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Hilbert D56 6 [FRE: EFAFDOAREL

von Neumann ORAER | HEABLRFEDX XK N
EFNZONBDTR : AIELE -EFMVANLXAY

ENRREARNZH < 5mF
FEEEREDISIE

EFM1YVANLAY NDEMDMEANDMA: EFIEFHRIEOOEFEDRND ?



EFNEFICKTT S von Neumann DLER

NI Ql RELYIES). FEDEFR S KX, S DIREBEMEMEIEND, 5B Hilbert
ZREH DT S, S DREE KX, H LOBEERZTHHLL, S DYIEEICIE, H
EDOBEHERIEARIWILT 5.

2 Q2 (Born DFEFTATN). EEDYIEE A BESDIRRE p THERIGET, ZDHIEE
x DERDHIIRATEZOND. TNZEYIEE A DIREE p ICH T BHERDTH LA,

Pr{A € Allp} = Tr[E4(A)p] (A € B(R)).

N Q3 (FAEE). %S i&, FHltHS t+ + O, (KREICHKTFEULEV) Hamiltonian
HZHDMiIFeETS. HU, RSHEAt TIRRE p(t) ICHBIESIE, Bt + 7 I
EITDRSDRE p(t + 7) BRATEZ SN S.

p(t + 7_) — e_iTH/hp(t)eiTH/h.



o N Q4 (BHR). H ENRREBERET SR S, & K Z2REBERE ISR S, DEHR
S =81+ S; DREBERBETYVIEHRQK TEZS5N, S; DYIEE AL S, DY
BEAQI LA—HREh, S;OVEEBIEXSOYBEE T ® B LA—HREh5.



RIEATRETEIRER
+ A8 R (RETHERR). H3RICHT2A—OYEEE 2EHI TUET 5L, 2HE
bA—DHEEEES.

J. von Neumann, Mathematische Grundlagen der Quantenmechanik (1932)

« REMGAERE). RS OYIEE A ZHELT, AE[E« ZRBSE, HERDRS
DIRER, EBRE XTI EYEE A DEBRETHS.

o I (von Neumann, 1932). R R &AM (IRFETH 5.



W LY S48 AT RE 1 R &5
I AR GELIWRIERTREMEIRER). 5 SYBREZREc THEL, ESLIC, RA—0DOYEE
DiEfER RE0D) AEZTES L, 2HBDHEER, 1EBHDAEEZRE (=
FEIERIRRE) c THHRT 3.
Ex: REp I, ROFBZEFHTEE, o ITHITIYEE A D - ELHEFIRE L F
Eh3.

|AvP — ay/pllas < e.
A AM GEURAEAE). RS OYEE A Z28R&E  THEL T, AEE o 21 EES
i, AEZRDORS ORREIZ, 1EBDAEEa ICXT HYIEE A D - AUNEFIARE
TH 3.
EIE. NI AR ENE AM BRE.
M.O. Current Science 109, 2006-2016 (2015).  https://arxiv.org/abs/1507.02010



AHETEMHRIR : Heisenberg DERIL

EE. —DDYEE Q, P BROFMHZHET LE, EEHLZEFIINS.

QP — PQ = ih.

T (AE Q1-Q3 DT T) (Kennard DARET).
FEHBLYEEQ,PD
SERE0(Q),0(P) FXRAZWLT.

h
o(Q)o(P) > DY

W. Heisenberg, Z. Phys. 43,172 (1927); E. H. Kennard, 44, 326 (1927).

B (2E Q1-Q3 RUARE AR DT T) R e

(Heisenberg DA J I F IV IEAHEEHRIE). — N

E#BHYER Q. P ik, ZNThOEE <(Q),e(P) B ol
ROBEFREHT BOICEWTOHERFEDAIGETH B. N

h - P Lo ;

“(@=(P) > . PR

cf. Abstract in W. Heisenberg, Z. Phys. 43,172 (1927). English translation is not reliable.



AHEFEMRIE : Heisenberg MEERA

SEER. Q & PZ8RE<(Q),c(P) CTRFFAEL, HAIEE q, p ZRERDIREZ p & T
3. REBARDLS, ROBERZES.

e(Q) 2 1Qv/P — av/pllus,
e(P) 2 |Pvp —p/pllaS-

&2 T, REREDEEDLS, ROBRZRS.

e(Q) = |Q+v/pP — a+/pPllas = [|QV/p — (Q)\/PllHs = 7 (Q),
e(P) > ||Py/p — p\/Pllas = ||P\/P — (P)\/PllHs = o(P).

choszgbtEd &, Kennard DARAFEXH S RDEFERILEI NS,
h
e(Q)e(P) > o(Q)o(P) > 2"

M.O. Current Science 109, 2006-2016 (2015).  https://arxiv.org/abs/1507.02010



AE-ZELEFRIU
AIERILEISEMRIE KR8 p TYEBE A ZRE(A) THEL, ZOHETYIEE B I
Biln(B) 25X, Z0DEZIC, YIEE BZIEEIc RZE0T) AEIT I &, RRE

p TYIEE A LYBE BZZENThEREc(A) RV n(B) CRAKFAIET S L EAET
H5.

