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hoton wave functions collapse into particles

only after they exhibit their location, as was

observed in many experiments. However, sci-
entists like Bohr, Wheeler, and Scully contemplated
that this causality could be violated, after which many
experimenters claim to have demonstrated the con-
templated causality violation. Scientists widely de-
bate this claim; this debate often tries to reinterpret
many tenets of quantum mechanics. Qureshi posits
that the experimenter’s choice of Hilbert space ba-
sis determines wave or particle nature: the experi-
menter thus chooses to exhibit the which-way infor-
mation or obscure it. Qureshi posits that when the
experimenter measures the photon in the x-basis, it
entangles with the which-way detector and the two
detectors that constitute the screen, leaves a mathe-
matical trail caused by phase change, and destroys
interference. He contemplates a novel quantum qubit
which-way detector. In this paper, we peruse the prob-
lems in Qureshi’s analysis. The distinction between
evolution and measurement is not acknowledged. The
entanglement of a photon with experimental appara-
tus violates the quantum-classical distinction, which
is key to wave function collapse. In an attempt to facil-
itate classical-quantum entanglement, Qureshi forgets
that the screen in quantum experiments can be a sin-
gle entity. The quantum qubit he contemplates will
likely function like a classical which-way detector. In-
stantaneous phase change does not influence quantum
measurement: it thus does not contribute to a distinct
quantum state. Scientists have detected wave-particle
duality using entangled photons: entanglement alone
cannot destroy the interference; the photon can choose
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its wave-particle option randomly; the experimenter’s
role is thus inactive. Wave nature formulation is not
derived from Hilbert space basis, and the mathemat-
ical formulation in quantum mechanics is meant to
predict probabilities in the particle nature; it does not
say anything about the photon’s physical form choice.
We thus reiterate that Complementarity is indepen-
dent of causal constraints.
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In 1978, Wheeler proposed a radical thought experiment:
photons from a distant quasar circumvent a gravitational
lensing galaxy; when observed with an interferometer, the
individual path information of the photon is lost one shall
see interference; however, if the two photon paths are
discerned one does not see an interference pattern (48)).
One thus has the power to influence the source billions
of years away to emit light along both paths or only one
path: the past can be changed! (48)). Scully proposed a
more laboratory-friendly version of Wheeler’s thought
experiment and called it the ’delayed-choice quantum
eraser thought experiment’ (38). Kim Et al. demonstrated
experimentally using Young’s double slit and entangled
photons, claiming to have fully realized it for the first time
(23); however, many such experiments espouse causality-
violating (25 [3; 265 27; 315 1325 [37).
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Wigner posited that consciousness causes the collapse
of the quantum wave to its complementary particle form
(49). Modern scientists strongly espouse realism (8} 25)):
scientific results are ’'mind-independent’; but some say
quantum mechanics may imply otherwise (39) (13) (L)
(21) (28)). The paradox of ’delayed choice’ is also a part
of this debate, key to understanding quantum mechanics.

If one can change the past, one can kill one’s grandfa-
ther; the famous Grandfather paradox has intrigued physi-
cists and the general public alike (41)). The Big-Bang to
create the universe requires time to follow asymmetry:
forward arrow (12). Scientists often have to look beyond
the Copenhagen interpretation to expel causality-violating
ideas about the delayed eraser: the Relative States (30),
consistent histories (20), proper and improper mixed
states (9; 24} 42)), and Bohmian mechanics (14)). Tabish
Qureshi attempts to denounce causality violation using
macroscopic-microscopic entanglement and attributing
physical realization ability to Hilbert space formalism:
emphasizes the experimenter’s role in choosing the pho-
ton nature, thereby avoiding causality violations (33)). He
argues that his analysis is per Bohr’s Complementarity
principle (33); this paper aims to elucidate the problems in
his claim and points out the incompatibility with specific
empirical observations and mathematical underpinnings.

