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Wave and particle are two fundamental properties of nature. The wave—particle duality has indicated that a quan-
tum object may exhibit the behaviors of both wave and particle, depending upon the circumstances of the experi-
ment. The major significance of wave—particle duality has led to a fundamental equation in quantum mechanics:
the Schrodinger equation. At present, the principle of wave—particle duality has been deeply rooted in people’s
hearts. This leads to a common-sense perception that wave property and particle property coexist simultaneously
in a quantum entity, and these two physical attributes cannot be completely separated from each other. In classical
physics, a similar common-sense thought is that a physical system is inseparable from its physical properties.
However, this has been recently challenged and beaten by a quantum phenomenon called the “quantum
Cheshire cat,” in which a cat and its grin can be spatially separated. In this work, we propose a thought experi-
ment based on the technology similar to the quantum Cheshire cat. We find that wave and particle attributes of a
quantum entity can be completely separated, thus successfully dismantling the wave—particle duality for a quan-
tum entity. Our result is still consistent with the complementarity principle and deepens the understanding of

quantum foundations. © 2021 Chinese Laser Press

https://doi.org/10.1364/PRJ.425101

1. INTRODUCTION

Whether light is a wave or a particle has been a long-term de-
bate that can be traced back to Newton’s corpuscular theory
and Huygens’ wave theory in the 17th century [1,2]. The phe-
nomena of interference, diffraction, and polarization have con-
vinced people that light could be fully described by a wave, but
the appearance of the photoelectric effect has introduced indis-
putable evidence that light exhibited particle property in the
microscopic world [3]. As a compromise, the wave—particle
duality of light was eventually and widely accepted [4]. In
1923, the French physicist Louis de Broglie generalized the
viewpoint of wave—particle duality from light to electron,
and also to all other matters [5,6]. He boldly proposed that
electrons with momentum p should exhibit the wave properties
with an associated wavelength 1 = //p, with /4 being PlancK’s
constant. Later on, Davisson and Germer experimentally con-
firmed de Broglie’s hypothesis about the wave—particle duality
of matters by observing the electron diffraction effects [7].
Subsequently, the wave—particle duality has laid the foundation
for the development of a new quantum theory; e.g., it has
stimulated the establishment of Schrédinger’s equation, a fun-
damental equation in quantum mechanics.
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Even so many years after the development of quantum me-
chanics, the wave—particle duality is still one of the most in-
triguing features of the theory. Such a duality supposes that
a quantum particle is accompanied by a wave; i.e., both the
particle and the wave are assumed to exist objectively. The dual-
ity has its own roots in the complementarity principle [8]. It has
been studied extensively in the past, but still continues to amaze
researchers with its profound implications. The most dramatic
consequence of the wave—particle duality is the quantum inter-
ference that is displayed on a screen when we send photons or
particles in a double-slit setup. The remarkable thing is that this
quantum interference occurs even if only one particle is sent at
a time and the particle seems somehow to pass through both
slits at once, thus leading to interference. How each particle
passes through both slits is still a mystery. It may be noted that
to explain the quantum interference, it has been postulated that
when the quantum entity impinges on the beam splitter, the
particle may be going along one path but the wave is divided
and travels along both the paths. The wave that goes along the
arm where the particle is not present is called an empty wave
[9]. Although there have been long-drawn-out debates on
empty waves (i.e., waves that do not contain the associated
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particle properties), this proposal still seems to confuse many
people, and is accepted by some and disregarded by others
(see, for example, Refs. [9,10]). It may be the case that the
nature of quantum entity may be different than what the wave—
particle duality has actually depicted [11]. For example, the
wave and the particle we associate with a quantum entity
are not same as the wave and the particle that we see in the
classical world. Recently, there has been an attempt to quantify
the nature of particle using a resource theoretic framework [12]
where it was proposed that for each quantum entity there are
myriads of waves and particles.

Another intriguing aspect of quantum mechanics is the con-
cept of weak measurement [13—17] with suitable pre- and post-
selections. Using the weak measurement formalism, it has been
suggested that the quantum Cheshire cat [18] can be a possibil-
ity where a cat and its grin can be spatially separated. In quan-
tum mechanics, this essentially means that with suitable
pre- and post-selected states one can spatially separate the spin
of a particle and the particle itself. In recent years, this work has
raised lot of questions about separating an attribute of a physi-
cal system from the system itself; it is a concept that seems only
possible in fiction [19]. However, when this becomes a scien-
tific result, then it is bound to attract the attention of scientists
from all over the world. Over last few years, a lot of work has
been done in this area to unravel the mysteries of nature
[20-34]. It should be further noted that this phenomenon
has not only become a theoretical construct, but also been ex-
perimentally verified [26-28,34].