CHDFRBICEH>T, FRFFAIEDIRZEICET % Heisenberg DAREEHREFZRD S, ROAIE
& BELICEIT B Heisenberg DA EE BRI ESNDI EEZI SN

@n(P) >

n(P)
{Ha) -

Q) | n(P)

\4



RETTEEIRERIE DRI
 Davies-Lewis Diglg (1970) :

REAREEDBRIE, EFHRICEITIRENGHEZD—DTHS. KL,
INDBEFHZDREFEAEDAENEDFEWICEWTHERICIRESh TWSIC
HEHIDDS5T, COREZMEIT S LICELH>T, HEERCHTSIINET
& DIBHTERRB T TA—FHAREICE S Z &R [p. 239].

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



AVARMILVAY K

5

Te(H)=H LD L—RV 5 A{EBRDZEM.
L(tc(H))=Tc(H) LDREEHRDZERM,.
P(tc(H))=1c(H) LDIEEREESDZER.

TE. LN NERH ICHTBAVRAMLAY R ER, P(re(H)) ICEEHOR L
@ Borel HIET Z(R) Bk L—REEEHTHZHDTHS.



e PL, T:B(R) — L(tc(H)) DMV AMIAY NTHB EIRF, ROFHEDKDIL
D2CETHS.

(i) IEfEME : EFRD A € B(R) ERREBp I LT, ZT(A)pld H EDIEEEAFTH 3.

() ATENER : Ay, ..., A ... € BR) DD, j #kICHLTA,; N A, = 05,
EFED p € Te(H) IEFULTRADEKDILD.

Z(UjA5)p =2 Z(Aj)p.
(ii) Bt : EBD p € Te(H) IERFH UL TRADEK DI,

Tr[Z(R)p] = Tr[p]

e TE. BIRZ : B(R) — L(tc(H)) DAY ARNILAY FTHBDHDRE+5 &I,
EEDOHEZEHRE EREp I LT, BIRA — Tr[E(Z(A)p)] H B(R) LDOBERREA
ET, BIfA - Tr[Z(A)p hMEXRAELLBZDIEDTHS.



44

(AX

AEREDRTIER

« BER. ROEMH (), (i) DEZHNERE A(x) DFETRVES &R,
(i) EFEDAREICNT BHN D%

S

p — Pr{x € Al/p}
(ii) FEFEDANIREE & e Al gE N AIE R RICH I 2744 = HHIKRE

P — P{xcA}

P Pxen)

Pr{xeAllp}



Davies-Lewis D{R

 Davies-Lewis DR, HAZTH x ZHOEBEDHERE A(x) IEHLT, HB1V A b
WAV N IHEELT, BERE A(x) DFETNEER, 1YANMXYNZIREST,
UTDLSICETS.

() HA9%® 1 Pr{x € A||p}=Tr[Z(A)p].

(i) S 2 HAVRAE - p{XEA}:ﬁI[;(AA)’)’p].

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

« 7 ES. Davies-Lewis D{RFFADT T, HERE A(x) DIVAMILAYNIR, HERE
A(x) OFHEEICE ST, ROELSICEFES.

I(A)p = Pr{x € Allp}pixeay}-



« ER (FBEHN2H). EEOREDIEF A(x), A(y) KXHULT, ADREp ICHT 5%
NS DOFEEHNAPHHRATERINS.

Pr{x € A,y € I'||p} = Pr{x € Al[p}Pr{y € T'|pxea}}
= Tr[Z,(T')Z«(A)p].
P | Pixeay=>f  A(y) Pxea,yer)

Pr{x€Allp} Pr{y€rllp ea}



Yuen O BIZE SRR A RETEfERE

» 1986 ZEIC Yuen I&, Davies-Lewis DI{REGEEFNFDESHZREICL, PIBRIICEIR
AEERIRTOEFUAELHENICHHEMITIZ EVWSHEZIRELV L.

FAlE, (Davies-Lewis D) AXRL—3F )L« P7AO—FRIHBED IC—HRNTE
5EEUVLDZ—COREATERENZZ < DAIEIEIRAETIEGTWEEU
3. [..]

Characterization and Realization
of General Quantum Measurements

Horace P. YUEN
Department of Electrical Engineering and Computer Science,

Northwestern University, Evanston, Illinois 60201, USA

I believe the (Davies-Lewis) operational approach is too general—many measure-
ments within this approach are not realizable . . .

