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Einstein and Bohr debated over guantum theory for years, and
never agreed. The debates represent one of the highest points of
scientific research in the first half of the twentieth century
because it called attention to quirky elements of quantum theory,

, Which are
centrakto the modern quantum information science.
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The most beautiful experiment
Sep 1, 2002

The most beautiful experiment in physics, according to a poll of Physics World
readers, is the interference of single electrons in a Young's double slit.

Which is the most beautiful experiment in physics according to you?

This question was asked to Physics World readers - and more than 200
replied. Majority vote was for the classic experiments by Galileo,
Millikan, Newton and Thomas Young. But uniquely among the top 10,
Young's double-slit experiment applied to the interference of single
1gtectrons remained as one of the most beautiful experiments in physics.:




Wave or particle?

 First decade of 1800: Young — Double slit interference.
« 1909: Geoffrey Ingram (G 1) Taylor — Interference with
feeblest light (equiuivalent to "a candle burning at a
distance slightly exceeding a mile*) leads to interference.
---- Dirac’s famous statement “each photon interferes with
itself”
1927: Clinton Davisson and Lester Germer -- Diffraction
of electrons from Nickel crystal — wave nature of particles
(electrons) -- 1937 Nobel prize for the "discovery of the
Interference phenomena arising when crystals are exposed
to electronic beams* along with G. P. ThomsonA.x

Thomas Young's sketch of two-slit
interference based on observations

S1
of water waveg!




Experiments on the Diffraction of Cathode Rays.

By G. P. Tromson, M.A., Fellow of Corpus Christi College and Professor of
Natural Philosophy in the University of Aberdeen.

(Communicated by Sir Joseph Thomson, F.R.8.—Received November 4, 1927.)
[PraTE 19.]

1. M. L. de Broglie has introduced a theory of mechanics according to which
a moving particle behaves as a group of waves whose velocity and wave-length
are governed by the speed and mass of the particle. In fact if m, is the mass
for slow speed and v the speed of a freely moving particle, the wave-length 1s
oiven by A = bV 1 — o?/c2[mw, and the wave velocity V by V = ¢2/v, the
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Wave nature of electrons in a double
slit interference M
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C. Jonsson , Tubingen,
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Single Particle at a time

Intensity so low that
only one electron at a time

* Not a wave of particles
 Single particles interfere with themselves !!

Akira Tonomura and co-workers, Hitachi, 1989
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Single particle interference

» Two-slit wave packet collapsing
 Eventually builds up pattern
* Particle interferes with itself !
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Which path ?

A classical particle would follow some single path
« Can we say a quantum particle does, too?
« Can we measure It going through one slit or another?
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Which path ?

Movable wall;
measure recoil

Source

No:
Movement of slit
washes out pattern

» Einstein proposed different ways to
measure which slit the particle went
through, without blocking it

 Each time, Bohr showed how that
measurement would wash out the wave

function.

Albert Einstein
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Niels Bohr

11



Which path ?

e Short answer: no, we can’t tell

« Anything that blocks one slit washes out the
Interference pattern

2/16/2016 ARU
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Bohr’s Complementarity principle (1933)

= \Wave and particle natures are complementary !!

» Depending on the experimental setup one obtains

either wave nature or particle nature — not both at a

Niels Bohr

time
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Mach-Zehnder Interferometer -- Open Setup

Ao

1 b "
D1

Single quanton
Bs1 O

Only one detector clicks at a time
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Mach-Zehnder Interferometer --

Open Setup 7zl
%1 DO
1
¢ p-"
D1

Single photon

Bs1 O

Trajectory can be assigned
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Mach-Zehnder Interferometer -- Open Setup

Ao

Single photon V2

Bs1 O

Trajectory can be assigned
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Mach-Zehnder Interferometer -- Open Setup

Ao

1 b "
D1

Single photon

Bs1 O

Trajectory can be assigned : Particle nature !!
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Mach-Zehnder Interferometer -- Open Setup

