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Simulating Physics with Computers
Richard P. Feynman
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 [ am going to explain.
The reason for doing this is something that I learned about from Ed
Fredkin, and my entire interest in the subject has been inspired by him. It
has to do with learning something about the possibilities of computers, and
also something about possibilities in physics. [f we suppose that we know all
the physical laws perfectly, of course we don’t have to pay any attention to
computers. It’s interesting anyway to entertain oneself with the idea that
we've got something to learn about physical laws; and if I take a relaxed
view here (after all 'm here and not at home) I'll admit that we don’t
understand everything.

The first question is, What kind of computer are we going to use to
simulate physics? Computer theory has been developed to a point where it
realizes that it doesn’t make any difference; when you get t0 a wniversal
computer, it doesn’t matter how it’s manufactured, how it’s actually made.
Therefore my question is, Can physics be simulated by a universal com-
puter? I would like to have the elements of this computer locally intercon-
nected, and therefore sort of think about cellular automata as an example
(but T don’t want to force it). But I do want something involved with the
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“B cyeybo npuxaadnou obaacmu, nHa3bannon kbanmoboi

uHopmamukon, pabomarom kaxK pa3 me NPUHYUNDI,
Komopvie cba3anvl ¢ uHmepnpemayueu Kk6anmoboii

MexaHuxu.”

M.b. Menckun, KBaHTtoBble sMepeHMs, dPeHOMEH XM3HU U CTpejla BpeMeHU: CBA3U
MeXX1y «TpeMsl BeJIMKMMU ITpoOsiemMaMi» (110 TepMmuHoiorny I'maszoypra), YOH 2007
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Enymvia midopmMarym - our KyOuT MoxeT cyliecTBOBaTh B

U coctogHamM 0 1 1 oMTHOBpEeMeHHO:
sHauenwun (0, 1).

Bomaosag
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R. Feynman, Simulating physics with computers (1982)
“Nature isn't classical, and if you want to make a simulation of Nature,
you'd better make it quantum mechanical”

O0o00111eHNe ITpUHIIMIIA CyHePIIO3ULIM Ha [1Be KBAaHTOBbIE CICTEMBI —
BO3HMKHOBEHVIE KBAHTOBBIX KOPPEJISALINI MeXTy HMMM, YTO M3BECTHO KaK
napanokc (3¢ddexrt!) DnuinrenHa-Ilongonsckoro-Posena (I11P).

OnmHO 13 IPWIOXKEHMI IIepely ThIBaHMS — KBAHTOBasI TeJIeIIOPTaLIVIsL.



QUBIT = A TWO-LEVEL SYSTEM

/,vhich is a “simplest non-simple quantum problem”
[M. Berry, Ann. NY Acad. Sci. (1995)]

who is known for many things: Berry phase,
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A BIT ABOUT BITS AND QUBITS
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KBAHTOBBIV ITAPAJUIEJINI3M

WIN-KaK YBUIETh IBe CTOPOHBI MOHETHI OHOBPEMEHHO
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[I. Chuang et al., Nature (1998)]
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MarHUTHBIe HAHOYAaCTUIIbI,
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[Buluta, Ashhab, Nori, Rep. Prog. Phys. (2011)]
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.. HO TPYAHO U30JIMPOBaTh OT
AVICCUIIaTUBHOI'O OKPY2XKeHWMA

Table 1 Comparison between different systems used for qubits.

Atom, Molecule, Ton

Electron spin

Nuclear spin Supercond. qubit

Size ~ 107 m

Energy gap 10°-10° GHz, ~
GHz (Rydberg atoms)

Photon Optical, Microwave

Operating tem- nK to uK

perature

Coherence ms to s

time

Coupling type Electric/Magnetic

Coupling < kHz (B-field),

strength  with | ~ 10 kHz (E-field),

the cavity ~ 10 MHz (Rydberg atoms)

~ 107 m
1-10 GHz

Microwave

~ ml

~ 1115

Magnetic
~ 100 Hz

~ 107" m ~107% m

~ 10 GHz 1-20 GHz
Microwave Microwave

~ ml< ~ 10 mK

~ S 1-10 ps

Magnetic Electric/Magnetic
~ 0.1 Hz 0.1-1 GHz



Nobel Prize in Physics for 2012

" The Royal Swedish Academy of Sciences has
decided

to award the Nobel Prize in Physics to
Serge Haroche and David J. Wineland

"for ground-breaking experimental methods that
enable measuring and manipulation of
individual quantum systems"