H. P. Yuen, Proc. 2nd Int. Symp. Foundations of Quantum Mechanics (ISQM °86), Tokyo,
1986, pp. 360-368.



FAEDEEET I : BIFAEET IV

HElD

R (K,&UM): BEEIEETIV (F, AEEE) <

fril
i

= Hilbert 22 (7O—7%DIRREZR)

= KICEBIHEAMNY MV (7O—7FRDYIHAIAEE)

HQRQK LD1Z%7 VAT (AEHEEERICLSEERERE)
= K LOEHSHEZERR (X—5—¥EE)

S S om &
I

Pxen)

=|ypxy|

MO, J. Math. Phys. 25,79 (1984).




BIEAETTILOFKETRIEE

- . FEORENEETIV (K, £,U, M) 1§, 2 MI-M2 EESHNGEROGIHIME

=5,

() AR Pr{x € Allp} = Tr[U(p ® [EXENUTI @ EM(A))).

. L Tee[U(p ® [EXENUT (I @ EM(A))]
FEHZHIRRE - « — i

= Pixea} = U (p @ [ENENUT( @ EM(A)))

- BE. FEOMEIEETIV (K, £,U, M) IE, DLIRSFREBESHBRDAVARMILAY

NZEHS.

Z(A)p = Trc[U(p ® [EXENUT(I @ EM(A))].

MO, J. Math. Phys. 25,79 (1984).



STEIEEA YV ARNILAY MDEIRAIEEME: Yuen DEIRE DR

EE T € L(tc(H)) &, FEDNn =1,2,...IK2WT, TQid, B 1e(H) ® M,, £
DIEEEKTH DL E, ELIEEEHREMIEINS. L, id, &, n ROTIIR M,
LDEFEGHRZRDT.

ER.AVAMVAVRNIR, 8D A € B(R) IKXUT, ZT(A) hEZ2IEEEHRTH
5¢E, TREMEAVANLXAY M EHEENS.

EIE (REREMER). FEOREIEETIVIKE >TETRS T VAMLAY N, T2
IEETHD, BICTRTOREEEAVAMLAY NEHZIEFHEETIVICE>TE
x3.

FERAREA VR MLAY OB, T EZTIOEBES, 1% B(R) LOEEAEE
95¢&, RARICEK>TEEBEMETIEEBEWLS VY ARNILAY RDEXS.

Z(A)p = u(A)T(p).

MO, J. Math. Phys. 25,79 (1984).



—AHHELDIE : von Neumann O ERD5ERK

o N8 GM1 (—RGEIFEAIE 1). Hilbert Z2f H TEoihE 3R S ZHIEL, HAZH x %
HOEEDAFERE A(x) ICXHUT, Hilbert Z2fE H ICHIT 2L IEELNVARNILAY
FZHEFEELT, A(x) DHFEFHNHER, ROLSICRINS.

() BH3m 1 Pr{x € Al|p} = Tr[Z(A)p].

. Z(A)p
co\ A2 i ﬁ;‘::'{: _ .
(ii) SRIG T = HIKEE P{xcA} Te[Z(A)p)
Bic, EEOELEMEAYARNAY F TIHLT, H53UEEE A(x) HEELT,
ZOMEHEEIR, CDESICESHSNS.

MO, Ann. Phys. (N.Y.) 311, 350 (2004).




o NI GM2 (—RGEIFEATE 2). Hilbert Z2fd] H Ttk N5 R S ZHIEL, HHZEH xZH
HEEDAIFEERE A (x) I U T, Hilbert Z2[ H ([CXF DEIEHEETIV (IC, &, U, M)
DEELT, A(x) OFEHMEER, ROLSIERINS.

) EARH : Pr{x € Allp} = Tr[U(p ® [EXENUTT @ EM(A))].

. \ Tee[U(p @ [EXENUT(I @ EM(A))]
FEHEHIREE - « — )

= PIxer} = iU (o @ [ENENUT( @ BM(A))]

W, EFEDORFERE A(x) IKRHULT, HIMEFHANEETI (K, £,U, M) BFELT,

FOREHNEEIRE, COESICEHSNS.

o fam, ETAEDRENGEE (05, AEXRBEOFMANWER) &, "TR2IEESVR
NLXY by, Fel@, THIEIEETIL IEE&-T, EblcERICERETNS.

MO, Ann. Phys. (N.Y.) 311, 350 (2004).




FHEEEERBEEAREHETOS LY

o N1 EIURNILY DAFEERR JMR/MDR h"MEBZ2OEEICEDND S
EE 1970 ERBEBFEEXTHI - L.