We illustrate the basic ideas of Young’s double-slit
experiment using a simple picture: we devise a thought
experiment using Young’s double-slit experiment with a
beam splitter to set the tone: basic Copenhagen interpre-
tation. Then we explain the mathematical structure used
in Qureshi’s analysis (33): the spin analogy. We explain
the key ideas behind Qureshi’s analysis of the delayed
choice quantum eraser experiment (33)). Before we eluci-
date the problems in his analysis, we explain the working
of the Mach-Zehnder interferometer and how it can en-
able causality violations: we consider what Qureshi’s
thought experiment would say about an actual experi-
ment. We then discuss the correct way of looking at the
delayed choice quantum eraser experiment to contrast
with Qurehsi’s analysis. In conclusion, we attempt to
identify the biggest problems in Qureshi’s analysis.

Young’s double slit is historically significant and known
for its conceptual clarity (15). We use the same concept
but a beam splitter based two detector screen arrangement
similar to a Mach Zehnder interferometer. This will help
compare the standard Complementarity principle used
by Scully to explain his delayed choice quantum eraser
thought experiment (38)) and help compare with Qureshi’s
analysis (33)).
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Alice has a Young’s double slit arrangement. She has a
which-way detector placed in front of each slit. There is a
screen behind the double slit; it has two sensors, a pair of
mirrors, and a beam splitter. Alice places two which-way
detectors in front of the slits; when the photon passes
through either, the photon will light either bulb A or B.
The source generates a single photon. The which-way
detectors are turned off; the photon does not reveal its
path, interfering with itself, as Paul Dirac would say (10).
We show the arrangement in figure [T} serves conceptual
understanding and not experimental accuracy.
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Equation [T)is a superposition of wave functions cor-
responding to position A:x4 and B:xp, which are the
eigenvalues. The arrangement in figures [I] and [3] admit
phases of zero and 7 so that one can write equation|[I]as
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If the which-way detector is switched off, there is no
measurement. The superposition evolves to cause inter-
ference.

1
WOl(@) = 5(|wA|2 + sl + yaygcost)  (3)

Equation [3['s last term represents wave-nature and w =
224 Alice places two reflectors behind the slits to direct
the photons to the beam splitter. The photon reaches the
beam splitter at phase zero. The beam splitter, according
to figure [3| can induce a phase change of ¢ as in equation
and directs constructive interference to sensor D1, as
shown in figure |1} the destructive counterpart to sensor
D2; clicks are noted in detector D1 alone.

. 1
leya®) + Y0l = 5<|wA|2 + [Wal*) + Yawpcos(wt + @) (4)

Measurement takes place when the which-way detec-
tor is turned on; the position projection operator can be
given by P, = |ya){¥al + [Wp){¥p|. Photons will pass
through either slit A or slit B with a probability given by
KAl PLlw)* or [(plPey))> = 0.5: Alice sees clicks on
one of the detectors and the corresponding which-way
detector will glow. The key to this picture is the collapse
of the wave function from the superposition of two states
to a single state particle.
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Figure 1: Young’s double slit arrangement: Dashed lines indi-
cate possible paths of the photon. The oval structure in yellow
is the phase shift. The red and blue rectangles are the which-
way detectors. D1 and D2 are the two sensors of the screen

In this viewpoint, ¥4 and g are assigned the states of a
one-half spin electron (33). Assign values for phase 0 and
m into give |+) and |-) as in equationsand@ %
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The |+) and |-) are equivalent to measuring the spin
one-half state along the x-axis (horizontal or left-right).
The x-axis eigenstates are given as a linear combination

of z-axis states (vertical) (1)) and ((1)
asthe | T) and | |) states. When the which-way detector is
turned on, the path is available, and the wave function col-
lapses into either the | T) or | |) states with a probability
of 0.5.

Alice switches off the which-way detector and erases
the path information. It is easy to see that up-and-down
states can be written as a linear combination of |+) and |—)
states. Consider that Alice turned the which-way detector
on, and the A bulb glows. Alice then turns off the which-
way detector and waits for some time. She then sends the
photon again. This time she sees an interference pattern.

One can assign phase values to equation [ and obtain the

); which we can name
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wave nature in terms of |+) and |-) as in equation [7]and [§]
(33). The key to this picture is that ¢ in equation 4] creates
a distinct quantum state through the minus sign (¢ = 7).