Their methods have enabled this field of research to take the very first
steps towards building a new type of super fast computer based on
quantum physics. Perhaps the quantum computer will change
our everyday lives in this century in the same radical way as
the classical computer did in the last century. The research has
also led to the construction of extremely precise clocks.


http://www.nobelprize.org/nobel_prizes/physics/laureates/2012/haroche.html
http://www.nobelprize.org/nobel_prizes/physics/laureates/2012/wineland.html

A laser is used to suppress the ion’s
thermal motion in the trap, and to
control and measure the trapped ion.

electrode

Electrodes keep the beryllium
ions inside a trap.
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/ Photons bounce back and forth inside

- a small cavity between two mirrors for
more than a tenth of a second. Before it
disappears the photon will have travelled
Rydberg atoms - roughly 1,000 times a distance of one trip around the Earth.
larger than typical atoms -

are sent through the cavity one by one.
At the exit the atom can reveal

the presence or absence of a photon
inside the cavity.

CONTROLLING SINGLE PHOTONS IN A TRAP

2.7¢cm

superconducting
irrors

microwave photons
CEA, Saclay
Hamnpinenue: 12 MKkM HHOOUS
10° cTONKHOBEHMIA ¢ 3epKaTaMK
Bpewms xus3au — 0.1 cek. ipu 0.8 K
IIpoGer — 40 000 kM



ON THE VERGE OF A NEW COMPUTER REVOLUTION
s E e

i

A qubit - can be 1 and 0 at the same time.

Two qubits can simultaneously take on four values - 00, 01, 10 and 11.
Each additional qubit doubles the amount of possible states.

For n qubits there are 2" possible states, and a quantum computer of only 300
qubits could hold 23" values simultaneously, more than the number of atoms
in the universe. (Googol: 101 = 2332)

(CoBpeMeHHBIVI CYyTIEpKOMITBIOTEP: TepabariT ortepaTuBHOM naMsTy — 1012 Owmr)

Today, the most advanced quantum computer technology is based on trapped
ions, and has been demonstrated with up to 14 qubits.

PervicTp n3 Tpex OuTOB MOXET XpaHUTE  [gPRSsies register
TOJIBKO 3 OuTa MHMOpMaIInm.

Quantum register

PeruvcTp u3 Tpex Ky6T/I:[‘OB XpaHUT 000 001 010 011
BCJIEICTBVIE KBAHTOBOW 3aIly TAaHHOCTU 100 101 110 111
KyOMTOB BCce BOCEMb BO3MOXXHBIX
COCTOSTHUI TpeX sS4YeeK.




CXEMA KBAHTOBOI'O KOMITbIOTEPA

10} —
m'}:_ KBaHTOBEIEC BEIYHCITEHHSA — HHMEFEI{HE
0y3—] , ~BOR '
3| pasmnix (yHHTapHOe COCTOSHHSA
...... ....| mnpeobpasosanne Up) | _ __| xyburos
10}, — _
KnaccHYecKHA ynpasagiolui KOMILKOTED;
reHEPaTOPhbl HMITYILCOB IR BO3NEHCTBHA Ha KyGHTHI
. K. A. Banues, Keanmossie komnvromepwi
u keanmosvle sviyucienus, YOH (2005)
«Obopynosanue» (Hardware): «[ TporpaMmmHOe obecrieueHe»

Ky OUTBL (Software):
+ KOHTPOJIMPYIOIIasi 3JIeKTPOHMKA| TeOpusl BBIYMCIIEHWUV, JITOPUTMBI,
+ VI3MepuTesIb KpuIrrorpaduvis, TeJlelopTanms, ...