B ZniFEREDEWIEZERETEIRI SEMlibEh - fe.
e Braginsky-Volontsov-Thorn (1980), Caves, et al. (1980) : MDR=SQL

- SQL (ZZ#EEFRR) : BHESE (FTHEHE) EARBEHEKRED
RE DPR5R
ht

2Tm
- L, EAREHICE, TR e HIRSFE CRMIREIFEY) D2
DDARADRERESNTWED, FEEMERIBICHET 5RERED
BRWHIRSREDEMUE RSN

SQL =




“DONEAKEBHE IO b

1980, Braginsky, Vorontsov, Thorne, Caves, Drever:Fi&5tA=KIZ
EIAREEHRENEM SEBEEFRER (SOL) NEFET S & EE,
TDELEOIERAZFR@BTETHOHIRFIAXZTHE

Mechanical suspension

M gravitational wave

—~ &
LowT ‘_g =
—

Pre-amplifier

=i

" Electromechanical
' Transducer tuned
10 the lowest
L longitudinal mode
of the bar

Schéma valcového detektoru gravitacnich vin AURIGA.

vs Fipt A




IRHEEMEIE) = B  RIEBAXSFHIAR)
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.




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. I. 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) , = (m#i/73) 12 (3.1)

on the accuracy with which one can measure a weak
classical force F 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-
T et interferometer detector for gravitational waves is an
53t example of a system which studies weak classical
sqQLe forces by position measurements, and which is there-
727 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, /= 1 Hz.




ENRBRERA =K 5mF

1980, Braginsky et al. : FHEEBREHAXIZIE, THEEEREM
LEMBDIZESFREANGFET 5 & E5R, HIREGEH AKX EH#E
1983, Yuen: 1ZEESFEFROEHZFHH|, UNMEIREREIZ X D124
EFREADITHEZIRE

1985, Caves: 1BESFRRZTRET, IHEIRERTE Z5HEHR

PHYSICAL REVIEW PHYSICAL REVIEW
LETTERS LETTERS

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 . . e
Q - Defense of the Standard Quantum Limit for Free-Mass Position

Horace P. Yuen
Department of Electvical Engineeving and Computey Science, Novthwestevn University, Evanston, Illinois 60201
ba 4 & & pu > Y ’ Carlton M. Caves

(Received 27 June 1953) 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).



ENRREDIREEFIRA

« 1980 &£, Braginsky, Thorne, Caves &, Heisenberg OAREFEIERIBICED W TTFHET
REHEREEEICH T SREEFIRT (SQL) EIFEN S RERAZENT, HiRRFE
BEARRHEEDRAEZED .

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)

« 1983 £F, Yuen &, YUEIARBAEE WS HENEDATEZRELT, Ihick>TSQL
HMIEHNhD EFRUE.

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

« 1985 £F, Caves [& SQL DERLZRR UL THLWELZRL, i, INRIREAEDY
EBRRIR AL Z 8RR LT, Yuen DFEGRZHFIL L.

C. M. Caves, Phys. Rev. Lett. 54, 2465 (198)5).



* 1988 £, Ozawa (&, UBARBAED.HDRAEREFRAZRREL, IUHEIAREAED I
HRIFATEETH B I ENRUT, KIRIC, SQLAFIIEENS I E&ZERUE.

ZhicL>T, BREOURIPAGLTHEEEARRLEREDOEUMEIEE L.
MO, Phys. Rev. Lett. 60, 385 (1988).

PHYSICAL REVIEW
LETTERS

VoLUME 60 1 FEBRUARY 1988 NUMBER 5

Measurement Breaking the Standard Quantum Limit for Free-Mass Position

Masanao Ozawa

Deparitment of Mathematics, College of General Education, Nagoya University, Nagoya 464, Japan
(Received 2 July 1987)

An explicit interaction-Hamiltonian realization of a measurement of the free-mass position with the
following properties is given: (1) The probability distribution of the readouts is exactly the same as the
free-mass position distribution just before the measurement. (2) The measurement leaves the free mass
in a contractive state just after the measurement. It is shown that this measurement breaks the standard
quantum limit for the free-mass position in the sense sharpened by the recent controversy.



NATURE VOL. 331 {8 FEBRUARY 1988 NEWS AN D VI EWS 559

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]

ascendant. But now Masanao Ozawa of Naturally, Ozawa’s conclusion 1s that
Nagoya University has put a cat among  such a state of affairs is indeed attainable.
the pigeons by specifying a quantum sys-  The crux of his argument is the construc-
tem in which, he says, it is possible to do  tjon of a solvable model to represent the
better than SQL (Phys. Rev. Lett. 54, interaction between the measuring equip-
ventional position on the SQL.. One of the ment and the free partl?lc whose pOS.itIOI‘I
virtues of Ozawa’s case 1s that the quanti- s to be measur.ed? thh has the virtue
ties arising in his calculations are indeed that '(regf'irde(.i as a quantum mechanical
precisely defined and are related directly ~ Damiltonian) it can be solved exactly. In
to quantities that can be measured. On the



e 1994 &£, Thorne 2% NSF OffFEBIRL T LIGO(Laser Interferometer Gravitational-Wave
Observatory) DEEZICEXD Dhvo fe.

e 2016 &, LIGO hEHBEZIRH U ERKR U,

« 2017 &£, Weiss, Barish, Thorne @ 3 K’ TLIGO RHBADREN LS EEHRDOER
Al DEBICED, /—RNIVEZFE.