Intensity

‘O>t/§¢‘l> —5|0)......p(0) =1/2
\@t/%”’m D)o p(D) =1/2

Intensities are independent of ¢
l.e., no Interference

2/16/2016
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Mach-Zehnder Interferometer -- Closed Setup

Ao

1
¢ BS2 ._/\
D1

Single photon
Bs1 O

Again only one detector clicks at a time !!
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Mach-Zehnder Interferometer -- Closed Setup

0)+|1))+e"(0)—|1)) 1+e' 1
(0)+ 1)+ e(0)=1) g ¢ 0

p(0) = cos’(¢/2)
p(1) =sin*(¢/2)

Single photon
Bs1 O

Again only one detector clicks at a time !!
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Mach-Zehnder Interferometer -- Closed Setup

Intensities depend on ¢ : Interference!!

Intensity

2/16/2016 ARU
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Mach-Zehnder Interferometer -- Closed Setup

Ao

BS2

../\
D1

Single photon

Bs1 O
BS2 removes ‘which path’ information Trajectory

can.not be assigned . Wave.nature !! 2



Does quanton know the setup ?

Open Setup

Particle behavior

Closed Setup

Wave behavior

2/16/2016
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Two schools of thought

Bohr, Pauli, Dirac, .... Einstein, Bohm, ....

* Intrinsic wave-particle duality « Apparent wave-particle duality

» Reality depends on observation * Reality is independent of observation
« Complementarity principle * Hidden variable theory

Bohr's complementarity principle: Every quantum system has mutually
Incompatible properties which cannot be simultaneously measured.

2/16/2016 ARU 24



Delayed Choice Experiments

An idea introduced by John A Wheeler of
the University of Texas at Austin in 1978

Suppose that the path lengths of a Mach-Zehnder interferometer have been
tuned to make the quanton come out of one port of the final beam splitter with
probability 1. After the quanton has passed the first beam splitter so that it is
fully inside the interferometer, and before it has reached the second beam
splitter, you decide to whisk away that second beam splitter, preventing any
Interference between the quanton’s two paths from taking place. Without
interference, the quanton behaves like a particle and emerges with equal

probability out of either of the two ports of the apparatus where the second
beam splitter used to be.

J. A. Wheeler, Mathematical Foundations of Quantum Mechanics, edited by
A.R. Marlow (Academic, New-York, 1978) pp. 9-48; Quantum Theory and
Measurement, J. A. Wheeler, W. H. Zurek, Eds. (Princeton Univ. Press,
Princeton, NJ, 1984), pp. 182-213.
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The evolution of the delayed-choice experiment.

0

BS

4
a A b
T P \ P D
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E!52 b=01
QORNG kYA
QRNG
0
1

c

In Wheeler’s classic delayed choice experiment, the second beam splitter is introduced
or removed after the photon enters the interferometer; this prevents the photon from
“changing its mind”. The detectors observe either an interference pattern dependent
on the phase ¢ (wave behaviour) or an equal distribution of hits (particle behaviour). A
quantum random number generator (QNRG) determines whether the BS, is
introduced or not. ARU 26



B.-G. Englert, Fringe Visibility and Which-Way Information: An Inequality,
Phys. Rev. Lett. 77, 2154 (1996).

VOLUME 77. NUMBER 11 PHYSICAL REVIEW LETTERS 9 SEPTEMBER 1996

Fringe Visibility and Which-Way Information: An Inequality

Berthold-Georg Englert*®

Max-Planck-Institut fiir Quantenoptik, Hans-Kopfermann-Strasse I, D-85748 Garching, Germany
(Received 21 May 1996)

An inequality is derived according to which the fringe visibility in a two-way interferometer sets an
absolute upper bound on the amount of which-way information that is potentially stored in a which-way
detector. In some sense. this inequality can be regarded as quantifying the notion of wave-particle
duality. The derivation of the inequality does not make use of Heisenberg’s uncertainty relation in any

form. [S0031-9007(96)00950-7]

The trade-off between the amount of which-way information encoded
In the detector system and the fringe visibility is captured in terms of a
generalized complementarity relation

D24V <1

D = distinguishability between
two detector states = discriminating two channels

Imax_lmin

V=mterference fringe visibility =
2/16/2016 ARU maxtImin



Which way information
%UO)Q +11)Q)
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Trade-off

A ) " B.-G. Englert, Phys. Rev. Lett. 77, 2154 (1996)
Which-way information

D = /1 — [{egle1)|?