1
2 = SATXT T+ XL T+ cos(wn( IXT D (7)

1
=== SATXT T+ XL = cos(wn( IXT D (8)

This is a modification of the spin picture marked by the en-
tanglement of the photon with the detector. This method-
ology is used to analyze the delayed choice quantum
eraser experiment by Tabish Qureshi (33). The which-
way detector in figure must be a qubit; takes | T) or | |)
state when the photon takes path A and B, respectively
(33): the which-way detector state maps to the photon
state.

The interference occurs when the experimenter mea-
sures the which-way detector in the plus-minus states,
so the photon entangles with the detectors D1 and D2,
respectively.

1
Y =Z(DHAD+ L) +1D2)(I )= L)) ©)

Equation [9] shows the |+) entangles with the detector
D1 one sees clicks in detector D1 alone while D2 has
no clicks since it entangles with |—): caused by construc-
tive and destructive interference, respectively. When the
which-way detector is turned on, either path A or path B
is measured with a probability of 0.5.

Y= %((IDD +D2)[ 1) +(ID1) = ID2))| 1))  (10)

Equation[I0|shows the up-down states entangle with su-
perposition states of the detectors D1 and D2, the particle
nature of the photon. According to Qureshi, the photon’s
observation in the particle form is marked by the probabil-
ity of finding clicks in either detector D1 or D2; when a
large number of photons follow suit, one can see clicks in
both the detectors (33). The key to this picture, contrary
to the standard Copenhagen interpretation:

1. Experimenter measures the qubit in the z-basis equa-
tion[I0Jor in the x-basis equation[9] and hence selects
between wave and particle.

2. Attributing quantum nature to a macroscopic object:
which-way detector and screen.
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3. Entanglement replaces the collapse of the wave func-
tion and suffices to remove interference.

4. Equation|I]s plus and minus cases are taken as dis-
tinct quantum states; as in Section 3]

We will dedicate the rest of the paper to examining the
problems in the Qureshi picture.

We will first illustrate the working of a typical Mach-
Zehnder interferometer; this will help us understand
Qureshi’s thought experiment (33)) and its fallacies. We
explore how the which-way information discernibility
influences the outcome.
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Figure 2: The Mach-Zehnder interferometer arrangement con-
sists of a pair of 50-50 beam splitter, mirrors, and sensors. The
observer may observe the photon in one of the paths.

When a single photon passes through the first 50-50
beam splitter, it splits the photon wave into two parts
with equal intensity. The beam splitter is explained in
figure |3} only the photon reflected from the glass surface
undergoes a phase shift. The mirrors direct the two rays
to another beam splitter, as shown in figure 2| The en-
tire design comprising the beam splitters and mirrors is
such that the photon reaching the second beam splitter
from both paths arrives at the same phase. A pair of rays
emerge from the last beam splitter; one pair interferes
constructively and reaches detector D1, and another inter-
feres destructively; the photon taking path B in the figure
after reflection undergoes a phase shift of z: all other
cases have phase unchanged as in figure [3] The photon
interference causes clicks on D1 (constructive) and no
clicks on D2 (destructive).

Let us place a block that does not let the photon pass
through in path B. The second beam splitter receives the
photon only if the photon chooses path A: there is no
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Figure 3: Beam splitter with glass coating on one side(dark).
Light is either reflected or transmitted; reflection from glass
surface alone results in phase shift

interference, and detectors, either D1 or D2, will show
clicks: now the photon behaves as a particle. One will not
see clicks on both detectors simultaneously: proof of the
photon’s existence, a historic experiment by Alain Aspect
and crew (17). We emphasize the role of path information:
let us send a single photon directly through the second
beam splitter alone, without the first beam splitter and
the mirrors; the photon is either reflected to detector D1
or transmitted to detector D2 (18)). The two detectors are
placed appropriately so that the path information is evi-
dent. Now, the experimenters return to the mechanism as
in figure 2} now, the path information is lost; one can ob-
serve interference. The correlation between wave-particle
duality and path discernibility is evident.