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



REDESE

c AENEETIV (K, & U, M) EHAEYIEE A0)=AQTI IR ULT, BEMER
M(At) =UT(I ® M)U TRIh3.

o KRB Y ICEWTHEE M (At) ICK > THEE A(0) ZHIET BT D FEFIFELIR
;I—'"%w: «ATT'—:}'—Z_SR%

c(A) = (¥ @ £ [(M(At) — A(0)?|p ® £)"/7.

BELDESR
- BEAEETIL (K,6UM) EHAER S OYEE BO)=BRI RV ¢
B(At) = U (BQ U e LT, AHRE ¢ ICHBIF 3 ZFFIGEHREELIF, RN
T5z25N3.

n(B) = (y ® £|(B(At) — B(0))?|p ® &)"/*.

MO, Phys. Rev. A 67, 042105 (2003).



UEREDET IV
1988 F X TICHISNTEHE—DMUEREDET IV : von Neumann €7 )L
U = eXp(_ihHNeuman)a HNeuman = iﬁ:w

_ N h
Heisenberg DFRE « BELAEEMRBRRDKIL 1 (2)n(P) > >
1988 FIC, 2 DUBEMNEETINTHIREDLBWHRIABAEETILAERSI N :
. W A A ~ A~ A A A A
U = exp(—ihHwmo), Hwo = ﬁ&(wpy — P29) + (86> — 9Dy) }-
Heisenberg DFRZE « BELAEEEBRIESARIL : e(2)n(Pz) = 0.
MO, Phys. Rev. Lett. 60, 385 (1988); Phys. Lett. A 299, 1 (2002).



OB HEE 1% R

« BB (NEOARER) EFEOMIEANEETIVEEEDYEE A, B, IR p ICWULT, X
DD IID,

c(A)e(B) + e(A)o(B) + o(A)=(B) > L|Tx((A, Blp)|.

« ¢(B) = 012513,
e(A)o(B) > 5|Tr([A, Blp)|.

¢« 0(A) - o Flld o(B) - 0 a5, e¢(A) = 00D e(B) — 0 £ET B EDIHEE
MO, Phys. Rev. A 67, 042105 (2003); IJQI 1, 569 (2003)



INEDFAFXADFER (20035)

N BRIV DARERX (FRIL) : Q& PIXEIFFIZRAINLI LY,

() e(Qe(P)> -

-~
e(Q),e(P) : friE Q, EH) & P ORI
o(Q), 0( ) P AZE Q, EEIR P O RZE

h: 79V 7%% h=6.626068 x 10-34m2kg/s

N

~

INBEDAERX (BEL) : 0LPHRBIZEINDEBELH 5,

0)| =Qa(P) + o(Q=(P) +e(@e(P) > 1




INZEDAFXRFEEER

e : N EURNILIDAFERIIAREIZHEoNSHD

MmN INEDFRERTAYICELLNDOD, THFE T,

EERTRHENDT=Z EIXAL,

NELIER : TSV EHEBEEOXRKEIDIRIL

X—DNEZTHINTIDLELDH S,

BE : N EURILIDAEFERXDNTRIL, NMNEDAR

EFXMNRILT HAIRRERETIEDH S,

EERDHRTE : EERIE. AB NREVEWVLWSYEED

2 DD (xXAREYAR) DIFEIZDNTITI,

D4 —VIBKRZRFAEMOELSINGEKRESHE

;? EVRAEIZCEITAELRELEBEZENTS2ERE
8

=




AEVHIEICRT 5RE-BELER
- ROYBEZREAET DUNEEEZERS.
Oy = COS POy + sing oy,
¢« ZDABREDT VAMILAY MERANTERENS.
Z(£1)p = E?(£1)pE?®(£1)
L, E?(£1) = (1t 0y)/2.

e REEp = |0, =+1)o, = +1| ITEWVWTZDAEEETAETZEED A = 0, I
IRHEREL, B=0, ICHATZEIEEZD L, ROBFRERS.

e(A) = (o4 —00)|¥) | =2sin,
n(B) = V2l[os/2,0,] |¥) || = vZcos .

e 3L, 0< ¢ <7/2IKHULT, ROMEFRERS.

e(A)n(B) < 1= %|<0'z — ‘|‘1|[0'm90'y]|0'z = 1)|.



FHEFDAEVEEIC & 5 EENAHEEERIEDREE

s RANHBEARDEWSZTIN—TICL>T, V1—YIEKFED TRIGA Mark II EERIFA
NSO HUEPEFORAEVAREICE T SRELEILZEHAIL L.



