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WT, ZOMmBZRIFICEHEISATEL, RRETAHEIEXTELGENEFLD,
o TONHEMENDAEESDIEIXTSVIEHICLHITE5—FELY/NIGRYEFELZNE
LS AFEEREZRA YLD,
o 1927TFENAEIRILIIZE->TEMMT=,
(KFEH) ---iPhone HE
o [ FEESI=PLEDNEELZRL. CEFHNFEABRREREEERE)
THILbND,
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T HEEEREEE A L-Heisenberg M R/ 3 :

Uber den anschaulichen Inhalt der quantentheoretischen Kinematik und Mechanik,

Zeitschrift fiir Physik 43, 172-198 (1927).

EERFUMER (T, HIBFUOLTERSO T TOHREBITRET ST &
MTEHEMNRSIND(E1ER).

[E]s wird gezeigt, dal} kanonisch konjugierte GroRen simultan nur mit
einer charakteristischen Ungenauigkeit bestimmt werden konnen .

5% [ R IEFES | =Ungenauigkeit=inaccuracy
£ % [ IFE E & | =Unbestimmtheit=indeterminacy

[I]t is shown that canonically conjugate quantities can only be determined
simultaneously with a characteristic inaccuracy. (Google Translation)




Uber den anschaulichen Inhalt der quantentheoretischen
Kinematik und Mechanik.

Von W. Heisenberg in Kopenhagen.
Mit 2 Abbildungen. (Eingegangen am 23. Mirz 1927.)

In der vorliegenden Arbeit werden zunidchst exakte Definitionen der Worte: Ort,
Geschwindigkeit, Energie usw. (z. B. des Elektrons) aufgestellt, die auch in der
Quantenmechamk Gultlgkelt behalten und es w;rd o'eyelgt daﬁ_ka.n.o.mss:h_ko.n

wecden_konne.n. (§ 1). Dxese Ungen mgkelt ist. der engentllche Grund fur das

Auftreten statistischer Zusammenhia in der Quantenmechanik. Thre maihe-
matische Formulierung gelingt mittels dég Dirac-Jordanschen Theorie (§ 2). Von
den so gewonnenen Grundsidtzen ausgehepd wird gezeigt, wie die makroskopischen
Vorginge aus der Quantemmechanik herans verstanden werden kénnen (§ 3). Zaur
Erliuterung der Theorie werden einige besondgre Gedankenexperimente diskutiert (§ 4).

Zeitschrift fiir Physik, 43, 172798 (1927)
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[.3 THE PHYSICAL CONTENT OF QUANTUM
KINEMATICS AND MECHANICS

WERNER HEISENBERG

translation into English bv

John Archibald Wheeler and Wojciech Hubert Zurek

First we define the terms velocity, energy, etc. (for example, for an
electron) which remain valid in quantum mechanics. It is shown
that canonically conjugate quantities can be deteriained simulta-
neously only with a characteristic indeterminacy (§1). This indeter-
minacy is the real basis for the occurrenceof statistical relations in
guantum mechanics. Its mathematical formulation is given by the
Dirac-Jordan theory (§2). Starting from the\basic principles thus
obtained, we show how microscopic processe§ can be understood
by way of quantum mechanics (§3). To illustrate the theory, a few
special gedankenexperiments are discussed (§4).

MNEIFFIZRET HEMTELLY, |
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Heisenberg DAMERE E[RIE

e 1925 £F : Heisenberg D17

e Heisenberg D3RR

(HEY A = 2 2007.4)

h
PQ—-QP = _—

271

e 1927 £F ! Heisenberg DA FEEEIRIE : iE & EEBEDRFFAEK, LT O
DT THHAEETH S.

h
e(Q)e(P) = An

ZZT, (Q)=TIEBNEDFHNRE , (P) = EHEOFIIMNRE .

o BRI THYVIRBEMIEDBERER ICEDOWVWT TIFNEEHRE ZBAL, %
NHRZIBERDIRETH D I & 2RI BERMEIAZHMATC.
W. Heisenberg, Z. Phys. 43,172 (1927).

