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“We must now describe the photon as going partly into each
of two components into which the incident beam is split.”

P. A. M. Dirac, Principle of Quantum Mechanics
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Can Quantum-Mechanical Description of Physical Reality Be Considered Complete?

A. EinsTEIN, B. PopoLsky AND N. ROSEN, I'nstilute for Advanced Study, Princeton, New Jersey
(Received March 25, 1935)

In a complete theory there is an element corresponding
to each element of reality. A sufficient condition for the
reality of a physical quantity is the possibility of predicting
it with certainty, without disturbing the system. In
quantum mechanics in the case of two physical quantities
described by non-commuting operators, the knowledge of
one precludes the knowledge of the other. Then either (1)
the description of reality given by the wave function in

quantum mechanics is not complete or (2) these two
quantities cannot have simultaneous reality. Consideration
of the problem of making predictions concerning a system
on the basis of measurements made on another system that
had previously interacted with it leads to the result that if
(1) is false then (2) is also false. One is thus led to conclude
that the description of reality as given by a wave function
is not complete.

Phys. Rev. 47 (1935) 777-780
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Phys. Rev. 48 (1935)
696-702

BRI AZEE T CER<AENTED.
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THY, AIET DLUBIN SMEDEEE(IHEE
LCLVE, EVAD. CNOETHEEETDIET
VA P e el

[SERIEITIERL, MBMAMEIEVWSEZZATEREULKD.

OCTOBER 15, 1935 PHYSICAL REVIEW VOLUME 48

Can Quantum-Mechanical Description of Physical Reality be Considered Complete?

N. Bour, Institute for Theoretical Physics, University, Copenhagen
(Received July 13, 1935)

It is shown that a certain “‘criterion of physical reality’ formulated in a recent article with
the above title by A. Einstein, B. Podolsky and N. Rosen contains an essential ambiguity
when it is applied to quantum phenomena. In this connection a viewpoint termed ‘‘comple-
mentarity” is explained from which quantum-mechanical deseription of physical phenomena
would seem to fulfill, within its scope, all rational demands of completeness.
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physical reality
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Nobel Prize

J—NIV3E

FERXER 2022F

Nobel Laureates in Physics 2022

http://www.nobelprize.org/

"BEFEDONNOER, BellAFEADBENDHERIC K S=FIEEHREIFDEIR"
SFEDN(IT YT VA, entanglement)

Alain Aspect John F. Clauser

Université Paris-Saclay and J.F. Clauser & Assoc.,
Ecole Polytechnique, Palaiseau, France Walnut Creek, CA, USA

Anton Zeilinger

University of Vienna, Austria

52 P ARTSMLINI BT OL—K
>3- 95'7"7‘ (79)K O3 —=rYVIIT1MI%
ORI PAVIA=(TT) A—AR)7 71— K

N O\ N

The Nobel Prize in Physics 2022 was awarded to Alain Aspect,

John F. Clauser and Anton Zeilinger “for experiments with
entangled photons, establishing the violation of Bell

inequalities and pioneering quantum information science”.

Their results have cleared the way for new technology based
upon quantum information.
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Experimenting with Bell inequalities

1969 v e ] @—»m

NIV LRFISHFHINDS=FEDONDIHFD

3 y ¢ 75 I'j"jg_ John Clauser used calcium atoms that could emit entangled photons after he had illumi- 1ﬁﬁ4k,u\€/ﬂum /\} I/ODT:—EEFTD\E&*LT L \ 5 — é: %Ta—

nated them with a special light. He set up a filter on either side to measure the photons’
polarisation. After a series of measurements, he was able to show they violated a Bell
inequality.

* U

B SNB3EFE DONDHFOHZIEN. TSICHiE T
AIET DIRIGREEZZTECEITDILDICUT, EFDRIL
RREE EEEREE DR TEICRABRN RN EERT.