Research Reactor in Atom
Institute , TU Vienna

Atom institute at TU Vienna

Polarimeter Beamline

M2:B:
Frig&ocaao“"ﬂo‘&
2 APPARATUS M1:A: o,
Qy (Op:cy=cosg oy+sing o)
PREPARATION

X

Figure 3: Tllustration of the experimental setup for demonstration of the universally valid uncer-
tainty relation for error and disturbance in neutron spin-measurements.



Measured Data
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: The trade-off relation between the error and the disturbance.




Comparison Result

25 ¢ T
PR
a—
-
S 15f
e i
8 e(A)n(B)+e(A)o(B)+0c(A)n(B)
: l B e e
-
|
/ |—€(A)n(B) \
1] £
- I T 3n it
O § 3 T 3
Detuning Angle ¢ [rad]

e Ozawa's relation holds:

e(A)n(B) +e(A)o(B) +o(A)n(B) > 1

e Heisenberg's relation fails:

e(A)n(B) <1



Comparison between admissible regions
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Neutrons revive Heisenberg's first take on
uncertainty

Jan 20, 2092 S commmenis

=
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~
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¢ d coll lurbin naytn

"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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Fermanen: Address: hetpaiwww.scientificamerican.com/article cfm7id=common.interpretasion.of-heisenbergs-uncertainty-principle-s-proven-false

Common Interpretation of Heisenberg's Uncertainty
Principle Is Proved False

A néw experiment shows that measuring a cuantum system does not necessarily introduce uncertainty

By Gooll Brurfiel | Tuestay, September 11,2012 | 18 comrments

EERMENEWS
SCIENCE & ENVIRONMENT

7 September 2012 Last updated at 1624 GMT

Heisenberg uncertainty principle stressed in new test

By Jason Palmer
Science and technoiogy reporter, BBC News

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



Stanffurter Allgemeine

Quantenphysik
Der grofle Heisenberg irrte  gxsz o< LsiEmg-oTlM-E

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

haben kanadische Forscher widerlegt.
2003F . AHERZED/MNEEE(E. NfEUR)L
BB TV EER R L BT ERE T,
M NEMEEoT=C&lE. POV RKEE D Aephraim
Steinberg A DYMEZEHE K> TERERRIIHESE
sh&ELT-,

Gesetzes hat vor allem eine ebenfalls von :;Zra"re;u"f'e;is::rbg:?e;";:rskziT/Zricvsi;':érfere'a“o” sind EF ﬁ E EL t ial] E Eﬁ % ' i . IJ\ 5% E IE bﬁgﬁ E Lf: q; %
Heisenberg stammende bildhafte Erlduterung
RKE@m=LTULVELT,

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

Von RAINER SCHARF

ie von Werner Heisenberg 1927 E 300

formulierte Unschérfebeziehung ist trotz
ihrer Tiefgriindigkeit und Abstraktheit das
wohl bekannteste Gesetz der Quantenphysik.

Sie besagt vereinfacht, dass man nicht
gleichzeitig die Geschwindigkeit und den Ort

{

Deutschland

etwa eines Elektrons mit beliebiger Prézision

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 Unschiarfe der Messergebnisse jene
Ungleichung, die Masanao Ozawa aufgestellt hatte.
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o EFIAVELIANENT, TEFHEIZFATDHILET, INETEYR
ZOEWEEINAIRETHLHICEAMbNEHLIITEoT=.

o Z_ T, ANEIOWWPIDLIZTEHI=EFHEINHLAIDOMNELSERRBINF-NDHEL
(275> 7=.

o XFETIE NERIERFRSRIEVIDEZOSFHFTEMMOoNT-IRERA,
IDMITEFHEIDHLERGZDNEWNSHBEEEZTHS.



RE L MRS HESE

« BEEH (Q,P) EDABEVWSZOOEBEZEHZHEITTAELT, A =a,
B =b EWSERZEIHEEE,

Pr{A =a,B =b|P} =) {P(w) | A(w) = a, B(w) = b}
EEEINS., Pr{A =0a,B =b,A = c||P} bRAKICERZEZIN 3.
« Zhid, ROEEZF>TWS.
(1) (A-ABBRMY) a # d BS5E Pr{A =a,A =d'||P} =0.
2) (A-B ERT#ME) Pr{A = a, B = b||P} = Pr{B = b, A = a||P).
3) (A-B-ABHM) a #a 51 Pr{A =a,B=b,A=d||P} =0.