Alice has set up a Mach-Zehnder interferometer in [2| to
perform her moving beam splitter thought experiment
(18)). She attaches a remote-controlled motor to the sec-
ond beam splitter; the beam splitter can be pushed away
from the path of the single photon. The photon is sent
through the first beam splitter. She suddenly removes
the second beam splitter just before it reaches the sec-
ond beam splitter. Alice notices clicks only in one of the
detectors; the photon evinces particle nature. Alice was
expecting the photon to show interference because while
she sent the photon, the path was indiscernible because
of the second beam splitter, so she must have seen in-
terference but noticed the contrary. It is as if the photon
has changed the past: when the second beam splitter was

|| | Page



removed, at the last moment, the photon influenced the
source to take only one path. Similarly, she starts with the
second beam splitter out of the path and suddenly brings
it into the path. Alice notes clicks only in detector D1
only. Bringing the beam splitter back has erased the path
information.

However, moving the beam splitter is not practical.
Hence, one must consider blocking a path: achieved using
a Pockel cell operated by a switch placed in one of the
paths: the cell is tuned to block a photon with a particular
polarization. Hence the photon must travel through path
B; this destroys interference (2} [18)) or get stopped by the
Pockel cell if it chooses path A: both detectors D1 and D2
don’t show any click. If the Pockel cell is turned off, one
can see interference through detector D1 alone, which
shows clicks. Instead of moving the second beam splitter,
Alice would use the switch with similar results.

However, Qureshi posits against causality violations,
the experimenter decides wave or particle nature (33)).
Using equation [I0] and O] based on his qubit detector,
Qureshi argues that path information availability depends
on the experimenter’s active choice of measurement basis
33).

Alice reanalyses her thought experiment. When the
photon is sent without the second beam splitter, she
chooses to measure the state of the photon in the z-basis;
the photon entangles with the detectors D1 and D2 as
per equation[I0} If she suddenly inserts the second beam
splitter in the path, she chooses to measure the photon in
the x-basis, and the result is explained by [0] The experi-
menter’s choice destroys interference; hence, there is no
causality violation (33)).

The problems with Qureshi’s picture include a combina-
tion of incompatibility with Bohr’s complementarity, a
mistaken understanding of the mathematical formalism,
and excessive dependency on thought experiments. We
will analyze the problems in this section.

Qureshi imagines a quantum qubit as a which-way detec-
tor in the path A of the Mach-Zehnder interferometer
according to him, the which-way detector is in the "up’
state when the photon does not pass through the path A,
and if it does travel through the path, the which-way de-
tector acquires the ’"down’ state.(33)). But it is well known
that a quantum system will lie in a superposition of up
and down before measurement (40). Gambetta et al. study
qubit photon interaction in a quantum electrodynamic
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cavity: observe a blurring of the qubit phase, known as
dephasing, during the inter-state transition and photons
undergo Stark splitting (16); one does not find the scope
for a simple entanglement model of the photon and the
qubit as Qureshi contemplates [4]

Experimenters have conducted the delayed choice
quantum eraser experiment using a macroscopic elec-
tro optic device, Pockels cell placed in one of the paths of
a Mach Zehnder interferometer; a photon switch with a
random choice decides to block or allow the photon with
a particular polarization to pass through (2;[18); a much
more realistic and cost-effective solution: If one path is
blocked, either the photon has to go through the other
path and destroy interference or misdirected by the block
and show now clicks in the detector. Even if the qubit
detector is implemented, the result will be similar to that
of the Pockels cell based experiment (2)) rather than the
entanglement of the photon with the which-way detector.

The standard interpretation of quantum mechanics,
with its origins in Bohr’s ideas, emphasizes the inability
of experimental apparatus results in the uncertainty prin-
ciple; the apparatus themselves follow a different type
of physics than the quantum entities they describe (7).
When Qureshi proposes his analysis using a qubit which-
way detector, one notes the inability to make such an
apparatus possible is similar to what Bohr had indicated.
The analysis of quantum mechanics must be based on
practical considerations, not concepts that can not be de-
signed: even thought experiments must map to realizable
experiments.