That this relation (1) is a straightforward mathematical consequence of the rule
pqg - qp = - ih will be shown below.
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h
O'(Q)O'(P) > 4—
7T
— FAFAEDAEEMERER (JMR) : (e=F1935E)
h
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7T
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e 1932F : 7AY « /JAIXVDOLIER

— (R 1) EFR=EILRILMZER, REB=B{U~NXTY ML/ EBEER
%, PEE=BHCHIFAE

— (AE2) RILY DFFAR :
Pr{A = al||lv} = ||EA(CL)’Q,D||2
— (RE3) Yalb—Fr2hA—HEN:

Y

d
ih- 1p(t) = Hp(t)

— (P 4) RIETTEEMIRERE CAIEAE) : —D DR TCRIUYEBEZ 2
B <HEIFTUEINIE, 2EEERUEIESNS.

— (A 5) IFEXEEFR : QP — PQ = ih.
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o Kennard DARER  (FEDEFREICEWVWT, (IBEDWSEDKRKEE 0(Q) &
EBEEDHPSTDKREE o(P) I, ROBEFRZ®HT.

h
oc(Q)o(P) > —. < (BERILYOHETAH
dm RN,
[E. H. Kennard, Z. Phys. 44, 326 (1927).]
e Heisenberg [&, Kennard IC5EIL> T, 1927 FICHBDED Gauss BURENEE
#H (RIAEERER) LU TROEFRZRLUT.

o(Q)o(P) = -

o r@ng ‘i; IEUEa)n,s%ti’&%wlU\Ts EQEZ‘:‘I\TCt\bb\BU\I\tL‘
SAEESDIEE.

o MERE, I, BOSNKAIEMENSTR EZICW DD, ENEFEEEICHDZ
DOEHIHWFIEL S DIEEE.



AEEMERED Heisenberg I K 5 #FRIEERA
RIENIEEE IR : R—DOYIBE%R 2 OlfElIT TAET S & 2 [El& 6 FE UAIEED
s5n3. SHEHDELEIL0ITHD,

IR RIEFTREMEIRER - MIRE A Zi8iZE c(A) TRAIELT, BIEEAHESH
&, HERDIRRE ¢ BRAZH/ET. =ATEHDESEX(A)UTIZEHS.

e(A) = [[AY — Ap|| = o(A)

Heisenberg DA EEMERIEIE, Kennard OAFER &AL RERIEEMEIRER
DEZEDIFHETH S.

REEA © Q ZERE e(Q) THIE L THIEIE g 218, RIFFIC P Z:3R%E ¢(P) THIE
ULTHIEE p 2RI, AEERDINEICEWVWTRADEDILD.

e(Q) =2 o(Q) MO e(P) = o(P).
& 57T, Heisenberg OAREEMERIED Kennard DARFERXHSESNS.
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e INTEIUYNILY DAIETERER JMR/MDR D' EZDOBIBICEDLND
EIE 1970 FREBEFX T - L.

I T FERBEOSWIEZRERTEIRIT SFMHLEhH - k.
e Braginsky-Volontsov-Thorn (1980), Caves, et al. (1980) : MDR=-SQL

- SQL (F¥EFPR5%R) : BHERE (FTHEHE) ENRREEED
KEDRESR
SOL, — ht
QL = 2Tm
- L, EAEMREICE, THEREHRIRSRE GAMiREFE) D2
DOARIEESINTVWED, FEEHRIBICHNET SXERFRD
IBWHIRSRBEMMELE RS,
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1980, Braginsky, Vorontsov, Thorne, Caves, Drever:Fi&Het AKICIEATE
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1 August 1980, Volume 209, Number 4456 SCI E NCE

Quantum Nondemolition
Measurements

Vladimir B. Braginsky, Yuri I. Vorontsov, Kip S. Thorne

Summary. Some future gravitational-wave antennas will be cylinders of mass ~100
kilograms, whose end-to-end vibrations must be measured so accurately (10~'° cen-
timeter) that they behave quantum mechanically. Moreover, the vibration amplitude
must be measured over and over again without perturbing it (quantum nondemolition
measurement). This contrasts with quantum chemistry, quantum optics, or- atomic,
nuclear, and elementary particle physics, where one usually makes measurements
on an ensemble of identical objects and does not care whether any single object is
perturbed or destroyed by the measurement. This article describes the new electronic
techniques required for quantum nondemolition measurements and the theory under-
lying them. Quantum nondemolition measurements may find application elsewhere in
science and technology.
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Reviews of Modern Physics, Vol. 52, No. 2, Part I, April 1980 ::::