The enduring view about the wave—particle duality has sug-
gested that a quantum entity behaves like both a wave and a
particle. Suppose one can spatially separate the wave property
and the particle property of lights or electrons. This immedi-
ately gives rise to some fundamental questions. Can one still
observe the interference fringes on the screen when he/she
adopts lights with a solely particle property to perform
Young-type double-slit experiments? Can one still observe
the photoelectric effect when he/she adopts lights with only
wave property? Can one still observe the diffraction effects
when he/she adopts electrons with a solely particle property
to perform the corresponding experiments? Undoubtedly, to
answer the above questions and some others, a crucial step
is to develop a technology to completely separate the wave
property and the particle property for a single physical entity.

In this work, we intend to investigate whether any profound
implication can be drawn by linking the wave—particle duality
and the quantum Cheshire cat. We shall propose a thought ex-
periment with the help of the quantum Cheshire cat, such that it
is possible to spatially separate the particle aspects from the wave
aspects for a quantum entity using suitable pre- and post-selec-
tions. We will show that the particle attribute is not displayed in
one arm of the interferometer, and the wave attribute is not dis-
played in another arm of the interferometer. Nevertheless, we
will show that the quantum entity respects a new complemen-
tarity. A conclusion and discussions will be made at the end.

2. THEORETICAL FRAMEWORK

In a recent paper [35], Rab ez 2/. made outstanding progress by
presenting an experimental setup called the wave—particle (WD)

toolbox. A schematic illustration of the toolbox can be found in
Fig. 1. Conversion from the coherence superposition of the
polarization states to the coherence superposition of the wave
and particle entities exploits the wave—particle box. The mode

PBS
conversion reads |y;,) = (cos a|H) + sin a|V))|a)—|y) =
cos alH)|1) + sin a|V')|2), where PBS denotes the polarizing
beam splitter, parameter a can be adjusted by a half-wave plate,
and |H) and | V') denote the horizontal and vertical polarization
states, respectively. Now a half-wave plate (HWP) acts on the
first path; hence, |H) — | V), then the state |y;) becomes the
state |w,) = |V)(cos a|1) + sin a|2)), where |n) represents
the state of a photon traveling along the n-th path. We can
ignore the polarization degree of freedom in |y;). Then,
each path further bifurcates at a balanced beam splitter (BS).

S .
Hence |y2) Slws). where ) = cos al-s ([1) + e [3))]+
sin a[%(|2) + ¢#214))], and ¢;, ¢, are the relative phases in-

troduced by the phase shifters placed in paths 3 and 4.
Now paths 1 and 3 are recombined by a beam splitter

again. The phase shift between paths 1 and 3 is chosen to in-

duce the following mode conversion: |1)ES>%(|1) + 13)),

BS . ip BS
|3)—>%(|1)‘|3)) This leads to %(|1)+€"/‘|3))_>

eld%(cos %H) -isin %B)) = |W). Then, one has |y3) -

[Woue) = cos a| W) + sin a|P), with |P) = % (12) + &%2|4)).

Thus, due to such a toolbox, for a single photon prepared
initially in a polarization state |y;,) = cos a|H) + sin a|V),
one finally obtains the output state as |y ) = cos a| W)+
sin a|P), which is a wave—particle superposition state of a single
photon. Here, |W) and |P) denote, respectively, the wave and
particle states as

Fig. 1. Schematic illustration of the wave—particle toolbox.
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|W) = |Wave) = & <cos %H) -7 sin q;l|3)),

|P) = |Particle) = J% (|2) + ef¢z|4>). (1)

Operationally, these states represent the capability (|W)) and
incapability (|7)) of the photon to produce interference.
Here, |n),n € {1, ...,4} denotes the »n-th output mode from
the wave—particle toolbox, and ¢, and ¢, are two controllable
phase shifts in the toolbox. If we represent the state of the pho-
ton as | W), then the probability to detect the photon in the
path (z = 1, 3) depends on the phase ¢,. In this case, the pho-
ton must have traveled along both paths simultaneously, thus
revealing its wave behavior. If we represent the state of the pho-
ton as | P), then the probability to detect the photon in the path
(n=2,4)is % and does not depend on the phase ¢,. In this
case, the photon must have traveled only one of the two paths,
showing its particle behavior. In our setup, for simplicity, the
phase shifters in the paths are the same; i.e., ¢ = 5.

