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ON THE EINSTEIN PODOLSKY ROSEN PARADOX*

J= .8 BELLY
Department of Physics, University of Wisconsin, Madison, Wisconsin

(Received 4 November 1964)

|l. Introduction

THE paradox of Einstein, Podolsky and Rosen [1] was advanced as an argument that quantum mechanics
could not be a complete theory but should be supplemented by additional variables. These additional vari-
ables were to restore to the theory causality and locality [2]. In this note that idea will be formulated
mathematically and shown to be incompatible with the statistical predictions of quantum mechanics. It is
the requirement of locality, or more precisely that the result of a measurement on one system be unaffected
by operations on a distant system with which it has interacted in the past, that creates the essential dif-
ficulty. There have been attempts [3] to show that even without such a separability or locality require-
ment no ‘‘hidden variable’’ interpretation of quantum mechanics is possible. These attempts have been
examined elsewhere [4] and found wanting, Moreover, a hidden variable interpretation of elementary quan-
tum theory [5] has been explicitly constructed. That particular interpretation has indeed a grossly non-
local structure. This is characteristic, according to the result to be proved here, of any such theory which
reproduces exactly the quantum mechanical predictions.
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1. VBT X, y DELLMD0DIHZE.
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0 1,
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b=1 b=1 b=1
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RDISIZEITH,
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ABF—LIE. T—LDEFHERDIIL—ILITE>TIVSET B,
A, BF—LIZHhEEIXHAHATLEOIM?

HLL.ABOYVALDMEREZZ TSR R T, TN, &
DRZR T B OIIIEATESTENTEFI . HHKSA TS
NI, BEEFFELFET,

=15 AEBOEEEIFELLNTULVET,
AlZBAVMNSZITER STy DIEZF AL BIXKADVHIG (T
Wo-XDEZHYEBTA. CNTIE LT TALOLEZ L E
A EETEF B A CDOF—LDERETIE. DB EIIEFEELE
A




ABOSUR LIZEZT-I5E DBHE

VNS LICRIEZHL., A, BRENENTUA LIZEZT-15
BDBEEPEETHELELLD,

Iu

P= (X,yOLFhhH0THIHE) x (

\"‘( TEE) X (
3 4
X+ X = — ==

4 8 2

DT —LIFZ AN SUF LIZIREZ (L. EBLoDNEFHL
HF—LEITEZBWNZENDOMNYET,




A BF—LD5HEES D HERE

A BF—LIL, FFIFITEEHLEZL T ROBEEZRAIEMN
’C%i?’

A,BlE. X, yDEIZEHST . a=b=0&£27T0%1RY (Plan 0),
Eéb\li a=b=1&27T1 %&9 (Plan 1),

WINDIZETH. ABF—LDBEIL, 3/4 £GY. U5 LIS
MSLIGE DL/ 2XY  BREEHHIENTEFY,

BEEE
v-O y= 1 v-O y

lA

a=0 a=0 a=0
b=0 b=0 b=0 = Plan 0
a=1 a=1 a=1
h=1 b=1i b=1 ¢m Plan 1
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. EFcﬁd)ﬁ#ﬁ
(X y)
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- / B EEZEDFEE:
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'SR —Ad)ﬂ#ﬁ&éi%fd‘éﬁﬂ%{.
Verifier D(a, b,x,y) = {0, 1}




CHSHZ7 —L M EHX 1L

CHSHY —ALIZ. ZO=D DX THEHHES ITENET,
1. BRI u(x, y)

2. EREEZEDHMEE: pabl|xy)
ANx, yBREZ DN T-Ba bEH N TS, EUHEEETHD

3. T —LDERzEEZET HEE: D@, b,xy) > {0,1}

CHSHT —L M5,
® u(x, YIE. 0E1D—FRIZSU A LIg5 1.
®

® D(a,b,x y)l&L.
a+b=xy (mod 2)DEFIC1Z . TN LI DEFIZ0Z R I L,
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tl:|=l-

