIX
anropyuTmos Ana Knaccuvyecku HepaspewummoixX 3aaady, teopua
CNOXHOCTU, HEBO3MOXHOCTb MoAennpoeaHUa KBAGHTOBOro KomnbioTepa
Ha KNnaccunu4veCkKkom

TTpomexyTouHbIv 3tan: 50-100 kybutoe ¢ TouHOCTbIO nyuwe 1%

12



CeMVIHap ((BbICOKOI'IpOVI3BO,D,VITeJ1beIe Bbl4YUCIieHus»

ApPXUTeKTYypa COBpeMeHHLIX NMPOoLIeCCOpOB: CBA3U MeXAYy OTAesNbHLIMU
Kybutamu (He Bcemm)

He6onbwaa rnybuHa anroputmos (u3-3a owmbok)
YacTuuHoe ucnonbsosaHue koppekumu owmbok

Knaccuueckue BbMUCeHUS U UCNONb30OBAHUE «<KBGHTOBOIO aapa>»> Ana
BbIMUCIIUTESIBHO CJTIOXHbLIX 3J1EMEHTOB AJIFOpUTMA
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Teopusa cnoxHoctu arXiv:2101.08448v2

(e

Unrestricted chess on an nxn board

XPTIME: classically solvable in exponential time

-

/PSPACE: classically solvable in polynomial space
Restricted chess on an nxn board

QMA: quantumly verifiable in polynomial time

NP: classically verifiable in polynomial time

NP-Complete: hardest problems in NP
Traveling salesman problem

y

P: classically solvable in polynomial time
Testing whether a number is prime

Integer factorization

BQP: quantumly solvable in polynomial time

-

Quantum Hamiltonian ground state problem

[QMA—Complete: hardest problems in QMA

\

P - 3apaua pewaerca 3a
NONUHOMUASIbHOE Bpems
NP - peweHue nposepsetcs
3a NONMUHOMMUANbHOE Bpems
BPP - pewaetca Ha
BEPOATHOCTHOU MalUUHe
TbrOopUHra 3a
NONUHOMUAIbHOE Bpems
BQP - pewaetca Ha
KBAHTOBOM KOMMblOTepe,
ecnu BepoATHOCTb
npasubHOro Berxoaa 2/3
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TUNbI KBAHTOBLIX ASITOPUTMOB

arXiv:1804.03719v2

OcHoBHbLIE NApAAUTrMbIL:

- Onepatop MNposepa (GO)

- KeaHTtoBOe npeobpasosaHue Fypve (QFT)

- Anroputm Xappoy - Xaccuaum - Jinouaa (HHL)

- BapuauuoHHbIU nouck cobcteeHHbIX 3HauveHuU (VQE)
- TIpamoe mopenuposaHue ramunbToHuaHa (SIM)
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TUNbI KBAHTOBLIX AGSITOPUTMOB
arXiv:1804.03719v2

Knacc________|MpoGrewa/anropum

Pacuyet obpaTHOU Anropntm ['poBepa GO
doyHKLMNM Anropntm bepHwTenHa-BasnpuaHm n/a
Teopus uncen AnropuTtm LLopa QFT
Anrebpanyeckue CuCTEMBI NMUHENHbIX YPaBHEHWUN HHL
3agaun MaTpuyHbie 3NEMEHTbI QFT
npeacTaBneHus rpynnol
[MpoBepka npomnsBeaeHns maTpul GO
3omopdomam nogrpynn QFT
[padobl KBaHTOBbLIE CrydaunHble BnyxgaHus n/a
MuHMManbHOe OCTOBHOE OEePEBO GO
3agadya 0 MakcumMmaribHOM MNOTOKe GO
[MpnbnunanTenbHble KBAHTOBLIE SIM
anropuTmbl
MawwuHHoe KBaHTOBbIM MeTO rmaBHbIX KOMNOHEHT QFT
oby4eHne KBaHTOBbLIM MEeTOA OMOpPHbIX BekTopoB  QFT