Following Ref. [35], the illustration of spatially separating
the wave and particle properties of a single photon is given
in Fig. 2. To separate the wave and particle properties, we first
need to choose the preselected state as

1

V2
with [L) and |R) denoting the left and the right arms, respec-
tively. To prepare such a preselected state, in Fig. 2 the initial
state |y;,) is put into the wave—particle toolbox. The action of
the toolbox is to convert it to the state |y,,). We then send it
toward a 50:50 beam splitter (i.e., BS1) and this will produce
the desired preselected state |¥;).

Second, we choose the post-selected state as

1

V2
Essentially, we want to perform a measurement that gives the
answer, “yes,” whenever the state is |¥¢), and answer, “no,”

W) = —= (L) + [R))(cos a|W) +sin a|P)),  (2)

¥e) = —= (L) |W) + |R)|P)). (3)

‘WP Toolbox

_____ / |%in)

Fig. 2. Illustration of spatially separating the wave property and the
particle property of a single photon.
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when the state is orthogonal to |¥¢). We consider only the cases
where the answer, “yes,” is obtained. Such a measurement setup
can be realized by the optical setup as shown in Fig. 2. The
post-selection consists of a beam splitter BS2 followed by

the 1234 operator on the right arm, with
0 1 0 O
e |10 00 @
0 0 0 1
0O 0 1 O

On the right arm, the particle state can be converted to the
wave state after the actions of BS2 and ¢'%%4;

; l.e.,
1R P) 3| R) % (cos % 12) - i sin % |4>>

”ﬁ4|R)ei¢Tl <CoS %“) - isin q;lla)>

We can now verify the result of our post-selection setup. By
substituting Eq. (5) into the post-selected state, we have

1
%) = = (10IW) + IRIP)
B0 ) = (L) + [R)IW). 6)

YV2

The beam splitter BS3 is chosen as |L)I§JL§(|R) - 1)),

|R)EE3¢L§(|R)+ |L)), such that the state [W¢) turns to

|¥¢,) = |R)|W), and the detector D2 does not click.
Finally, the action of the operator X = |W)(W]| is such that
only the wave state | W) is transmitted and the particle state | P)
is reflected. Hence, the detector D3 does not click, and the
detector D1 clicks with certainty if the post-selected state is
indeed |¥).

This is the explicit calculation to show that, with the pro-
posed setup, the detector D1 always clicks if |¥y) is the post-
selected state. If any other state is chosen, there will be finite
probability that the detectors D2 and D3 will click. A photon
starting in any state orthogonal to |¥¢) will either end up at
detector D2 or D3 and certainly will not fire D1. So we
can conclude that we have been able to design the setup by
introducing certain operators such that only the particular
post-selected state gives a D1 click with 100% probability.
With this measurement setup the state |W¢) will certainly
end up in detector D1, and any state orthogonal to |¥¢) will
end up in detector D2 or D3. We only focus on the cases when
the detector D1 clicks.

Because we know that in the context of pre- and post-
selections, the measurement strategy used is the weak measure-
ment so we try to perform suitable weak measurements and
extract information about the wave and particle aspects of
the photon through these weak values. Following the quantum
Cheshire cat proposal [35], which has allowed the separation of
the properties of a particle from the particle itself, here we shall
separate the wave and particle attributes of a quantum entity.
We now move on to define various operators that measure



- — 4 .
1382  Vol. 9, No. 7 / July 2021 / Photonics Research O _ , [ Research Article

whether the wave and particle attributes are present in the left
and right arms. Explicitly, we have the operators

5 =" @ 11, = |R)(R| @ |P)(P],

I = F @ I, = [L)(L] @ |P)(P|, ]
which determine if particle attributes are there in the right and
left arms, respectively. Similarly, the operators

I, =" @ Iy, = [R)(R| @ [W)(W],
I, =" @ Iy, = |L)(L| ® [W)(W], (8)
determine if the wave attributes are there in the right and left

arms, respectively.
Now the weak value of any observable A is given by

SA%ED

= 9)
(We|¥)

where |¥;) and |W¢) are the preselected and the post-selected

states, respectively. We find that the weak values of these
observables in our setup are