Qureshi says that role played by detectors D1 and D2 in
figure [2)is evident in equations [10] and [0}

1. Only one detector glows when the photon path is
unknown: wave nature.

2. Both detectors glow when the photon path is known:
particle nature.

3. Entanglement with the rwo detectors is critical to the
particle or wave nature of the photon.

But we observe that the role played by the detectors is
that of a single ’screen’ where information is presented.
The question of interest in quantum mechanics is which
path the photon has taken: this event occurs before the
second beam splitter. The photon interaction with the
screen has no impact on the result; the discernability of
the photon path determines the result. Townsend et al.
conducted a single-photon interference experiment where
the detector was a single Avalanche Photo Diode used as
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a photon detector, where both interfering fringe and non-
interfering patterns were discerned (43)). If we were to
apply Qureshi’s analysis (33) to Townsend’s experiment
(45), we must replace D1 and D2 as a single physical
entity, say DO, this would make equations [T0]and [9] point-
less.

Consider figure I} here again, the beam splitter or the
detectors beyond it do not decide on the availability or
unavailability of path information because we could have
contemplated the experiment with a single screen. So the
detectors are merely elements of screen design. So Equa-
tions [9]and [I0] are not required in the quantum analysis of
a single photon in a Mach-Zehnder interferometer. The
quantum mechanical problem in the delayed choice quan-
tum eraser experiment is the availability or unavailability
of the path information, not how the screen is designed.
The screen thus gives binary information: interference or
particle; detectors D1 and D2 conceptually must be taken
as a single entity.

According to Qureshi, photons that reach detectors D1
and D2 carry phase information as indicated by the minus
sign in equation [§] which makes it a distinct state in
addition to the[7] But, Kim et al. say that equations [7]and
[8] are the same (23)): the minus sign does not affect the
which-path probability.

As indicated in figure |3} the phase is due to the beam
splitter: the experiment can be designed to vary ¢ in equa-
tion [4] in multiple ways. Equation [4] shows how w and
¢ are distinct: w is a probability-wave component asso-
ciated with the quantum observable: position, and thus
inherently quantum mechanical, and ¢ is an aspect of ex-
perimental design that can be modified without affecting
the probabilities and the quantum observables. In equa-
tion ] w multiplies time, and ¢ has nothing to do with
time. The instantaneous phase change ¢ attributed to the
wave function is classical or electromagnetic. One can add
any value to the phase ¢ from 0 to 7 in equation i} which
will still not affect the observables or the probabilities.

A simple thought experiment: consider two similar
waves in phase and interfere constructively; one can see
the resultant wave has high peaks. Now the distance be-
tween one of the sources and the screen is altered till one
observes a decline in the peak height and, eventually, a flat
line: destructive interference. The photon sources’ relative
distance affects the phase, not the quantum observables.
Because the relative distance changes, one cannot argue
that the two are different states. Townsend et al. varied the
relative optical path length using a Piezo-electric trans-
ducer to obtain single photon interference (45). Rueckner
and Peidle demonstrate that changing the Young’s dou-
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ble slit’s distance from the photon source improves the
quality of the interference fringes (36).

According to Qureshi, entanglement with the which-way
detector (qubit) alone can destroy interference (33)). We
observe that this is an attempt to undermine the role of
which-way information. Entanglement with the qubit de-
tector may destroy the interference: not because of entan-
glement alone but because the path information will be
available through entanglement.

Kim et al. used coincidence detection using entangled
photons in their delayed choice quantum eraser experi-
ment (23)); they direct one entangled photon to a screen
DO and another to the which-way detectors. The which-
way photon may randomly choose a path where the which-
way information is available or unavailable; correspond-
ingly, one can see interference or otherwise. Thus we
can see that there is interference in the presence of en-
tanglement. Kaur and Singh have also demonstrated that
two-photon entangled photons show interference when
the which-slit information is unavailable (22). Qureshi’s
argument that entanglement alone can destroy interfer-
ence (33), we observe, is untenable.