CtaTtucTtnyeckas cymma QFT 18



TUNbI KBAHTOBLIX ASITOPUTMOB
arXiv:1804.03719v2

Knacc_______| MpoGremalanroputn

KBaHTOBOE MopgenupoBaHue ypaBHeEHUS SIM
MoaenupoBaHue LLipeauHrepa

[MonepeyHass mogenb MN3unHra VQE
BcrnomorarenbHbie [MpurotoBneHne Ha4yanbHOro
anropuTMbl COCTOAHUA

KBaHTOBaga Tomorpadoums
KBaHTOBasi KOoppeKkuus omnbok
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TTpunoxeHua NISQ anroputmos

$U3MKa MHOMOMACTUYHBIX CUCTEM U KBAHTOBAA XUMUS
onpepeneHue 3Heprum monekyn
aQHANU3 MexXaHU3MOB XUMUYECKUX peaKLmii
BAPUALIMOHHBIE KBAHTOBbLIE CUMYNATOPLI
KeaHTOBOE MalMHHOEe O0by4veHue
KombuHaTtopHas ontumusaumsa (rpagpsr)
PeweHue surumcnurtenbHeIx 3aaad (paktopusauus, pelleHue CUCTEM
JNIUHEUHBIX YpaBHEHUIA)
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"eopusuka
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Kputepuu am BuHueHUO

TTaTb kpuTepues Ana co3naHUA KBAGHTOBOIO KOMMbOTEpPAQ

1. KeaHTOBBIU peructp AonxeH COCTOATb U3 MHOXecCTBa Kybutos -
KBAHTOBLIX CUCTEM

2. Tlepen Ha4YaNOM BbIMMUCINEHUIA KBAHTOBLIA perucTp AONXKeH 6bITb
UHULIMANU3UPOBAH

3. Bpemsa paspylseHUa KOrepeHTHbIX KBAHTOBLIX COCTOAHWUIMA
(nexorepeHTU3AUUU) KyO6UTOB AONKHO 6bITb 6ONbLIMM

4. [lonxHbI BLINONHATbCA O6paTUMLIE KBAHTOBLIE SlOrUYeckue
onepauuu Haa napamu Kyburtos

5. KoHeuHoe cocTosHUe peructpa AOMNXKHO 6bITb HAAEXKHO U3MepeHOo

D.P. DiVincenzo "Quantum computation", Science. 1995. V. 270. P. 255.

D.P. DiVincenzo "The Physical Implementation of Quantum Computation”,
Fortschr.Phys. 2000. V. 48. P. 771.

23



CeMVIHap ((BbICOKOI'IpOVI3BO,D,VITeJ1beIe Bbl4YUCIieHus»

Ceepxnposoasaime KybuTbr

Pa3pbie B cBepxnposoasdiiem konble - nepexoa [xo3segpcoHa

‘spfﬂ"l.Ip‘ Cirp
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‘Spin-down’ circ

M.W.Johnson et al., Nature 473, 194-198 (2011)
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dnemeHThr npoueccopa D-Wave: Phys. Rev. B 81, 134510 (2010) 2
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TTpoueccop IonQ

https://www.research.ibm.com/ibm-q/

https://physicsworld.com/a/ion-based-commercial-quantum-computer-is-a-first//
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KeaHTOBOE npesocxoAcTBO
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KeaHTOBOE npesocxoAcTBO
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Phase-Programmable Gaussian Boson Sampling Using Stimulated Squeezed Light
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Csepxnposoasawimm npouLeccop
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TOYHOCTb
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$OTOHHLIU NpoLueccop

(a) Phase Concave
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=L |

250 kHz
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144 single-photon detectors
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KeaHTOBLIU npoLeccop Ha atomax

1. YnberpaxonogHere atomsr (10-100 mkK) sarpyxarotca B maccussr
ONTUYECKUX NMUHLIETOB

2. Jloruveckue coctosHua Kyburta - AONTrOXUBYLUUE CBEpXTOHKUE
NOAYPOBHU OCHOBHOrO COCTOSHUA QTOMOB

3. MHuumanusauma Ha4YanbHOrO COCTOSAHUA - ONTUYECKas HAKaJKa

4. Tlepexoasl mexay CBEpXTOHKUMU NOAYPOBHAMU UHAYLMPYHOTCS
CBY usnyyeHuem uUnu ABYXYACTOTHLIM JIG3€PHLIM U3NyYeHUEeMm.
HyxHo uHauBuAyanbHas aapecauums