Interference visibility

V| = [{e1]eo)]

D2+ |Vt =1
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D =1 (particle nature)

D=0 (wave nature)

ARU
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General Scenario

e A single quantum particle (quanton) () travelling through
a two-path interferometer with equiprobable paths.

e The initial state of_the quanton and the detector system
by pgg — pgn) ® p%n). When the quanton takes either
path 0 or 1 of the interferometer arms, the detector

state correspondingly gets transformed into
o = Uppp Up, i=0,1
U g) = unitary transformations on the detector states
corresponding to the paths of the quanton.

e The interaction is constrained such that the quanton
paths cannot get transferred into one another due to
interaction.



Which-way information is quantified in terms of dis-
tinguishability 0O <D < 1,

0
D= e = Il

The paths of the quanton cannot be distinguished when

D = 0 i.e.,when p() = PSD)- The paths are perfectly

distinguishable when D = 1 i.e., when p( )

orthogonal.

and pD are

Interference fringe visibility

V= |Te[US o5 UL

Visibility 0 <V < 1.

Wave-particle duality or Complementarity is quantified
in terms of the trade-off relation:

D? + V? < 1.
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Quantum mechanical which-way experiment
with an internal degree of freedom

Konrad Banaszek!, Pawet HorodeckiZ 3, Michat Karpinski'’ & Czestaw Radzewicz'

For a particle travelling through an interferometer, the trade-off between the available which-
wray information and the interference visibility provides a lucid manifestation of the guantum
mechanical wawve—particle duality. Here we analyse this relation for a particle possessing an
internal degree of freedom such as spin. We quantify the trade-off with a general inequality
that paints an unexpectedly intricate picture of wave—particle duality when internal states are
involved. Strikingly, in some instances which-way information becomes erased by introducing
classical uncertainty in the internal degree of freedom. Furthermore, even imperfect inter-
ference wvisibility measured for a suitable set of spin preparations can be sufficient to infer
absence of which-way information. General results are illustrated with a proof-of-principle
single-photon experiment.

®

b

For polarization-independent beam splitters
and detectors we expect

vV =1 —>
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Trade-off relation when
the quanton has internal structure

Internal degree is characterized by a ds level quantum
system.

Consequence: The which-way information D on the ini-
tial preparation of the internal spin state, in addition to
the specific details of its interaction with the detector.

Banaszek et. al. obtained a stringent bound on distin-
guishability in terms of generalized fringe visibility,

D*+V. <1
Distinguishability
0
D= 115 — oy

— leak-out of which-way information to the detector.



o p%) = 2¢(t|TrsUgsp /0223) ® pg) ") U(ESDH o, ©=0,1 are the
detector states corresponding to the quanton paths 0
and 1.

e Interaction:

Ugsp = Y _ li)olil ® US)

1=0,1

— the which-way interaction does not shift the quanton
between interferometer arms.

e Generalized fringe visiblity:

Ve = ds||(1@ Aar)[(Is ® 1/ o) 4)(®4 | (Ts @ \/ pst) )]



e The unitary interaction of the detector with the spin
subsystem corresponds to the action of a quantum chan-
nel A on the internal spin state:

Initial state: pglgD — pgs) R p(m)
(fin)

State after interaction: p,q, = Ugsp pQSD UCESD
e This unitary interaction on the initial state pgrgD is
viewed as a quantum channel (superoperator) A on the

input state pgg :

in fin
A(phy) = TrplpSen)



e The quanton should not get switched between the in-
terferometer arms 0 and 1 =