Qureshi claims that the detectors D1 and D2 must entan-
gle with the photon for the photon’s particle nature to
reappear post interference or vice-versa: as in equations
[9and [I0] Bohr’s Complementarity principle contradicts
Qureshi’s claim of the quantum nature of the macroscopic
detector (33): the detectors are classical, and the statis-
tical results of quantum mechanics and collapse result
from the classical-quantum distinction between the de-
tectors and the photon (7;40). The detectors are merely
a tool to observe or measure the duality of the quantum
entity. Von-Neuman attempted to confer quantum status
to the classical apparatus in his original formulation it-
self (47): the composite systems formalism (microscopic-
macroscopic entanglement). Stapp shows the composite
systems formulation does not comply with the Copen-
hagen interpretation (40):

1. One can not conceptualize collapse for macroscopic
systems: the world does not exist in a superposition
state and collapse when we perceive it; If quantum
superposition would describe all the realities of the
universe, one will have to argue that the moon exists
only when we look at it (29).

2. Quantum states do not distinguish clearly from clas-
sical states: no explicit ontology is defined for the
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quantum-to-classical transition in the Composite sys-
tems formulation. Wave-particle duality and collapse
are a clear result of quantum to classical transition.

Wave-particle duality dictates that the wave func-
tion must collapse (40); quantum systems entangling
with macroscopic objects can not happen with collapse:
Becker’s take on Von Neuman’s composite systems for-
mulation (45 46). In the Many-Worlds interpretation of
quantum mechanics, there is no distinction between clas-
sical and quantum systems; no collapse and no wave-
particle duality: entanglement of quantum systems with
macroscopic detectors is allowed there (43} 1445 46). So
if Qureshi claims that photons can entangle with experi-
mental apparatus (33): there is no wave-particle duality.

The wave-nature collapses to particle form; this is the
idea of collapse in Bohr’s complementarity. Let us see
Qureshi’s analysis in this purview. Consider the argu-
ments in section [6} Alice sends the photon initially with-
out the second beam splitter when she suddenly brings
in the beam splitter; Qureshi’s causality preserving argu-
ment says that the experimenter has thus actively chosen
to erase the path information. If his argument is correct,
we observe that the photon must suddenly uncollapse to
a wave nature and interfere. We thus conclude that his
argument is incompatible with the idea of collapse, which
is critical to complementarity.

According to Qureshi, the interference appears when the
experimenter chooses to measure the photon in the x-basis
(33)) and thus chooses to lose the which-way information.
Kim et al. show that the photon’s choice to display or
destroy interference can be random, and the experimenter
does not have an active role (23).

Qureshi argues that during time evolution, the photon
is measured in the x-basis as in equation|[7|(33); but, we
calculate the system evolution in the x-basis if we repre-
sent the measurement in the z-basis. One can choose any

arbitrary basis; one can try many different combinations
0

. cos 3

for measurement and evolution if one uses | ;, sin 0 and

e -_—

2
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cos ? corresponds to aligning the spin along vari-

- 2

ous directions (19). The unitary transformation matrices

are a perfect tool to assist in such a change of basis; for

L L
example, the Hadamard matrix ( «16 @ ], can be ap-
V2 V2

plied to transform from z-basis to x-basis (50). A more
radical change will be a transformation from position to
momentum coordinate system, further indicating that a
Hilbert basis is only a mathematical tool (S)). One does not
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find any reason to map the choice of basis to the physical
nature of the photon.

Hilbert space basis is a mere mathematical tool to pre-
dict the probability of a quantum observable and refuses
to do anything beyond that (40). The basis can not deter-
mine the physical nature of the photon. The equation [4]
that represents wave nature is not derived from Hilbert
space mathematics: it is based on empirical observations.
When the which-way information is unavailable, one ob-
serves interference; it represents that the system lies in a
superposition of two states: we don’t know which state
it is in. One does not obtain any information about the
quantum observables from the interference pattern: one
obtains the observable probabilities when the wave be-
comes a particle upon measurement; this is the basic idea
of the Complementarity principle.