PaznuuHbie (huzndecKre peainsainun nature

Hcropuueckas aHanorus: KBAaHTOBbIM KOMITBIOTED — JIa3€p \/ | E W S

Quantum computers

T. D. Ladd'f, F. Jelezko?, R. Laflamme®*?, Y. Nakamura®’, C. Monroe™ & J. L. O'Brien'®

Over the past several decades, quantum information science has emerged to seek answers to the question: can we gain some
advantage by storing, transmitting and processing information encoded in systems that exhibit unique quantum properties?
Today it is understood that the answer is yes, and many research groups around the world are working towards the highly
ambitious technological goal of building a quantum computer, which would dramatically improve computational power for
particular tasks. A number of physical systems, spanning much of modern physics, are being developed for quantum
computation. However, it remains unclear which technology, if any, will ultimately prove successful. Here we describe the
latest developments for each of the leading approaches and explain the major challenges for the future.

[Ipunoxenus: cienupuyecKue 3aaa4u ((paKTopru3aIns YUCEN U JIp.);

MOJICJIMPOBAHNE KBAHTOBBIX CUCTEM; HOBBIE IIPUOOPHI (JICTEKTOPHI)

Where Is My Quantum Computer?

P. Hemmer' and J. Wrachtrup? Science 324, 473 (2009)
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AUCKPETHBIE OIITUMU3ALIMOHHBIE 3

3a/iaua 0 KOMMMBOSDKEpe: HaVTV KpaTyavilliiii MyTh Mexiay N ropomaMit.
3ajadya MMeeT IKCNOHeHUUAAbHY10 CIIOXHOCTh. Hanpumep, mexny 10-ro
ropogamm — 180 000 BoO3MOXXHBIX MapI1IpyTOB, a Mexay 12-10 — 20 000 000.

Solving optimization problems can be thought of as trying to find the lowest point on a landscape of peaks and valleys.
Every possible solution is mapped to coordinates on the landscape, and the altitude of the landscape is the “energy”

or “cost” of the solution at that point. The aim is to find the lowest point on the map and read the coordinates, as this
gives the lowest energy, or optimal solution to the problem.

The special properties of quantum physucs aIIow the quanturrll computer to explore this Iandscape in a novel way called
quantum tunneling. ltis like a layer of,water that covers the entire landscape. As well as running over the surface, it can
tunnel through the mountains as it looks for the lowest valley. The water is an analogy for the probability that a given
solution will be returned. When the quantum computations occur, the ‘water' (or probability) is pooled around the lowest

valleys. The more water in a valley, the higher the probably of that solution being returned. A classical computer, on the
other hand, is like a single traveler exploring the surface of a landscape one point at a time.

3amauya  niepedpopMysmMpyercss B BuUIe — HaxXOXOeHVs — MMHMMYyMa
OIIpeIe/IeHHOro IIOTeHIMasla. 3a c4YeT KBaHTOBOIO TYHHEIMPOBaHUSA -
KBaHTOBBIVI IIPOIIECCOP CaM HaXOAWUT 3TOT MUHVIMY M.
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b. [I>xo3edcon npesickasain
IIpOTeKaHue dc 1 ac ToKa
vepes3 CBEPXIIPOBOISIIINN
TyHHEeJIbHBIVI KOHTaKThI

1963:
IlepBoe HabsrOHEHME dC
sdppekTa [>xo3edcoHa
AHnepcoHoM u Payaroiom

1964:
I IepBoe mpsamoe
HaOJTIoIIeHme
J1>K03ePCOHOBCKOVI reHe-
panmu (HecTallMIOHApPHOTO
sdppekta [Ixo3edcoHa
sInconoM, CBUCTYHOBBIM U
AMUTpEeHKO
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(a) Cxema.

(6) DxBUBaJICHTHAS DJCKTPUUCCKAs CXeMa.

(B) [loTeHuMabHas SHEPrUs Kak (QPyHKIMS pa3HOCTH (a3 IL.1. ¢) HA KOHTAKTE.
(r) To ke - BOJM3H JIOKAJTbHOTO MUHUMYMa.