A(|D)o(jl @ os) = |i)o(i] ® Ayj(os), 4,5 =0,1

Here, 05 corresponds to any operator in the spin space.
e The states pgg), pg]f) are the initial spin states along the
paths 0, 1: | |
ps0’ = 20(00pg310)q

o) = 200158 e

2/16/2016 ARU 38



Specific situations

e No interaction with the detector:

The channel reduces to
App =1

and one obtains

Vo = \/ Tr[pg] Trlpsy)] = 1,
irrespective of the preparation of the initial spin state

Thus, when the detector gains no information about
the path, visibility Vs is 1 and the distinguishability D
is 0.



e The interaction channel is given by
AOl(O'S) = TI'[O'S] ES

Y. denotes a unit-trace hermitian operator.

The generalized visibility reduces to the fidelity be-

tween the spin states pgg), pgl) i.e.,

Ve =Tt \/ VPso P Pso = Flpg  psr’)

= the which-way information can be blocked by prepar-

ing identical spin states for both the paths i.e., pgg) =

pglf), so that the generalized visibility takes its maxi-
mum value 1. Consequently, the which-way informa-
tion is blocked (distinguishability is zero).




e Interaction Ay (o5) = ol /dg:

In this case, the generalized visibility takes the form

VG:H PsoHH Ps1||/dS

The spin states in both the paths, prepared initially in
a completely mixed state

oo = pi) = Is/ds

would lead to the generalized fringe visibility Vg = 1
and the which-path information to the detector can
thus be blocked.



So far....

The trade-off between interference visibility and which-path
distinguishability for a quantum particle possessing an internal
structure -- such as spin or polarization is useful to erase ‘which-
path’ information (by appropriate preparations of states of the
Internal degree of freedom). One can thus recover interference

» the iInternal structure could play a manipulative role In
controlling the information about which path In the
Interferometer arms is taken by the particle.

» Generalized fringe visibility and detector state distinguishability
show complementarity (trade-off)

» What happens if detector state has an internal structure??
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Channel discrimination and which-path
Information in two-slit interference

2/16/2016 ARU

43



Which-way information is gathered by distinguishing

(0)

the two detector states p;,” and pg).

= discriminating the two quantum channels ®,, P,.

Measure of distinguishability of two quantum channels
is given by their trace distance,

—||‘I’o — O] =" 5 ||<I>o(P) — ®1(p)]|

— The maximum is taken over all pure input states p .

Optimization: Prepare the input state entangled with
ancilla and apply one of the channels to the input state
(with ancillary subsystem being an idler); then distin-
guish the resulting output state to identify which of
the channels was applied.

There are examples of channels that can be distin-
guished perfectly, when they are applied to one part
of a maximally entangled state, while they are indis-
tinguishable if the auxilliary system is not employed.



Channel Discrimination

Distinguishing two channels ®,, ®, with input
state p

Input state Channel Output state

Channel discrimination = which path information

2/16/2016 ARU




All entangled states are wuseful for
Channel discrimination task

M. F. Sacchi, Phys. Rev. A 71, 062340 (2005); 72, 014305 (2005)
M. Piani and J. Watrous, Phys. Rev. Lett. 102, 250501 (2009)
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PHYSICAL REVIEW A 89, 062116 (2014)

Quantum which-way information and fringe visibility when the detector is entangled with an ancilla

J. Prabhu Tej,! A. R. Usha Devi,'>" H. S. Karthik.* Sudha,”* and A. K. Rajagopal®>°
' Department of Physics, Bangalore University, Bangalore 560 056, India

YInspire Institute Inc., Alexandria, Virginia 22303, USA

*Raman Research Institute, Bangalore 560 080, India
*Department of Physics, Kuvempu University, Shankaraghatta, Shimoga 577 451, India
SHarish-Chandra Research Institute, Chhatnag Road, Jhunsi, Allahabad 211 019, India
Institute of Mathematical Sciences, CIT Campus, Tharamani, Chennai 600 113, India