Alice sends Bob an encryption key in quantum cryp-
tography (34 45) after sending the photons through one
of the polarization choices. The photon will be in a super-
position of different polarization choices and transmitted
as a wave. Bob can not directly obtain the polarization
(information) from the interference without a measure-
ment: he needs to communicate with Alice to identify the
correct filter. If Eve eavesdropped their communication,
the wave would collapse and destroy the information.

We have seen various problems in Qureshi’s analysis
of the delayed choice quantum eraser experiment. The
screen is a single entity, irrespective of the design. The
qubit detector will only act to block the photon’s path. Su-
perposition and entanglement are characteristics of quan-
tum systems, not classical systems: the classical quantum
distinction is critical to Bohr’s complementarity principle.
The negative sign coming from phase change does not
affect the measurement result. Entanglement alone can
not destroy interference. Hilbert basis can only predict
probabilities and not decide wave-particle duality.

Let us explain the experiment using our corrections;
Mach-Zehnder interferometer with a Pockels cell like
which-way detector (2)). Alice can also use a qubit detec-
tor as suggested by Qureshi (33); the qubit detector, due
to dephasing effects (16), is likely to act as a block, simi-
lar to the Pockels cell arrangement. Alice must connect
a switch with the qubit arrangement to place the qubit in
the photon path and away.

1 1
= @W + $¢B

Alice sends the photon through the first beam split-
ter. Equation |1 1) shows the quantum state after the pho-

¥ (1)
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ton passes the first beam splitter, where states A and B
correspond to paths A and B of the Mach-Zhender ar-
rangement. The experiment is designed so that when the
photon reaches the second beam splitter, the photons have
the same phase if they travel through both paths. The
Py = a4l + [Wp)wpl|. Alice switches on the qubit de-
tector: the Hamiltonian. There is a probability of 0.5 for
both the detectors showing no clicks (¢4 |Px|n,b)|2 since the
qubit impedes the photon’s travel. There is a 0.5 chance
for the photon to take path B. It will continue that way
and reach the beam splitter: the state of the photon is now
given by equation [12]

The photon has a quantum state, not the detector, con-
trary to equations[I0|and 0] The projection operator now
is Py = Wp1)¥p1l| + Wp2){¥po| after the photon reaches
the beam splitter; the wave function is now [12]

1 1

\/5%1’01 + $¢’Dz

The detectors’ placement ensures a way to get the pho-
ton path: and facilitates wave function collapse. The prob-
ability of clicks in DI is |(¢//D1|Px|z//>|2 = 0.5 and D2
|<;bD2|Px|;b>|2 = (0.5. Suppose the path information is un-
available: replace D1 and D2 with two Mach-Zehnder
interferometers. In that case, the path is now ambiguous,
and one will notice interference results on both Mach-
Zehnder interferometers’ detectors: further reiterating the
role of path information.

Alice turns off the which-way detector, and the photon
evolves in time as a wave function, as in equation[d The
photon wave travels through both paths in the form of
According to figure 3] the wave function has zero phases
but for the one reflected from path B. So for detector D1,
the two interfering wave functions are out of phase by .
So equation | becomes two components shown by one
transmitted from path B, the other reflected from path A
as in equations [I3]and[14] for the zero and pi cases for ¢
in figure 3] respectively.

Y= (12)

1
W = ~(Wal® + sl + Yawp cos wt (13)

2

1
Y= 5<|wA|2 +WBl*) — wayp cos wt (14)

The single photon which has traveled both paths now
has different components because of the phase change
induced by the apparatus, three according to equation [I3]
and one according to equation |14 have a value of 0 and
n respectively for ¢ in equation 4 as evident in figure 3]
The components have different path lengths but represent
the same wave function.