BREIER#HR : 7YY h-O7RER

« KEIOHMBRAEDT — BN S, ROLSBEKRVWERHRBHSNT.

s LTOZODEMEEZS.
C:—fRICVIV YN VIRIEETEEIEITDIAMTHDIEEZIXTITH.
G: —RICAZIREETEELGEITEIAYMTHIEEZTITH.
A ZE8 C DEIED “yes’’i 5 y (1),no” B5 n (0) = & SEERTHEL,
B Z 8/ G DEIED “yes” 25 y 1),“no” 5 n (0) = & DEEREHET 3.
- BRDIER EEZEDHAICBEALT, 2FD&LSBEFRIRDHSHE.
(1) (A-ABERMY) a # o BSIEPr{A =a,A=2d|P}=0.
2) (A-BERIEF#RE) Pr{A = a, B = b||P} # Pr{B = b, A = a||P}.



BERIEFNR: VU b ET7ICET HHERE

2V by =37 (%) I7-YES | I7-NO
2VYBMY-YES 48.99 4.47
2y k>Y-NO 17.67 28.86

A7 =9Y>Ybh> (%) | I7-YES | d7-NO
2VY BMY-YES 56.25 2.55
2y k>Y-NO 19.91 21.30

[EIEZIES J7-YES | Jd7-NO
2V Y BMY-YES +7.26 -1.92
22 KY-NO +2.24 -7.56

x 1: BERDIEFHR. 1997 FITBDbNCKEDF + 5 v
THRAEDT—ID5, RD&KSGEHKRWVEERHFDH
Shfco UTOZDODEREZEZXS, C: 7V MVIFIEE
TEELIEITEIAYEEZSNSD. G: P IFIEEETER
H&IFB2ANEEZSNBD., LEEIZER C= B G DIE
FTERUIES. RERITER G= Bf C DIEFTER U
IFEDEEDHEEZRD L. TRIBAEDEZZRDI, Z
DL S ICtRAEDHRRBEROIEFICEEEZRITS -

[D. W. Moore, Public Opin. Q. 66, 80 (2002)]



RESTEOHES

e DXED, VIV RNV OA7REBEOHEIE, EELHESEEOHEDS S, BIR
HzEmicdh, BRnEZBLEIEW,

- BRAEZERLESBWVESHZEOMNE LT, EFNFPDOIRENLZEEGHEETHD
PHRTAEDREERZERI 5 LHEZSNL.

« Zhig, A,BZHEH®TI, PZBUNY MUICHBRSIET,
Pr{A = a,B = b||P} = ||[E®(b)E*(a)P|?

LEHEIND. L, EA(e) IRITH A DEEE « BT 2EEZERADLE
TRERT,



Al & BFRAHRE

- EETH A, BZETVMEELEZIEE, TORERSHEEE A, B O
IKUT, ROEEZHD.

« A, BHhA[HaDFED AB=BADEE, ChiZRODHEEERFD.
1) (A-ABBEMY) a #ad BSEPr{A=a,A=ad|P}=0.
2) (A-B Bi0TiE) Pr{A = a,B = b||P} = Pr{B = b, A = al||P}.

XD, HHEEEAERERFICKED, EREZIFLEVWOT, UV NY-
J7 RERZSEATEEL,



FERAIIY & EF R TS

« A, BHhIHREDED AB # BADEZE, ChiZRDEEERD.
1) (A-ABRME) o # o 55 E Pr{A =a,A =d||P} =0.
2) (A-BERMIEF#E) Pr{A = a,B = b||P} # Pr{B = b, A = a||P}.
Znik, 792 b2 Od7RBREBRE EFBWRZHEBELTVS.



VY- AT7RBEODEFETIV

« Wang-Busemeyer &, RXIROBMOAEZEYICREUVBAEAEDETILT
VY h-OA7REOHEZHAL L.

A Quantum Question Order Model Supported by
. . . . . . . Topics in Cognitive Sciences 5 (2013) 689710
Empll‘lcal TeStS Of an A Priori and PreCISe Predlctlon Copyright © 2013 Cognitive Science Society, Inc. All rights reserved.
ISSN:1756-8757 print/1756-8765 online
DOI: 10.1111/ .12040
Zheng Wang,” Jerome R. Busemeyerb ops

4School of Communication, Center for Cognitive and Brain Sciences, The Ohio State University
*Department of Psychological and Brain Sciences, Indiana University
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Fig. 1. A two-dimensional example of the quantum model of question order effects.



EFETILE A-B-ABHE

Khrennikov &, Wang-Busemeyer D2FETIL T, A-B-A BIRMHRKIL
LBWZ &Z&RmLU, A-B-ABIRMEDN A & BOIEMBAEEMIILAEWVWI EZ
RUTe.

Khrennikov, A., Basieva, 1., Dzhafarov, E. N., Busemeyer, J. R. (2014). Quantum models
for psychological measurements: An unsolved problem. PLOS ONE, 9, Article ¢110909.