5. NamepeHue KOHeYHOrO COCTOAHUA perucTpa MeTOAOM pe3OHAHCHOMU
pniyopecueHuuu. Heobxoammer npocTpaHcTBeHHOe paspelueHue U
CeneKTUBHOCTb MO COCTOSHUAM

6. [eyxKkybutoBblie BEHTUNU - KpaTKOBpeMeHHOe BO36yxaeHue aTomMoB

B puAGeprosckue COCTOSHUA, AUNONbL-AUNONbHOE B3aUMoAelicTBue o
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Demonstration of a Neutral Atom Controlled-NOT Quantum Gate

L. Isenhower, E. Urban, X.L. Zhang, A.T. Gill, T. Henage, T. A. Johnson,™ T. G. Walker, and M. Saffman
Department of Physics, University of Wisconsin, 1150 University Avenue, Madison, Wisconsin 53706 USA
(Received 5 August 2009; published 8 January 2010)

We present the first demonstration of a CNOT gate between two individually addressed neutral atoms.
Our implementation of the CNOT uses Rydberg blockade interactions between neutral atoms held in optical
traps separated by >8 um. Using two different gate protocols we measure CNOT fidelities of F = 0.73
and .72 based on truth table probabilities. The gate was used to generate Bell states with fidelity F =
0.48 = 0.06. After correcting for atom loss we obtain an a posteriori entanglement fidelity of F = 0.58.
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KeaHTOBLIU peructp Ha HeUTPasnbHLIX ATOMAX

Rydberg mediated entanglement in a two-dimensional neutral atom qubit array

T. M. Graham, M. Kwon, B. Grinkemeyer, Z. Marra, X. Jiang, M. T. Lichtmanﬂ X- Slll]Ei M. Ebortﬁ and M. Saﬁ'mauﬂ
Department of Physics, Unwversity of Wisconsin-Madison,
1150 University Avenue, Madison, Wisconsin 53706
(Dated: August 20, 2019)
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Parallel implementation of high-fidelity multi-qubit gates with neutral atoms

H. Levine,® A. Keesling,! G. Semeghini,! A. Omran.! T. T. Wang,'2 S.
Ebadi,! H. Bernien,®> M. Greiner,! V. Vuleti¢,* H. Pichler,>® and M. D. Lukin!

! Department of Physics, Harvard University, Cambridge, MA 02138, USA
2 Department of Physics, Gordon College, Wenham, MA 01984, USA
3 Pritzker School of Molecular Engineering, University of Chicago, Chicago, IL 60637, USA
* Department of Physics and Research Laboratory of Electronics,
Massachusetts Institute of Technology, Cambridge, MA 02139, USA
SITAMP, Harvard-Smithsonian Center for Astrophysics, Cambridge, MA 02138, USA
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CemuHap «Bbicokonpon3BoauTenbHbIe BLIYUCIEHUS» ﬁ

ceKU

UcTopua n matemaTnyeckas oCHoBa KBAHTOBOU
UHPOPMaTUKHN

NISQ v KkBaHTOBbIE aNropUTMbI
dusnyeckue cucTteMbl AN KBaHTOBbIX BbIYUCIIEHUN

KyouTtbl B HoBocubupcke
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ceKU




AdunonbHaa nosylwKka ¢ 0AHUM GTOMOM

BakyymHasa kamepa

fJ'IsvloHsa 0 JInH3a Ob6bekTnB
= NXPOUYHOE — =
BmueOKamefp.a MM | 38%'(3”0 fuHaa =150 mm =119 Mﬁ
= =25 MM \ O6nako xonoaHbIX
_ aToOMOB
f f 7 Konnumatop
U JNasep
HTepdEPEHLMOHHbIE AMNONBHOV
ounbTPbI AOM OBVLLIKA
KonnumaTtop y
OnTOBONOKHO
Flir Tau CNV O
sCMOS Tucsen Dhyana 400D
= ~
b