(), =0, (1f), =

Plw

(4),,

sin

cos a + sin a’
Iy cos a
()., = cos @+ sin a’ (10)
It may be emphasized that a nonvanishing weak value of a pro-
jector indicates whether the system has been in the particular
state represented by that projector between the pre- and post-
selections. Similarly, if the weak value of the projector is null,
then the system has not been in that state between the pre- and
post-selections. Based on the above result, we see that the par-
ticle property is zero in the left arm, and the wave property is
zero in the right arm. Therefore, we can safely conclude that the
particle property of the photon is constrained to the right arm,
and the wave property of the photon is constrained to the left
arm in such a pre- and post-selected setup. This indicates that
the wave and particle properties of the single photon have in-
deed been spatially separated. Thus, with the help of suitable
pre- and post-selections, we can dismantle the wave and particle
nature of a single photon. For @ = %, we have equal superpo-
sition of the wave and the particle states in the pre-selection;
ie., |¥;) (IL) + |R)) ® 2= (|W) 4 |P)), and the weak
al for tI-( article and zz/v_ave attributes are given b
values p g y
(§),, = 1 and (I1§,), = 1. In this case, half of the particle
attribute is present in the right arm and half of the wave attrib-
ute is present in the left arm of the interferometer.
Complementarity. The above scheme is also applicable for
any quantum entity such as an electron or a neutron. One in-
teresting point is that even though we have been able to dis-
mantle the wave and particle properties of a single photon, this
is actually consistent with the complementarity principle that
we will discuss here. The quantum entity respects “unity in di-
versity.” Note that {|L), |R)} € H*> withTl;e =11; + [z = 1
(here, 1 being the 2 x2 unit matrix), and the modes in
the wave—particle rtoolbox {[1),]2),3),]4)} € H* with
ST =419 =1®1. We can define another
orthonormal basis {|W),|W), |P), |P)} € H* and with the
resolution of identity as given by Iy = Iy + Iy + IIp+
IT) = 1 ® 1. With the pre- and post-selected states, as given in
Egs. (2) and (3), we have (IL;p @ II;4) = 1; ie.,

(), =0,

(), + (115),, + (115)  + (M%)
+ (I, ), + (1) + (105), + (5) = 1. (11)

Further, we note that the weak values for various projectors
satisfy these conditions:

(3), = (0f), = (§,), = (), =0,
sin a
ng), =———, %) =o,
(M2, cos a + sin a (M),
cos a
n,) =————, L) =o. 12
(M), cos a + sin a My ),, (12)

Therefore, we have

This is a new complementarity relation between the wave and
particle attributes in the weak measurement setting; i.e., the
sum of the wave attribute in the left path and the particle attrib-
ute in the right path cannot be arbitrarily large. Interestingly,
even though the wave and particle attributes have been disman-
tled, the prediction is consistent with the complementarity
principle.

3. CONCLUSION AND DISCUSSION

The wave—particle duality is a fundamental concept of quan-
tum mechanics, which implies that a physical entity is both
awave and a particle. There have been a lot of debates regarding
the wave—particle duality in the past, and it has been an inter-
esting topic of research as well as one of the least understood
aspects in quantum mechanics. Although this duality has
worked well in physics to produce experimental confirmations,
its interpretation is still being discussed. Although physicist
Niels Bohr viewed such a duality as one aspect of the concept
of the complementarity principle, there may be more to it. In
this work, by exploiting the advantages of weak measurement
and a pre- and post-measurement setup, we have spatially sep-
arated the so-called wave and particle attributes of a quantum
entity. Even though they are dismantled, they still respect a new
complementarity relation. This also brings up some further
fundamental questions. What is the wave aspect in the left
arm of the interferometer like? How is it different from the
general wave properties exhibited by an entity? Similarly, we
may also ask: what is the “solely particle” aspect like in the right
arm like? It would be interesting to find out if the interference
fringes on the screen vanish when one adopts the lights with
solely particle property to perform the Young-type double-slit
experiments, and also to see if the electron diffraction effects
disappear when one adopts the electrons with solely particle
property to perform the corresponding experiments.

In our work, we have realized the possibility of completely
separating wave property and particle property for a quantum
object. The proposal in our work is related to the quantum
Cheshire cat, for which some physical attributes can be sepa-
rated from the particle itself. In the next stage, we would like to
further consider a tripartite separation; i.e., the separation
among the quantum object itself, the wave attribute, and
the particle attribute. Once such a separation is achieved, then
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one will obtain a quantum Cheshire “supercat.” We anticipate
further experimental progress in this direction in the near
future.
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