HEDOERFHEHTIE, A-B-ABEREYEDRILTDEEZSNDDT, A-B-AH
e A-BlIERMRZ EBICHIETETIVDARFENE SHHREE S,




MIREDEERICTA T T

c UEDLSIE, VY- O7RBROFKE ZEFHFZHEWTEHAT HHMA
i, SNETRIHLTWRWSH, ERLGKRBREBFLEEZISNTEL.

e Khrennikov K& DEEIAFEK TIE, COMBEZEFAIVANILAY M BFZHL
TERU. BEXNRBTZA T2 ZIILULTDED THS.

G FhZnoAlEIRX, A-ABREZIFOAEETS.
(i) EFAVANILAY FO—iGGED S, B A, B PG EFPBETERWE
A-B-A BEREZHBRLEIBWVWC ENEIMBIDT, A, BZRAEYIEEET 5.

(iii) EFI VYV ABMNILXA Y "N BEZRHWS &, EFPIESD A-A BIRMEZEDHE
ECHEAEEIIRLBDIEDHFETS. ZEDLIBEFAIVAMIULAYKIC
&> T A BHUBETHBICEEDLSY, BESHEERL A-BERIEFIRZTRT
B@%E&bt.

(iv) ZDEIICUTBRUVIEEFA VY AMIAY FDINGAXA—5&RHEBLT, X
BRD VUV Y- O7RBOT—FEEBRICBEHRTES I ZERUE.



NA AEHEREGEERD T
. EEEBEAEEAT Pr{A = a, B = b|P} i, "A XEHOL—ILERNT
HET B ENTES.

« FBID ADHERR A=a IKEHM TSN B OFHNEERIHII,
Pr{A = a|P} > 0.5, RD&LSIL5Z5n3.

XA-1(a) (W) P(w) .
D wen XAa—1(a) (W) P(w)

P{A:a} ((.«J) —

« ZhZHWT, RHMDIID.
Pr{A = a,B = b|P} = Pr{A = a|P} Pr{B = b|Pia—a }
¢« 5T, A& BOEASERDRIEZ, NM1TAEBHDOI—IICH-T, ADAEHE

ICIEAREEDREN T E RN ERESNT Py KEHLEERRT I ENT
%2



BRI SEFTRRA

c TVANUVAY MNEREHENBHEERICHAITSIENTES. HIZIE, JY
Y hY-A7REDGE, BEZERZHEREDLD (ER) OREEL, BEM A, B
ICX T BEIZDESHERD T, COEIDHEEDT PICKkEISEEZISN
5DT, EN%

Pr{A = a, B = b|P}
9%, fclEL, HHIRERSESEITDOANIIWET 5.

c TBE, RAXEFERMKI, BEA SRS ZOES A — o KELT,
BREDODORENZELT, EREHOEENES P HS Py KZEL
rEThIE, EAEER

Pr{A = a,B = b|P} = Pr{A = a|P} Pr{B = b|Pa—q} }

ERIIEDNTES.



12V ANILAY NBEFIC K DEINANA XEFTARA

« COAZEICEALT, RDZEHRHBELES.
() —RICEDE SBHERDHDE P — Ppa_oy DATHED,
(i) IHFFHR EBRMEZMILTE 5D
(ii) SOHFET, VIV NY-O7RBORESHEESHZHIRATESD.
INSOMEZUT DR THRIDIENTEL.
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Modeling combination of question order effect, response replicability N
effect, and QQ-equality with quantum instruments

Masanao Ozawa *°, Andrei Khrennikov ¢
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EFAVAMUVAVRETIVIZEST—2DHBIR:

28y =37 (%) d7-YES 37-NO
2> bMY-YES 48.89/48.99 | 4.50/4.47
2UY kY-NO 17.80/17.67 | 28.81/28.86
J7 =9V bY (%) d7-YES 37-NO
2V Y KNY-YES 56.37/56.25 | 2.53/2.55
2y kY-NO 19.77/19.91 | 21.33/21.30
I ENE R ESS d7-YES J7-NO
2V Y KNY-YES 51.84 1.55
2y k>Y-NO 24.29 22.33

RKR2EFAMIVAMIAY NEFINICEZT—YDEH. L
FE8M C= 8 G DIEFTER LIEE. PEIZER G=
B C DIEFTER UGS OREDHEEZEFI VAN
WAV N EFILTHRL, ETFIVE/T—YETRUK. TE
& EFAIVAMLAY M EFIICE>THES N, [BF
MR GEWE UIZEDEIESEE, Pr(C=no,G=yes)=24.29
. WINODIEFTOEZELDEL, Pr(C=yse,G=no)=1.55
[F. WIhOIEFTOEZELDEW, £>T. ENZENDIE
FIC LB OEEEZFILTE I LICL> TR, IEFEIRZ
HIET DI EIFTERL,

[M. Ozawa, A. Khrennikov, J. Math. Psycol. 100, 102491 (2021)]
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