On the measurement of a weak classical force coupled to
a quantum-mechanical oscillator. |. Issues of principle*

Carlton M. Caves, Kip S. Thorne, Ronald W. P. Drever,” Vernon D. Sandberg,* and
Mark Zimmermann?$

Gedanken experiments described in the literature sug-
gest a possible limit

standard quantum limit: (AF),,, =~ (mi/7T3)Y2  (3.1)

on the accuracy with which one can measure a weak
classical force I acting on a free mass m, with a
measurement of duration 7.

(3.1) on the force F, to within a factor 2. A laser-
Fpst interferometer detector for gravitational waves is an
£zt eXample of a system which studies weak classical
sqQLo forces by position measurements, and which is there-
1275 fore subject to the constraint (3.1); see, e.g., Drever
et al. (1977) or Edelstein et al. (1978). For laser de-
tectors this constraint is a serious potential problem
at low gravitational-wave frequencies, f= 1 Hz.
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1980, Braginsky et al. | FSHFHEBKREARICIE, FAHEEHERENLEHMN
NOIZESFRANGFET 5L ER, HIREBEHAK 2

1983, Yuen: EHREFEFROEHZFHH, IEKEAEIC L SZE=FR
ROITHFIRE

1985, Caves: EBEESFRERFRZUET, UNHEIKRERITE ZEHR

VoLUME 51 29 AUGUST 1983 NUMBER 9 VoLumE 54 10 JUNE 1985 NUMBER 23
Contractive States and the Standard Quantum Limit for Monitoring Free-Mass Positions .. as
Defense of the Standard Quantum Limit for Free-Mass Position
Horace P. Yuen
Depavtment of Electrical Engineeving and Co(r;ep:tj:ezc;inge,eNlo;étZ;uestem University, Evanston, Illinois 60201 Carlton M. Caves
€ b N Theoretical Astrophysics, California Institute of Technology, Pasadena, California 91125
(Received 6 April 1984)

H. P. Yuen, Phys. Rev. Lett. 51, 719 (1983).

K. Wodkiewicz, Phys. Rev. Lett. 52, 787 (1984); H.P. Yuen, ibid. 52, 788 (1984).
R. Lynch, Phys. Rev. Lett. 52, 1729 (1984); H.P. Yuen, ibid. 52, 1730 (1984).
R. Lynch, Phys. Rev. Lett. 54, 1599 (1985).

C. M. Caves, Phys. Rev. Lett. 54, 2465 (1985).
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o SEIXREFAHEMNERNICEEREINDIELSIcHED, RIEFEHIRER
ZmlcSIEWAEDEEIHERI NS L SICKHE > 1.

— JEFETECAIE
— EHIESEDHIE  BPEETEMT S I &F, RERDAEIC
HHO7IE,

e 1970F : F—ER L1 R, REFREERFKDMEZIRIS

'RIEFIEENE) DBEIE, EFAFDIEFELAEITRTOREKED KLY
IKEWT, "ENLGHZELT, BRANIKIREEZNhTWS., LKL, £
helEISIEIcE>T, HEERICXTT 5HEOH TR TA—F
DRIEEIC TR .

E.B. Davies and J.T. Lewis, Commun. Math. Phys. 17, 239 (1970)




Davies-Lewis D{REt

e Davies-Lewis D{RFi. HAOEH x ZHEIOEREDIHERE A(x) LT, HBDITVA S
WAV M ITHFEELT, HIERE A(x) OMETHEER, 1AM NTIZEST,
UTDELSICEES.

() HA9H . Pr{x € A||p}=Tr[Z(A)p].

Z(A
(i) St 5 HATIRAE p{XEA}:Tr[é (A)’)’p] .