HKOSE®PCOHOBCKUE KYBUTbI
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da3zoBbI e(t) =(c0)HABInwi
A =(t
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3apsAIJO0BbIN

[OmenbsHuyk, Vibnues, [1leBueHko,
KBaHTOBBIE KOTe€peHTHBIE SBJIeHNS B
APaKTepmUCTMUKa
mKo3edcoHOBCKMX Kyburax, Kues, P P KOHTPOJIb
CIIEKTPOCKOTINSA

msa. Haykosa gymka (2013)]



KBAHTOBAJI CYIIEPIIO3VII.H/I5FIWI/'
~ MAKPOCKOINWYECKUX COCTOSHUM

CynepHOSI/IHI/IH MAKPOCKONUUECKUX Nakamura et al., Nature (1999)
COCTOSIHUM B TaKMX CHCTeMax Obl1a BII€pPBbIE Friedman et al., Nature (2000)
npoaemMoHcTpuposaHa B 1999-2000 rr. van der Wal et al., Science (2000)
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Microwave spectroscopy
demonstrates superpositions
of two macroscopic persistent-
current states in a loop

The two classical states have persistent currents of
0.5 microampere and correspond to the center-of-
mass motion of millions of Cooper pairs.
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CUCTEMA OBYX KYBUTOB

Amnastorvs: 1 KkyOur - atoM; 2 KyOuTa — MoJIeKyJia:
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XapakTepHble NapaMeTphbl:

YHCJIO JIEKTPOHOB: 10°, TeMneparypa: 50 MK,
4acTOThI (IHEPIUM): 1-10 I'T, OIIEPAILIMOHHOE BPEMSI: 1 HC,
BpeMeHa AekorepeHuu:  0.1-1 MKCex,  TOKW: 0.01-1 MxA
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/fﬁﬁt Quantum

KO/ (onrtmueckmx) pesoHaTopos (cavity QED): oTnenbHbIe aTOMBI
B3aMIMO/IEVICTBYIOT C HEOOJIBIIIMM YMCIIOM (POTOHHBIX MOJI.

XapakrepHas cucteMa cCQED: TBepaoTeIbHBIV KyOUT CBSI3aHHBIN C
pe30oHaTOpOM Ha JIMHUM Ilepenad

[~ 20 mm
CO =>hw > kzT CO t
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Ha pe3oHaTOp I10aI0T CVJIBHBIVI CUTHAJI Ha TPpeThell rTapMOHVKe U CJIa0bIi
IIPOOHBIVI HA OCHOBHOVI FTapPMOHVIKE:

out

_probing (&, ®) ([tISp, @)

driving (A4, 30)

MO>KHO JIVt O[IMH CUTHaJI MCIOJIb30BaTh, YTOOBI M3MEHWUTD [IPyToi?
bes kyowura: Het. C KyOuTOM: Ia.

PaccMoTpmM cHavasia pe>XuM cj1a00ro Bo30y KIeHwsI:

Bo30yxmeHne ¢ aMunTymovt A 4 Ha TpeTber TapMOHMKe VHIYLIVPYeT
OCIIVUUTSALIVIV 3aCeJTEeHHOCTY YPOBHeM KyouTa ¢ uactoTovt Padwm L2y.

Korma 2 ~ ®j, mpoOHBIVI CUTHAJI MOXeT OBITh YCUITeH VIV OCJTabiTeH.



YCUWIEHUE U OCJIABJIEHUE CUTH

Shevchenko, Oelsner, Greenberg, Macha, Karpov,
Grajcar, Hiibner, Omelyanchouk, E. Il'ichev, PRB (2014)

MeI pertasivt ypasHeHne JInag0iana
(aHaJTUTUYECKN VI YMCIIEHHO)

ITPOXOXKIeHms | | Kak
pyHKIIIO SHEpreTruecKoro
cMeIlleHVs (3aBUCUT OT
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DTU 4eTBepo ydeHbIx, Mostoxxe 30Ty, 13 yeTbIpex pasHbIX cTpaH, B 1932 rony
BBITIOJIHWIV OJIM3K1Me paboThI O Ilepexojiax B ABYXyPOBHEBBIX CHICTEMAX.
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[ Ipu M3MeHeHM HapaMeTpOB
IIPOVICXOANT Iepexo] C OCHOBHOI'O Ha
BO30Yy XJeHHOe COCTOSHVIe

(c BepostTHOCTBIO JlaHmay-31Hepa).

I Ipu nnoBTOpHOM IIpOLIecce,
onpeneneHHas ¢dasza (LtiokensOepra)
Ha6mpaeTcs1 BOJIHOBOU quHKumeV[, qTOo
IIPUBOONUT K MHTEPdEPEHITNN COCTOSTHI.