MHEpNEZLNT-EED T — LGOI
N THEALNFET,

F oG p)lE. ZD

wGp)= ) u@y) DGy,ab)pablxy)
X,y,a,b

ED LS HBEZEIRTANTHRIIZEDOYET, 5L TE
RENT-HHEZS — LDOTEEE 1 ELNVET,

HHERIIECHSHE, TRV T LAV M EFIFALIZCHSHE
DEWNE, FHEpA T HBAIMEBEICERIT S peC. . EF
SRENHEERICE T S € C,DEWVITIFELET,



O EH R ERE EE FERIEREDLETD

CHSHY — L DR KEEE

Bell DAFER > B DL ETIE, CHSHY — LD
j:,,_ﬂmli 3/4 = 0.75 IZYET,

FiRp9MERE D EETlE. CHSHY —L D& REEZEIL.
COSZ(n/8) = 0.8125... > 3/4 [ZHYFET,

IRRERIZE D(CHSHY — LTI, ZD (L cos?(n/8) TH
BIEMENDONFELT=,

oL T, BAIE., B EERHERETIH G, = FmAERICHES S

ECIVRADT JLAVNEEET A ED . EERMICHENDONE
L7=,
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SEBHDEEL S
MEDIFA~NDOEL—R2—DF| A
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O FHTLWEFBAD A AA )L -- xEERIZFBHDAEE

O 7300 EE2EE1ENFEREZY R
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J570REBEFIVID=OITLELIZEDE
Graph Isomorphism®D#E LIS X

EE AV SFBA D = #) D R
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n,s’.)—CL\T' _IEEEJ

[z)L—DTEE|IF. REMIZIE, 1995F DAndrew Wiles
DRI IZE-TEERASN =D TI M, Jz/ILY—B L. CDFE
BAFAH E-EELTLVEL =z, D, 32oF=lEFBR I THHOT=
DITHEMNTT,

Wllesﬁﬁﬂb OSFEMwmX LARIZ—E, GERALT-1&ET HFFKE
TUWELEA. RUAR DAY, FNZEHFEILTLNVET,

HiCDE#ETH L) —< o FE L., RIENGERAINAERIN
TWEYT , SETHDECA, TNIFERH-TIEEA ] TLT =,



FLWWCEDFHITEAEELLVFERA

Grigory Perelmanid, 2002F 5 520034FIZHFHT arXiv [Z
BRELERX T [ ZRTDRT7UAL TR I EFRLE
L7=

arXivid,. ZFEDRXGEEITIELY  BH DR EEROHIEFEMN
ERMIZLEWLD T, BRROFRTIE, MO, [RDEE
BAMNIELLNELSZES FIEHYEEATLE,

MOFERADIREEIL EHOMEEDT I —TITRYHEFEN. &
RAIZIRDFEBAD IELIMTREE ISNTF=-DIL, 2006EED LT
L7=,



ESC I A

[BREMBEEND S FERIRE 1L, Daniel Gorensteinz!)—4 —¢&
TAHAHFEDERICE>THRIN, 20 HECDEFE D KELRL
BH—DO¢EENTULNVET,

f=1=. TDIEEEAIIE. 100 AL EDEFED. SOFEDHLVIC
HEOMIGEITHERL=, WRGEDEIA IOBITY ., €D
R=—OHI—AR—VZBAHEEDLNTNET,

[FERBAZ £ 80ZFEA THHFEE(E. 1ALV, JELVLDON
DA—VIEDMNRIZGEO, EIZEaHhYUFERA,
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Y. MFEOIERICaOVE L —9DNNELZON ?