(Received 25 April 2014; published 18 June 2014)

Quantum-mechanical wave-particle duality is quantified in terms of a trade-off relation between the fringe
visibility and the which-way distinguishability in an interference experiment. This relation was recently
generalized by Banaszek er al. [Nat. Commun. 4, 2594 (2013)] when the particle is equipped with an internal
degree of freedom such as spin. Here, we extend the visibility-distinguishability trade-off relation to quantum
interference of a particle possessing an internal degree of freedom, when the which-way detector state is entangled
with an ancillary system. We introduce an extended which-way distinguishability Dy and the associated extended
fringe visibility Vi, satisfying the inequality ’DEE + V}; < 1 in this scenario. We illustrate, with the help of three

B T T - I e N S T T o e e A B L S T =T s BRSSP | Y

We put forth some instances where distinguishability is O,
yet generalized fringe visibility i1s not equal to 1. Where is
the missing information?

Our work: Tracking missing ‘which-path’ information via
Generalized distinguishability when detector is assisted by
an ancilla.
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Which-way information using entangled
detector-ancilla state

Our work: Investigating the enhancement of which-way
information, given that the detector is entangled with an
ancilla.

Def: Extended distinguishability

1 in in
Dp = Sll(®o® D(ppp) — (P1® D((Ppp)]]

0
= 5 1Pbp = Pl

Here,

P\ = (@ @ 1) (pH))

— final detector-ancilla states corresponding to quanton
paths : =0, 1.

2/16/2016 ARU
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Inequality between Trace distance, D(p, 7) = 5 ||o — 7|| and

Fidelity, F(o, 7) = Tr[\/\/0 T /0l

(C. A. Fuchs and J. van de Graaf, IEEE Trans. Inf. Theory 45, 1216 (1999)) )

D(o,7) < \/1 — F2(o, 7)

= Dgp < \/1—F2(pg}y,pg£/)

= 4/1—-VZ%

Extended Visibility: Vi = F2(p\9),,, p%),).

New Trade-off relation:

D7 + Vi <1
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e We investigated specific examples of interaction be-
tween the quanton-spin and the detector to demon-
strate that the extended which-way distinguishability
Dr can assume non-zero values even when the distin-
guishability D inferred only by the detector vanishes.



e Unitary interaction between the quanton and the detector:

0 0 0 1 0 0 1

o | 00 10 W | 00 e 0
YUsp=1 0 1 0 0 Usp=| o civ o 0
1 0 0 0 1 0 0 0

e Initial quanton path-spin state:
(in) _ 1
Ces)™ = 5l0)q +1)o] ®0)s

e Initial detector-ancilla state:

W)pp = — (1005 [0)pr + |Lp | L)),

V2

— Maximally entangled detector-ancilla state.

2/16/2016 ARU
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e Detector-ancilla states after interaction:

0 0 0 O 6o 0 0
1|10 110 i Lo 1 e 0
Popr =35 0 1 1 0 |"/PDr= 3| 0 €® 1 0
0 0 0 O 0 0 O 0
e Extended Distinguishability:
D = [sin(¢/2)]
e Extended fringe visibility:
Ve = |cos(¢/2)|
e Detector states p( ) — Trp, [pDD,] = Ip/2 are indistinguishable (no

which-way information).

e (Generalized visibility Vs and extended visibility Vg are equal.
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PHYSICAL REVIEW A 89, 062116 (2014)

PRABHU TEJ, DEVI, KARTHIK, SUDHA, AND RAJAGOPAL

lanl|

la|

laool
FIG. 1. (Color online) Contour plots of extended distinguishability D, extended visibility Vi [see (16) and (17)], and DZE — V,z,; as functions
of |ag|,|a;,|. the parameters of the initial spin preparation. It is clearly seen that the which-way distinguishability D and fringe visibility Vg

obey the duality relation D% + V% < 1.
ARU 53
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