W

40




Perucrtpauusa otaenbHoro aroma
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Peructpauua otaensHoro aroma
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KeaHTOBLIU perucTp Ha XONOAHBLIX ATOMAX
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Maccus onTUYEeCKUX AUNONbHLIX iosyuleKk Ha OoCHose

NPOCTPAHCTBEHHOIrO MOAYNATOpPA CBeTa

Hamamatsu Spatial Light Modulator

. _____ = _--“\I . -
8 ./ Gerchberg—Saxton algorithm for mask generation
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HOsa oauHOYHLIX aTOMa

4
17 MKEM
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OpHoKybuTOBLIE BEHTUNU B ABYX JIOBYLUKAGX
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Cxema CBY-nepexona u oaHokybutosoro seHTUnNA
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BpemeHHaa auarpamma

3arpyaka B Pervctpaums Hakadka BpaweHwe Boitan- Peructpauwa

AUnonkLHbIe 50-200mc  0,1-2mc  0,1-2mc kuBanune  50-200 mc
nosywkn 1u2 0,1-1mc

OxnaxparLmin ; e
nasep :

Nazep : il :| ( i
nepeka4km

MpagueHT
MarHuTHOro nons

MarHuTHoe /
none P :

ettt [ TTTTTTTTETTTTTI T TTTOTTTIT

=

—
T m‘.
=
=
=
=il

Buoeokamepa | [ |

Buitankueatowmin

nasep I_I_I_IJ >
Nasep Haka4kn I_I_I_“ i

Nazep
anpecaunm

50




Ocuunnnauum Pabu

1,0

0,8 -

1

0,6 - i

0,4 1 o -

HaceneHHocTb F

0,2 - i

0,0 ¥—»—-">mr—-"---"r"my-—o-rr—r—
o0 01 02 03 04 05 06 0,7 0,8

Bpemsa (Mmc)
51



Cnextpbr CBY nepexonos B Asyx nosylikax
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Hdea oauHOYHLIX aToma
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Boisoab:

B HacTosllee Bpema KBaHTOBAS UH(POPMATUKA HAXOAUTCA HA
nepexoAHOM 3Tane - yxe eCTb NpPeBOCXOACTBO, HO elle HeT
NpUNoXxeHui

PasnuuHbIe (pusmnueckue cUcTeMbl MOTryT 6LITb UCNOMb30BAHLI ANS
CO3AaHUA KBGHTOBOrO NpoLeccopa

ATOMHbLIE CUCTEMBI —~OAHO U3 «<AOTOHAMOWMX>», HO NepCcrneKTUBHLIX
HanpasfeHUn

B Hosocubupcke cospaHo aBa aTtoMHbIX KybuTa
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O6pasosaTesibHbIe NPOrpamMMbL

$3% HIY: Maructepckas nporpamma «KesaHToBbie UHPOPMALIMOHHbLIE
TexHonorum»
BeeneHue B pusmnyeckoe KBaHTOBOE MPOrpaMMUpPOBAHUE
KeaHTOBbIE CTAHAAPTLI YACTOTHI U KBAHTOBbLIE CEHCOpPLI Ha
OCHOBe YSbTPAXONOAHLIX ATOMOB
KpemHuesaa oToHUKa
KeaHTOBOE MalMHHOEe 0by4veHue
KeaHTOBAA 3neKkTpoAUHAMUKG CBepXMNpOBOAALMX
AXXO3e(COHOBKUX KybuToB
TTonynposoaHukosas anemeHTHas 6a3a KBAHTOBOWU
UHPOPMATUKU

ENT HIY: Master’'s Programme “"Quantum Technologies and
Cryptography”

$oHA nopnepxku npoektos B 0bnactu obpasoeaHua: «Bcem KBAHTLI
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TTy6bnukauum
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