POPMYJIMPOBKA 3AJAYN
}amﬂm/aﬂ By XY POBHEBOW1

CUCTEMBbI: A
H=——0c —@G
2 g

C 3aBUICALIIVIM OT BpeM€EHN CMEIleHVIEM!:

&(t) = g, + Asin wt.

[vabaTiyeckiie ypoBHM SHEPIUN:

A-nyabaTidecKyie ypOBHY SHEPI VL

[E+ - i%\/g(t)z . A2]

3a1aya: HaAMTY BEePOSTHOCTD
3aCeJICHHOCTV BEPXHEro YPOBHH.




OOHOKPATHOE ITPOXO2KAOEHME: IIEPEXO/I JI.-3.
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ABYKPATHOE ITPOXOKIEHME: OCI_H/IJ'IJ'IHI_H/IVI
H_ITIOKE:TIBBEPI’A e

BpemenHnas sBormronys - aHaJIOTMYHa
P PSt cxeMe nHTepdepomeTpa Maxa-Llennepa:
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e z—hjdt\/e(t)Z L AL zz—hjdt(E+ —E_).

B OospimmHCTBe 3a1a4 MUMKPOCKOIIMTYecKo pu3MKM 3Ta das3a yCpegHIeTCs:

F_)St : 2PLZ (1_ PLZ): PLZ X (1_ PLZ) o+ (1_ PLZ) X PLZ'

I1714 Me30cKoImuecKmx e crcreM 3Ta pasa BaxkHa. NB: [CDSt =Dy (A, &, A, 60)]




MHOTOKPATHOE HPQWEP}E%F@H
’Bqac{omm, rpu ¢, = 0 (korma {; = {,), pOCTbIe BbIpa’keHVs JeMOHCTPUPYIOT

KOHCTPYKTMBHYIO U JIeCTPYKTVMBHYIO MHTepdepPeHIO IIOCIIe 11 IeEPUOI0B
5BOJIIOLIVIL:
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B oOmmiem cityuae, ripu ¢, # 0 iHTepdepeHIs OMChIBAETCS: [(DSt =D (. A)]

Takas 3aBrCMOCTB JeMOHCTpUpPYeTCcs KaK (pyHKIVA HaOIII01aeMOV BEJIVYVHBI
OT aMIUINTYIbI BO30YXXIeHMs A ¥ cMelleHUs &, T.H. MHTepdeporpamma JI3111
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UnTepdepomerpus:

MoxxHo 11071yunTh: (1) mapaMeTpsl KyOUTOB (CIEKTPOCKOIINS), (2) KaJIMOpOBKY
MOIITHOCTY 1 (3) HapaMeTpsbl peJlakcaly, TeMIlepaTypy.

Mo>XHO TaxKe epeBecTy cucTeMy 13 cocrogHu | 0> B sroboe cocTostHMe -
MaHUITYJISIVS THAVIBVIY aJIbHOVI KBAHTOBOV CVICTEMOTVA.



SAKITFOUEHWE

KBaHTOBBIE TeXHOJIOIMIM OCHOBAHBI
Ha 3aKOHaX KBAaHTOBOVI MeXaHVKI

I3y4aroTcs pasHble peayii3aliyi KyOUTOB
(MuxpockonmJueckme 1 Me30CKOIYIecKie),
B T.4. KyOUTBI Ha JPKO3ePCOHOBCKIIX
KOHTaKTax VI KBAHTOBBIX TOUKaX.

«Ceeo0Hs 6 pusuueckoul kapmure Mupa ecms cyujecmberxoe besoe NAMHO, 4 UMEHHO:
omcymcmebyen Mocmux Mexoy cyomMukpockonuueckum ypobrHem kbanmobou
MexXanHuxu u MaKpoMupom KAACCUHeCKOU (pu3uKu.

Teopus, xomopas Bocnoanum 3mom npobea 004xHa bYoem nomous NOHAMb
husuueckue 0CHOBbL (PeHOMEHA COSHAHUA»

[P. ITerpoys, «HoBbIVI yM KOpOJIS: O KOMITBIOTEpaX, MBIIIUIEHMM, U 3aKoHax dpusukm», M.: YPCC, 2003]
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e 0.2. KyOurs! 1 cynepriosmiims
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1. KBAHTOBAl MEXAHWMKA KYBIMTOB

e 1.1. IByxypoBHeBas cucTeMa
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