JTIWI—DEEZEALE-TAMIILIN, FBELTERETEA
DEDLEDIMNAFZIEEST=LIIT BFIL, EITLI-EBD A
FHEDEEBEDERD LICKYIL>TULVET,

EAOSZXDIMEE &, LoD FERBETFREIZLTLV =500
DTITH, LLE EFTSRDFHEILIESZTTLV=ELTHE. ES2T
FJADTEEZEOIDIZ, BWoIZEEERZHAHDBHEIIHYFER A
F-. TDIEEHIZB D TRYRTBELHYET T ALY,

DIGKELBRARDBFETIE., [FHROHXF(E. FABHRDHIR TS
ABHYFET,



U EMREIDIE1—RZKHHER

197445, 1) /A4 RKRFEDKenneth Appel&Wolfgang Haken
X, BFOREWRDIVEL—2ZF>T. HEMEIZHEEEL
=5

AVEa—3OREFE L. 12008F[E IR U, REDZEZEFHE
LAOFIRANROoNGEN IO THFELANDEEZoF=EE L
F9,

OVEA—3NANFITIEIHFESIRKRGHEETITO-DIEIEETT
M, B, ZTOFEDELSORIALEIODTNEFERIZ,
SLI-TEEBA 15 BIfR 9 AR H—EIZIEHYELT -,




(AR | Feit-Thompson D E 3 |
M Coql= L35

éOO4Es Georges Gonthierld., CogZE-> Tl U RRE 1%
*L7=,

Georges Gonthierl. £f-. 20135 . HERENEOEELTE
HTHA. [Feit-ThompsonDEE 1D Coql&kHH K BIEERAZ
BzZFLT-,

15,0000 E%. 4,300 EH, 17FITDV—AM7E5HD3E
BAZ . X F—LIEET. 6ENTTERSEZEVLLET,




ATERERZEHRIT HLE.
TNYRELKBLD

Mathematicians Map Eg HARI1%

Mathematicians have mapped the inner workings of
one of the most complicated structures ever studied:
the object known as the exceptional Lie group Eg.
This achievement is significant both as an advance in
basic knowledge and because of the many
connections between Eg and other areas, including
string theory and geometry. The magnitude of the
calculation is staggering: the answer, if written out in
tiny print, would cover an area the size of Manhattan.
Mathematicians are known for their solitary work
style, but the assault on Eg is part of a large project
bringing together 18 mathematicians from the U.S.
and Europe for an intensive four-year collaboration.

http://www.aimath.org/E8/



NEDBIETEHIE, IXHUT,
Es Map: ESDEH R IF60EH,

Bigger than the Human Genome

The magnitude of the Eg calculation invites
comparison with the Human Genome Project. The
human genome, which contains all the genetic
information of a cell, is less than a gigabyte in size.
The result of the Eg calculation, which contains all the
information about Eg and its representations, is 60
gigabytes in size. That is enough space to store 45
days of continuous music in MP3 format. While many
scientific projects involve processing large amounts of
data, the Eg calculation is very different: the size of
the input is comparatively small, but the answer itself
IS enormous, and very dense.
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Garrett Lisi: An Exceptionally Simple Theory of Everything

https://goo.gl/bmfwxi



https://goo.gl/bmfwxi

Es Dynkin diagram

o—O o O—0C—0

The Lie algebra Eg is generated by 16 elements Xied, Yred, Xbiue, Yblues«««s
Xbiacks Yblack Corresponding to the nodes in the Dynkin diagram.
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1966F6H4H - 201749H30H




Voevodsky

20174 (Z1E<%>1=VoevodskylZ. Milner¥#&. Bloch-Kato
FREMGE . R M T/ a8 Ty oh#EELS5EL-ET.

RELGFERBZELFEL =, VA TFRX—DREDHS
EfELa e —2IZEFRELTLVEL S,

=L BFD

RIE. BFDIERAIZ, AVE 1 —3FFHIRELEFRLI=FZPID
HEED— AT, El=. TD=HDOIVE1—2(ZLHEAXIE

DRTLDZTA4TZ)—UniMthZRFELELT -,

GitHub: https://github.com/UniMath/UniMath

20164598 MiE&E "UniMath - a library of mathematics

formalized in the univalent
style" https://goo.gl/3sJr1M



https://github.com/UniMath/UniMath
https://goo.gl/3sJr1M

Voevodsky D#FEX

20004, MIL1993FICH A MNFERLIZB/BXODERGMHEN
BLE->TULVM=CEICRDEFT , TH. TDLEIZIX. TDFRXIEIE
CHES>TWT, Z<OHBFENEDRAZIELTILVELT =, &
75\ %G)FEﬁLOT’*ﬁ Ef&L/—C:E)s nﬁﬂjo)%nnﬁﬂh\IELL\;t%_EEﬂ

