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Pe= 19+ 4,1

In this chapter we shall tackle
immediately the basic element of
the mysterious behavior in its most
strange form. We choose to
examine a phenomenon which is
impossible, absolutely impossible,

which has in it the heart of quantum
mechanics. In reality, it contains the
only mystery. We cannot make the
mystery go away by “explaining”
how it works. We will just zell you
how it works. In telling you how it
works we will have told you about
the basic peculiarities of all
quantum mechanics.
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m = 1.674928(1) x 1027 kg A, = — =131969520)x 1015 m
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1
s= —h

2
1 =-9.6491783(18) x 1027 J/T A=184,v=2200m/s (BAFHTF)
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Neutrons
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Particle and wave properties

p =mv = h/A

(L. De Broglie)

Wi

Schroedinger equation

., OP(7,1)

ih
Ot
(E. Schrodinger)

i

= HY (V1)

Uncertainity

AX Ap = h/2
(W. Heisenberg)
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Hamiltonian

H=-pB=-po-B i i s
Wave function

P(t) = exp[— Hi/p]-¥(0)
=exp|— B |P(0)
-exp[— 0%/, ] ¥(0)

o
)
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(=3
S
(=)
I
|

Interferometer

Magnet
— lcm

2 o I S A
Where o = T / B dt 100 200 300 400 500
A[Bds (Gcem)

Experiment: H.Rauch, A.Zeilinger, G.Badurek, A.Wilfing, W.Bauspiess, U.Bonse, Phys.Lett. 54A(1975)425
S.A.Werner, R.Colella, A.W.Overhauser, C.F.Eagen, Phys.Rev.Lett. 35(1975)1053
A.G.Klein, G.l.Opat, Phys.Rev. D11(1976)523
E.Klempt, Phys.Rev. D13(1975)3125
M.E.Stoll, E.K.Wolff, M.Mehring, Phys.Rev. A17(1978)1561
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R. Colella et al., PRL 34 (1975) 1472; J.L. Staudenmann et al., PR A21 (1980) 1419.
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"up" "down"
T+l- o w3
COHERENT SUPERPOSITION CLASSICAL MIXTURE
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J. Summhammer, G. Badurek, H. Rauch, U. Kischko, Phys.Rev. A27 (1983) 2532
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2-Particle Bell-State
| LP> = %ﬂ T>I®| ‘L>H + | ‘L>I®| T>n>

I, II represent 2-Particles

BERPMEFIZEIT52K. 3RO T2 T ILAU K

2-Space Bell-State
|

Py =L ) +

| > ¢2{| > |>p |

b.el ),

S, p represent 2-Spaces, eg. spin & path

B[J
(Guide Field)
y — Helmholtz Coil

Magnetic Prism
Incident Polarizer
Neutrons

s pin Flipper
P;;;:_;‘ pper) Magnet Yoke

K *‘
Mu- Mctdl

Spin- T“‘ nel Neutron Interferometer

Q y | Spin Rotatm'(a} N
\  Heusler
Analyzer
0-Detector

Quantum
contextuality

Violation of Bell-like inequality
S'=E'(a;,x,) + E'(a,x,) — E'(0,x,) + E'(0,,x,)

=2.051 £0.019 >2
Nature2003, NJP2011
Kochen-Specker-like contradiction

E,-E,=0407« 5 E'=(X,Y,-¥, X, )= -0.861
PRL2006/2009

Tri-partite entanglement (GHZ-state)

‘\PNeutron> = “\PI>®‘T>®‘\P(E0)>
+(e ], ®(e [ V)) @ (e e, + ha;,)))}

M

Measured

=2.558 £ 0.004 >2

PRA2010/NJP2013
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Heisenberg’s Uncertainty Principle

Change in momentum

AxAp_ = h

Change in position
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In 1927 Heisenberg postulated an uncertamty principle:

y-ray thought experiment

- piq~h

with q, (mean error) & p, (discontinuous change)

<-—-—+

— 1n modern treatment for commuting observables:

AQP) >

{e -error of the first measurmen (Q)

n7: disturbance on the second measurement (P)
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. Kennard considered the spread of a wave function y

( ) ( )_} _?i — h
(T Q o(P , R

2 “;,_=::_-j?—>
o standard deviations — ‘

. Robertson generalized the relation to arbitrary pairs of
observables 1n any states y

o(4) o(B)= - |{w[[ 4. B]|v)

— dependent on the state but independent of the appartus
1
Is e(A)n(B) = EKW‘ [A, BH l//>‘ generally valid?
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Definition of error & disturbancee:

- Error 1s defined as the root- mean-square rm%)
1
e(A)=(y @& UTIT®M)U -4 ®1] vy ®&)

K: a Hilbert space,
&: a unit vector in X,

- Disturbance is defined in the same gnanner:/ W
1/2
nB)=(y @&|U(BRNU-BOI | |y ®¢)

(A)n(B) + (Ao (B) +o(A)n(B) > 5 (¢ |[A. B]| )

[ &:errorof the first measurmen (A4)

N

n : disturbance on the second measurement (B)
| o:standard deviations

M. Ozawa, PRA 67, 042105 (2003).
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;‘jl v i) = +2)

g I /*/ A=0, 0Oy =04 =cos(¢)oz +sin(¢)ay
gos // B = y

: | &(A) = (|4 |y) +{y|Oi|w) +{v|0,|v)

s +(Ay|0,|Ay) —{((4+ Dy|O0,|(4+ Dy)
% | ) = [+2) |9) = |+2)

£0s \ |A¢) = |—2) Bg) = | =)

: \ (A+De) = |+2)  [(B+Dv) = |+y)
TR

Detuning angle ¢ [rad]
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2.5 tLd

17N

15 / \ {8 :error of the first measurmen (A)

_e(A)o(B)+o(A)M(B)+e[AN(B) n : disturbance on the second measurement (5)

1 o:standard deviations

0.5 VJ‘/ J\q\@ Heisenberg product
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B. Demirel, PRL 117, 140402 (2016).
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Bgu‘\de o3
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DC-1 DC noise
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PHYSICAL REVIEW A 102, 042204 (2020)

Experimental test of tight state-independent preparation uncertainty relations for qubits

Stephan Sponar®.'” Armin Danner®,' Kazuma Obigane.” Simon Hack®.' and Yuji Hasegawa®'-2-
'Atominstitut, TU Wien, Stadionallee 2, 1020 Vienna, Austria
2Department of Applied Physics, Hokkaido University, Kita-ku, Sapporo 060-8628, Japan

M (Received 3 February 2020: revised 4 September 2020: accepted 9 September 2020: published 6 October 2020)

The well-known Robertson-Schrédinger uncertainty relations miss an irreducible lower bound. This is widely
attributed to the lower bound’s state dependence. Therefore. Abbott er «@l. introduced a general approach to
derive tight state-independent uncertainty relations for qubit measurements [Mathematics 4. 8 (2016)]. The
relations are expressed in two measures of uncertainty, which are standard deviation and entropy. both functions
of the expectation value. Here, we present a neutron polarimetric test of the tight state-independent preparation
uncertainty relations for orthogonal, as well as nonorthogonal, Pauli spin observables. The final results, obtained
with pure and mixed spin states, reproduce the theoretical predictions clearly for arbitrary initial states of variable

DOI: 10.1103/PhysRevA.102.042204
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|¥*) post-selected |¥~) post-selected

O-Det.
P, STI ST2
Yy
Lx R. Wagner et al. Sci.Rep. 13, 3865 (2023).

Ny - = 1 %4 2,
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Weak DC
rotation

Weak =
abi?)rplion g
)= :
i) = 75 [11) 1) 1Eo) + 1) 11} Eo) + 111 [1) 1E7)]
1 Weak RF
) = A [1) 11} + 1) + [H1)] |Eo) + relative phase shifts foteg

Path | Path Il Path 1l
Phase shift [rad]

A. Danner et al. Comm. Phys. 7, 14 (2024).
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