E.B. Davies and J.T. Lewis, CMP 17, 239 (1970)

e ;E=. Davies-Lewis DIRERD T T, BIERE A(x) DA VANILXAY N T, HIEEE
A(x) DEFEETHNEEICEL > T, RDOLSICEES.

I(A)p = Pri{x € Al[p}pixeay-
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o 1984 £ | EFHNZHICHBITHAFHUWIAHELAE T—HGAEAE,

- EFHE=ERIELESNIE2EEREAE E2EEAVARMLX

v hR):
. )ﬁ L . . IR R RIR T HETE D
— HBAEME x ICKEIEER T (a) BHITT S. B+

— KRB p THIEE x ZXBHEXRIE Tr[Z(x)p] THGEZ 5N, HIEERD
KX, Z(x)p/Tr[Z(x)p] THEZAS5NS.

- A DHFZAER,

I(x)p = E4(z)pE* ()
EEBRINDITERIEBEAIVARNIAY MNTERENS.

MO, J. Math. Phys. 25, 79 (1984).
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EFAURAMLAY FEBRICEYEFAEDOL
(EILRIL FDEEO6RIRE) DSTRE

EFAFOAEILE=EILRNIL FDEF 6 [ERE
1932, A2 /AN [EFHFOHFHIERE]
[EFRTER IREDEFFEINT-
RELERREN G, -—EEEER
1960 FER#ED L—F—DFR-=FIHERELAMT D AIREM
FEERIERM, JoBE ENFREHER
[EFHEER OBE="FERNTLOESE
[EFHTEE Rl ONEIE
19845 TEFA VA MILA Y M OFIER

= M. Ozawa, “Quantum measuring processes of continuous observables,” J. Math.
Phys. 25, 79-87 (1984).
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=TEIEEA A MLAY K
ERRIR®, RER ZTEEFHREAE
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o 1986 FEIC Yuen |&, Davies-Lewis DIRFFEEFNEDESHZRZEIC L, IBHNICSEIR
AIREIR I N TCOHOEFIHEZHFNICIERFTITI A EWSHEZIREUL.

FAlX, (Davies-Lewis D) AXRL —23FIL s P7A—FIIHED Ic—igpIT =
5ELEULDZI—CORESTEERENDIZ < DAIEIFIERAGETIIHEWERFSU
5. [...]

H. P. Yuen, Proc. 2nd Int. Symp. Foundations of Quantum Mechanics (ISOM ‘86), Tokyo, 1986, pp.

360-368.
Characterization and Realization

of General Quantum Measurements

Horace P. YUEN

Department of Electrical Engineering and Computer Science,
Northwestern University, Evanston, Illinois 60201, USA

i_é'_ /) Fl:lEJ % 75§ The problem of mathematically characterizing and realizing all the possible quan-

tum measurements are addressed, assuming the present framework of quantum

1 984£5|E (:ﬁﬁ;‘;‘i&éh mechanics. 1hey go considerably beyond the standard textbook descriptions, and the

L \7!-,_ complete solutions are yet to be obtained. Some application of these developments to
= precision measurements are briefly discussed.
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e 1980 £F, Braginsky, Thorne, Caves Z&ld, Heisenberg O EEHRIBICEDWTTFHET
BENRREEREICK T HIREEFIRSE (SQL) EREEN S RERFEEWNWT, HiRSEE
BHEREFREDRREZESD].

V. B. Braginsky, K. S. Thorne et al., Science 209, 547 (1980); C. M. Caves, K. S. Thorne et al.,
Rev. Mod. Phys. 52, 341 (1980)

e 1983 £F, Yuen (&, INEIABAEE WSHHUBAEDAEZRELT, Zhick>7TSQL
M IEHENS EFERUL.
H. P. Yuen, Phys. Rev. Lett. 51,719 (1983).

o 1985 1F, Caves | SQL DER{EZHEB UL TH UWEHZRL, T, IHEIAENEDY
IBRSEIRAIREME Z 5EMR U T, Yuen DE{BZHLHIUL 2.
C. M. Caves, Phys. Rev. Lett. 54, 2465 (1985).