TS=DIE. 2006F(Z7E>THM B TLT=,

DI EL BT, 1998FEICHETHEMNFER LI X DEERAIC
XFL T, TIELSZZL I ELSHEFIA H SN T T, FEamBI (., I,
IELM2T=DTI A, A, &FERHIZ, BADELLNEZFEET
DI, 2013F (73> THBTLT=,
(COH=YDEFHEIL. “The Origins and Motivations of
Univalent Foundations” https://goo.gl/LW2Wcq [Z. &
L<nonTLET )
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“7“5|7‘I~“J<:‘F—lis BAET 8=, BFERI (accumulative)
HEREF O OLEL, LD, Z2(RULABIADL E. TNt B
B9 HAREMEN B D 1E,
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t=o TNHAMEBIEINT-DIL. 1995F N ETL=. FAEAEH
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JATRREX—(X, FEDIRRIL. OV E1—42TFyITE=5HT
EO?L\O)%’EHS(ZDN%T:“&I%EL\ ERIZ, TNZZETLTHE
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DnlE. 21 OHFEDIRE . KEKEZATLK=A5HL.
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MHETLADTEH, [ FEFREEEA Interactive Proof 1 Tld,
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Prover |EFESCENBHYET , FEIE. EXEEET., EALRIRED
R ICE R T RTEENZEOTLVET,
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RE]EVVNVET , COEIREIL, BHEEDIVSANPIZELE T,
ECAM, ZDODTSITMNELCEDTIIERWNZEZEEIBAT A 557
DIERBRRELF. E(E. . [9570RE BB I KVELLE-ET
HH_E. TIHEOEZTDEHMEISAIINPEBZSELDTHAE
M. Interactive Proof D FEZF{F>THIO TEERASN =D TT,
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ZONTIIDIELEYCESTEELRI . —DNDF5TTIA
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B)EIF T, —ADT ST THAIEREHBHTERIFEIXN TL
NIX AADTSTTEXRIGTAEENMEIEINTLNAZETHS,



1557045 1

ju]

ZONTZIDIELCEYICESTEELRI . —DNDF5TTIA
HETEAN—F—IZET B (CNITERIDFTTEZ TRIESHh
B)EIFTHL, —ADT ST THAIEREHBHTERIFEIEN TLY
NIX AADTSTTEXRIGTIAEENMEIEIN TSI ETHS,

RODZDDTSITTEZTHIS,

1(‘} 04 1 4
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ju]

EDTS7EBDTSTME ENTFIEEL->TLNVAA, JTES3,4
DRBRZFESRANIE. EEWNVTNDITST7ERDEEFH-L
TWAZENDHMNS, (FEDK)

B IES1L2 [E0EM->TLNS,

B IES2,3 [E0EMN->TLNA,

B JES3,4 [E0EMN->TLNS,

B IES4,1 [E0EMN->TLNS,

1(‘} 04 1 3

2@ 03 2 4



ju]

1557045 1

B JES1,2 (D0 -TLVA,
B 552,33 (0N -TLVA,
B 5534 ([ZOEMN-TLVS,
B JE54,1 [ED2HEA-TLVS,

KO TZDODTISIIFTEICIEDTH S,

1Q 04 1

20 03 2




BRICTS70H 2

RDZDDITSITEEZATHED ENTFIEESIDZN. ZDZ
D2NT 2. TRILIEDTHS,
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1L S570H 2
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RDIHIZ6DDIERIZAFIZEDITELD,
ZOR.EEDTZ7EE.18RE(L,2), (2,3), (3,4), (4,5),
(5,6), (6,1), (1,4), (2,5), (3,6) [ED2ih>TL S,