1980s

-7 — iy =7 o
PP AN
J Alain Aspect developed this experiment, using a new way of exciting the atoms so they
{L\/\ J i '|j'7 l/_* emitted entangled photons atg higher rate. Hg could qlso switch between different settings, 1 4
so the system would not contain any advance information that could affect the results.
ENTANGLER
2 3

ENTANGLED ENTANGLED
PAIR 1 PAIR 2

%%E’)ﬂ@i‘ﬁ%’& 2HERR L, 5% LICHKERFZREIC
BAUZ. BEADHRANSDERESERWTI(ILYZH
PR IPA) D — BIDHIET, 5‘6%5&7575*‘5\,\L,\“F'aﬁ%mkw‘faiég_ %
7_|-_Z I\ U 7. "7 {— yj{ Anton Zeilinger later conducted more tests of Bell inequalities. He created entangled pairs of 1%535 ijz-_ ]

photons by shining a laser on a special crystal, and used random numbers to shift between
measurement settings. One experiment used signals from distant galaxies to control the filters
and ensure the signals could not affect each other. 3 3
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RIEEEZH, DHEEODLIREZE 2D o TmF eIl 740228405, RFVAF—
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AT CEWEZMEICRB LT LIS TA Yoy Ly - R—THFT, HEOORRBRITIEVE, W
HEZDPOHE SN, EBHINT.

Z DRI, 1964 FEI2—ZF 5. NV (John S. Bell, 1928-90) 12 & T, EPR DFEFRATIE L\ 2
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ML EEWED 2 02 FDHE, 200K TFOAY Y OMBIZ ERIHFET S| 22 EH (NI
&) ELTRLE. ZhiE, NIUVAERSENRLTWILE, EPR OIREDNEY T, BT HFOEZHFIEL
WZ EZERLTWS

Z LT, 19824, 7 AR (Alain Aspect, 1974-) IZ X o TETFI2ONKEIZH 5 2 2DHTFE W
EBEBITbI, NIVORFERIHEN TS (T4b5, EPRGXOIKEIZIELL W) Z RSN,
NWVAREROKRGE X, FOBRIELDITN—TI2LEoT, BFREFAFT V2 HVTEREINTEY, v
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XDJIIERA (our Galaxy)
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1. FEOBEEEE ) 1.3.2 tRiaRU LD T—IV

AEAF

#R;AE (cluster), FEHOXRIERBE

IR z

2 1.36 VIMOS ¥ —AIZBIF 2T O3 (2016). K 1.35 & ) HEITIZD
W, ABERK TR FHZERELZDOT, 10 HFHEDHZEZENIR
MZRY. FHEEPOHAET COFMBEEOHDOHEEZ/RL TV, &
ZAHEZARADADLIRNKA FREERRONS.

1611.07049

log(1+4)
2.26
0.82
0.64
0.51
0.41
0.32
0.22
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—-0.15

—1.00
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FHRE (cosmological principle)
sl HHFFEFZZEL T, 3DDIITHHFIND

(a) BV /=FH (b) 1B % FH (c) FAU %=FH
a+B+v<2n a+B+v=2n a+ B+ v>2nm
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FUVZFE PO IRFH FAU 7= FE
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—p>

(4

‘ oo (o, )] dr? 0 ‘ -
ds® = —c dt? +m | gy | rz(dé‘z + sin® Odc,o‘z)
— KT1*°

Friedmann, Robertson, Walker, Lemaitre (1920s)
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The Origin of Chemical Elements
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Applied Physics Laboratory, The Johns Hopkins University,
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Cornell University, Ithaca, New York
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G. Gamow
The George Washington Unsversity, Washington, D. C.
February 18, 1948

S pointed out by one of us,! various nuclear species
must have originated not as the result of an equilib-

rium corresponding to a certain temperature and density,
but rather as a consequence of a continuous building-up
process arrested by a rapid expansion and cooling of the
primordial matter. According to this picture, we must
imagine the early stage of matter as a highly compressed
neutron gas (overheated neutral nuclear fluid) which
started decaying into protons and electrons when the gas

Physical Review, 1948/4/1
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Discovery of CMB

Arno A. Penzias (1933-)
Robert W. Wilson (1936-)
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Cosmological Background Explorer, 1992
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WMAPRIEICKSCMBDHIE

Wilkinson Microwave Anisotropy Probe, 2002

.\-i > A

3775 90005

HalER, STHEFERDE, NTATONTICEHETTDLDIC
5. TOFRDEE(FIS3000K) AWBMEFH TN THEOTLDILT.

i}

BHOFEILT1 37 HEE, 3RS

==
7R

THERRCEETAST S5=K === 11 2 725K

82



5.F®8# ) 5.2 EWINJIEEFHR PRE p162

WMAPRIEICKSCMBDHIE

Wilkinson Microwave Anisotropy Probe, 2002

® The mean temperature of photons in the Universe today is 2.725 K

® WMAP is capable of measuring the temperature contrast down to
better than one part in millionth
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Wilkinson Microwave Anisotropy Probe, 2002
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Planck, 2013
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