1988 &F, INFRIRRERIE DO OAIEHEEAIER N, IURIREAEI’ AIZEINEET
ILTHIIBRISEIRA[EETH D C &R, EEIC, SQLAMfIEEIhd &R,
F7z, Caves D SQL DEHICIE, ELHNRERIGEHRSIMDMRESNTWVWS I EHHASH
iEEhi:.

MO, Phys. Rev. Lett. 60, 385 (1988).

1994 £, Thorne &l NSF DB T LIGO(Laser Interferometer Gravitational-Wave
Observatory) DFEERICEND hvbh o 1.

2016 &, LIGO WhENHRZHRH UL EHFKRU L.

LITTIE, PHFRIRREBRIEDIRZE L 1BELICBI T 5 Heisenberg DAREEHRERZ Mo &L
ZEZERTY.

LIGO project, http://ligonews.blogspot.com/



CMERIEDETIL
1988 FE TICHISNTEH—DRERAEDET /L : von Neumann €7 )L

U= exp(_ihHNeuman)a HNeuman = jﬁy'
— o = . A A h

Heisenberg DFRZE « BELAEEMBRDKIL 1 (2)n(Px) > 5

1988 FFic, 2 DUBEBAEETINTHIREDLZWUHRIKEBAEETILAERSI N :
. 7T A A A~ A A A A A

U = exp(—ihHwmo), Hmo = %{Z(wpy — D) + (D2 — JPy) }-

Heisenberg DFRE « BALAEEMERARIIAKIL : e(2)n(Ps) = 0.
MO, Phys. Rev. Lett. 60, 385 (1988); Phys. Lett. A 299, 1 (2002).



NATURE VOL. 331 18 FEBRUARY 1988

NEWS AND VIEWS

Beating the quantum limits (cont’d)

Heisenberg’s Uncertainty Principle is for many an irksome constraint on the freedom to make measure-
ments accurately. Can the constraint be overturned?

Ozawa'’s calculation will undoubtedly lift the spirits of those involved with the design of
gravitational wave detectors; it will be Interesting to see where this leads.

[J. Maddox, Nature 331 (1988), 559]

What Ozawa has now done is to pull
apart Cave’s definition of “resolution”,

Naturally, Ozawa’s conclusion 1s that
such a state of affairs i1s indeed attainable.
The crux of his argument is the construc-
tion of a solvable model to represent the
interaction between the measuring equip-
ment and the free particle whose position

ascendant. But now Masanao Ozawa of
Nagoya University has put a cat among
the pigeons by specifying a quantum sys-
tem in which, he says, it is possible to do
better than SQL (Phys. Rev. Lett. 54,

ventional position on the SQL.. One of the
virtues of Ozawa’s case is that the quanti-
ties arising in his calculations are indeed
precisely defined and are related directly
to quantities that can be measured. On the

is to be measured, which has the virtue
that (regarded as a quantum mechanical
hamiltonian) it can be solved exactlv. In
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NAEIORILIDAFERX (FRIL) : QEPIIREBFIZHINELY, n
H P) > —
(H) =(Qe(P)>

4 N
e(Q),e(P) : i Q, EHE P OWIEFRAE
o(Q),o(P) : priE Q, EHE P OERERZAE

h: 7797588 h=6.626068 x 10~34m2kg/s

N
INEDAER (BRIL)  QEPARBICANSSELH S,

(O)[ e(Q)o(P) + o(Q)e(P) —}—}E(Q)g(P) > %
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(H)  «@n(P) >

0)  [Q) +o@]n(P) +o(P)] = 1=+ 0(Q)o(P)
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The International Quantum Communication Award for
outstanding achievements in quantum communication
research is presented at each QCMC. That award is

Quantum Communication Award

for pioneering theoretical work on quantum information

for contributions to mathematical theories of quantum

for contributions to theory of quantum communication

for contributions to experimental method for quantum-
optical processes on coherent and squeezed states

In the past, the award winners have been as follows

Charles Bennett, Carl Helstrom, Alexander Holevo,
Paul Benioff, Christopher Monroe, David Wineland

David Deutsch, Serge Haroche, Benjamin

Richard Jozsa, Prem Kumar
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Ignacio Cirac, Philippe Grang

Peter Zoller
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Experimental demonstration in neutron spin measurements

The apparatus make a projective measurement of o4 = oycos¢ +
oysin ¢ for the neutron spin.