1 2 4 6




]

1L S570H 2

RDIHIZ6DDIERIZAFIZEDITELD,
:G)E#s 7£7E0)7\\37L':B~ ]-E:'ﬁx(llz)l (213)1 (314)1 (415)1

1 2 4 5
2 6
5
&2T. =20
: 752ETEC) 3 ! 5

THA,



BRICTS70% 3

RDZDDITSITEEZATHED ENTFIEESIDZN. ZDZ
D2NT 2. TRILIEDTHS,

https://en.wikipedia.org/wiki/Graph_isomorphism
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g5 70H 3

EROHIEIL. (a,9)=(f(a),f(g))=(1,5). A

I,

(a,h)=(1,2);(a,i)=(1,4);(b,g)=(6,5);(b,h)=(6,2);

(b,j)=(6,7),;(c,9)=(8,5);(c,i)=(8,4);(c,j)=(8,7);

(d,h)=(3,2);(d,i)=(3,4);(d,h)=(3,4)
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EEDTSTDEEDDOENYIT—HT S,
EEDTZIIE. TRICIEDTHS,
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Graph isomorphism
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550

Al

ROEHELETmI-IF. 757GV STHIIRE THDHEE S,

1.
2.

3.

FS5I7GETSTHDTERDEITELLY,
F57GDTEAVETZTHDOTEAV ZF—X—IZRIsSE S
B f A TETET B,

JS5IGDIER i, ] BN DEA>TWWAESIE(TERiETER]E
DIECTARBHDEESITE) . DT STICHIERIZH ST
BT STHDIERE((D), fG)EHDHTEMNHEDS), O
Mo TLVS,



ROEHELTE=-IH. V57GETITHIZRIETHLHEE D,
ENSLWNDFZEDHDFYINBEMNRTE IS,

1. V37GEVSTHDTERDHE n&d 5,

2. H5IGHTERVES STHOTEAV, E— R —IcdiEat 3
B f WNFET D, —OLT= flE. n! EFET S,

3. J27MIEA |, j B DEMN->TLVS c(i,j) = 1. DLEHA-T
LVELVEBIE, c(i,j)=0 ELVSBEEEEZ S, FDFHIE.
c(i,j)=c(f(i),f(G)) &xRtE 5,
0&!:1@’&&%5&%&(3& MEFEET HZA25M 7
c(i,j) D5IEER7 i,j DEJE/SHEAEHEIX. N2 BAHSH,
&£2T. 0,1 ZDDEIZEZES BE#c(i,j) ->{0.1}Z.
VAT RS B,



Graph Isomorphism®D#E ISR

U27GETSOHDREIT. ERDORIGERT £ VeV, £.34AD
XuaERY c(ij)->{0, 152N nIL, T577GETSTHDE]
B, ZIEABFRTFIVITES,

=M. Graph IsomorphizmDEHEISAIL NPIZET H2&IE
BN THD,

== ENHPICET DDA EARAZL NP-EE2M L LA
TULVELY,

cf. Laszlé Babai “Graph Isomorphism”
January 9, 2017

https://people.cs.uchicago.edu/~laci/
update.html
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giElE,. VS7DRIEEDEEZELELTRDLOIBEEREZE A -,
f-t=. COE=EIL. PLAETHS.
BIZIE. BHSAIZ, 1. DEHE. 2. DEHIZTEENTLNVS,

1. V37GETS7HDTERDEILZFLLY,

2. J57GDIERVETSTHDIERV E—X— I/ IGSE S
BE# f MNTFEET 5,

3. J57GRDIERA i, ] N DHEA>TWALESIF(TERILITER]E
DIECAMHBEESTE) . DT STCHTERIZKIGT
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BPPOEE

[0 Denition. BPP is the class of languages L c {0, 1}
for which there exists a Turing machine M and a
polynomial g so that for inputs x € {0,1}" , M
terminate in at most q(n) steps and

m if xeLthen M accepts with probability > 2/3
mif x¢Lthen M accepts with probability < 1/3

The constants 1/3 and 2/3 aren't important; we can

amplify to make the success probability as high as we want

by running the program a bunch of times and taking the
majority result.