The apparatus is described by measurement operators E¢(—|—1) =
(1+04)/2 and E?(—1) = (1 — 04)/2 with O4 = > ,_ ., zE?(z).

A=o0yy, B=o0y, and ¢ = |0, = +1)

In this case, we have

oc(A)=0(B)=1, ¢€(A)=2sin

N [©-

,  n(B) =V2cos ¢.

The experiment was carried out at the research reactor facility
TRIGA Mark II of the Vienna University of Technology (TU Vi-

enna) by Yuji Hasegawa’s group.
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4: The trade-off relation between the error and the disturbance.
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3.

e(X)mY)=1
[e(X) +1][n(Y) +1] = 2

. )
e(X)=2sin—, n(Y)=+V2cosop
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Neutrons revive Heisenberg's first take on eoco
uncertainty es
Jan 20, 2012 5 corrrenis

"This is certainly the first experiment to test Ozawa's formulation, so | think this should draw
more attention to Ozawa's formulation, and how it is universally valid unlike a naive Heisenberg
measurement-disturbance relation," said Howard Wiseman of Griffith University in Australia.

http://physicsworld.com/cws/article/news/48378
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Femanen: Address: httpiwww. scientificamerican.comiarticlie cfm?7idg=common-interpretatsion.of-heisenbergs-uncertainty-principle«is-proven-faise

Common Interpretation of Heisenberg's Uncertainty
Principle Is Proved False

A new experiment shows that measuring a cuantum system does not necessarily ntroduce urncertainty

By Gooll Brurfiel | Tussday, Seplember 11, 2012 | 18 comrmants

BEEE NEWS

SCIENCE & ENVIRONMENT

7 September 2012 Last updated at 1624 GMT

Heisenberg uncertainty principle stressed in new test

By Jason Palmer
Scienoe and technoiogy reporter, BBC Noews

Pioneering experiments have cast doubt on a founding idea of the branch of physics called quantum mechanics.



Sranffurter Allgemeine

Quantenphysik
Der groB3e Heisenberg irrte gt £ szt

17.11.2012 - Werner Heisenberg wollte seine bertiihmte Unbestimmtheitsbeziehung
auch in den Storungen wiedererkennen, die ein Messung verursacht. Diesen Schluss

haben kanadische Forscher widerlegt. X .

2003F . B HERFO/NELEEIX. NAERILIH
ELTWVERERRITEM TG ESRE ST,
INEDEE-T=-Z &L, FOV R KREDAephraim
SteinbergF A DY IBFEHIZ I ->TEERMICHERINE
L7=,

EHEELERATEREIT. NEEENRELIE-TELE
=L TULVELT =,

Unscharfebeziehung in Einklang steht. Dass die Sachlage nicht so ganz einfach ist, wie

Von RAINER SCHARF

ie von Werner Heisenberg 1927

formulierte Unschirfebeziehung ist trotz
ihrer Tiefgriindigkeit und Abstraktheit das
wohl bekannteste Gesetz der Quantenphysik.
Sie besagt vereinfacht, dass man nicht
gleichzeitig die Geschwindigkeit und den Ort

etwa eines Elektrons mit beliebiger Prizision
bestimmen kann. Fiir die Popularitit dieses

Gesetzes hat vor allem eine ebenfalls von
Heisenberg stammende bildhafte Erlauterung

Heisenberg glaubte, vermutete im Jahr 2003 bereits Masanao Ozawa von der
Universitat Nagoya.

Was Ozawa vermutete, haben die Physiker um Aephraim Steinberg von der University

of Toronto jetzt experimentell bestatigt.

Unscharferelation hier anwenden. Doch das ist offensichtlich nicht der Fall. Vielmehr
erfiillten die gemittelte Storung und die Unscharfe der Messergebnisse jene
Ungleichung, die Masanao Ozawa aufgestellt hatte.
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