BQPOEF=

[0 Definition. BQP is the class of languages L
c {0, 1}* for which there exists a uniform family of
polynomial-size quantum circuits {C, } over some
basis of universal gates and a polynomial g so that
for all n and inputs x € {0, 1}"

m if x eLthen C,(|x > |0 >®1™) accepts with
probability > 2/3
m if x ¢ Lthen C,(|x > |0 >®91™) accepts with
probability < 1/3
Since circuits have to pre-specify the input size, so
we need a circuit for each input size n. By uniform,

we mean that there is a classically ecient algorithm to
produce C, given n.
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“Polynomial-Time Algorithms for Prime
Factorization and Discrete Logarithms
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If computers that you build are quantum,

Then spies everywhere will all want ‘em.

Our codes will all fail,

And they’ll read our email,

Till we get crypto that’s gquantum, and daunt ‘em.



Abstract

A digital computer is generally believed to be an
efficient universal computing device; thatis, it is
believed able to simulate any physical computing
device with an increase in computation time of at
most a polynomial factor. This may not be true when
qguantum mechanics is taken into consideration. This
paper considers factoring integers and finding
discrete logarithms, two problems which are generally
thought to be hard on a classical computer and have
been used as the basis of several proposed
cryptosystems. Efficient randomized algorithms are
given for these two problems on a hypothetical
quantum computer. These algorithms take a number
of steps polynomial in the input size, e.g., the
number of digits of the integer to be factored.



BQP (Bounded-Error Quantum Polynomial-Time): The class
of problems solvable efficiently by a quantum computer,
defined by Bernstein and Vazirani in 1993

Shor 1994: Factoring integers is in BQP
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Classical systems cannot in general
simulate quantum systems efficiently.
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Quantum computing and the entanglement
frontier

John Preskill 20124
https://arxiv.org/pdf/1203.5813.pdf
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classical systems cannot simulate highly entangled
quantum systems efficiently, and we hope to hasten
the day when well controlled guantum systems can
perform tasks surpassing what can be done in the
classical world.
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One way to achieve such "quantum supremacy"
would be to run an algorithm on a quantum computer
which solves a problem with a super-polynomial
speedup relative to classical computers,
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To operate a large scale quantum computer reliably
we will need to overcome the debilitating effects of
decoherence, which might be done using "standard"
quantum hardware protected by quantum error-
correcting codes, or by exploiting the nonabelian
quantum statistics of anyons realized in solid state
systems, or by combining both methods.

Classical systems cannot in general simulate quantum
systems efficiently.

Is controlling large-scale quantum systems merely
really, really hard, or is it ridiculously hard?
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Quantum supremacy using a
programmable superconducting
processor

Frank Arute, Kunal Arya, [...] John M. Martinis&
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Abstract

The promise of quantum computers is that certain computational
tasks might be executed exponentially faster on a quantum
processor than on a classical processorl. A fundamental challenge
is to build a high-fidelity processor capable of running quantum
algorithms in an exponentially large computational space. Here
we report the use of a processor with programmable
superconducting qubit52'3'4'5'6'7 to create quantum states on 53
qubits, corresponding to a computational state-space of

2019%10A23H
NaturelZs/XXHF 3k

circuit a million times—our benchmarks currently indicate that

the equivalent task for a state-of-the-art classical supercomputer
would take approximately 10,000 years. This dramatic increase in
speed compared to all known classical algorithms is an
experimental realization of quantum supremacy8'9'10'11'12'13'14
for this specific computational task, heralding a much-anticipated
computing paradigm.
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Why I Called It 'Quantum Supremacy’
Preskill 2019/10/02
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