Consider a Young’s double slit with the slits denoting
the position to help with a spin analogy. Let us consider
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the origin at the middle of the two slits and the position
of the slits (or the photon), —x; and x: this is analogous
to path A and path B in the Mach-Zehnder interferometer.
Let us consider the initial | T) state for the x| position:
which-way detector on. One can write the | T) in the linear
combination of eigenvectors of Pauli spin component o,
for a one-half spin, the |+) and |—) and consider the time
evolution with the positions as eigenvalues in equation
16l

o =) ()

ixyt

() = 57" (i) s (16)

1
[4)

Equation [13]and [14]s equivalent representation of in-
terference in the spin basis: using the simplified form of

equation [T6]as in equation [I7]can be given as [y (£)){x(?)I.

cos(%‘t)
Xt

isin(3-) an

(@) = (

Equation|17|says that the superposition evolves, caus-
ing interference when the which-way detector is turned
off. One can add an instantaneous phase factor ¢ to equa-
tion[I7)as in equation ] and obtain plus and minus waves
as in Equations|[I3]and[T4] We observe that the phase shift
is an instantaneous change induced by the apparatus and
does not contribute to a different quantum state: it does
not say anything about the position probability. The wave
function evolves in the x-basis and is measured in the
z-basis.

Consider the photon’s initial state in the x-basis as in
equation I8 and evolves in the z-basis [I9] Equation [T9]
shows a result of the same form as Representing the
photon on one basis for measurement and expanding it
on another is only a mathematical constraint. One can-
not choose the physical nature of the photon through the
Hilbert space basis choice. The path information avail-
ability causes the photon’s choice of physical nature, but
the effect can precede the cause: this is an empirical ob-
servation.

() = (}) a8)

ixqt

() = 57" ((1)) +e (19)

()

Further, one can transform the equation|l1|can be trans-
formed into the momentum-coordinate system: a direct
consequence of the uncertainty principle. The action of
the position operator on a position wave function can be
written according to equation 20} As a result, one can
write equation |1 1|as in equation ; it is not difficult to see
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that this is a sufficient replacement for the spin-based
representation.
. 0
x1lya) = lha—lkbA} (20)
P
1 —ipx 1 —ipx:
W= ——e h f e i 1)

V2 V2

Qureshi’s analysis (33)) is motivated primarily by the
need to explain the delayed choice quantum eraser ex-
periment without causality violations. Carlo Rovelli has
observed that entropy is the only concept in physics that
follows causality; many areas, including special relativ-
ity, can allow causality violations (35). Feynman’s path
integral formulation, essential to quantum field theory,
can allow causality violations (L1). Avoiding causality
violations cannot be the only motivation behind an analy-
sis; Qureshi does not specify what problems other than
causality violations exist in the state-of-the-art analysis
of the delayed choice quantum eraser experiments.

The aspects of reality are space and time. There are
many studies on the study of the constituent aspects of
space; quantum mechanics corresponds to a set of ex-
periments of such constituent aspects. Theoretically and
experimentally, quantum mechanics is well known to al-
low causality violations. One can say that just like space,
time can also follow a separate set of rules for quan-
tum mechanics in contrast with classical mechanics as
posited by Bohr (6); our paper reiterates this fundamental
aspect of the Complementarity principle. Studying the
constituent aspects of time just as scientists have done for
space would be necessary.

The biggest problem with Qureshi’s analysis (33)): the
screen in quantum mechanical experiments can be de-
signed as a single entity. This is because even if the anal-
ysis were considered in the many-worlds interpretation,
where the classical-quantum distinction is nonexistent,
the arguments of the analysis would not survive. Next, at-
tributing quantum characteristics to instantaneous phase
change aggravates this further: classical phase change
does not affect the probabilities of path choice: this is
a very poignant result. Because Qureshi envisions that
the classical phase can contribute to a distinct state, he
ignores the role played by Hilbert space in quantum me-
chanics. Hilbert space predicts probabilities of the photon
observables in the particle nature of quantum mechanics;
the basis is merely a skeletal structure to enable that. One
cannot obtain this *framework’ from the wave evolution:
which is equivalent to an undisturbed quantum system,
not a measured one. There is a significant mathematical
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gap between wave and particle nature: wave nature can
not be derived from particle nature.

Qureshi’s central concept: experimenter chooses to
show the which-way information: all of his arguments are
designed to support this claim. It is convenient for Qureshi
when he argues that entanglement alone is enough to
destroy the interference: an attempt to downgrade the
which-way information’s role and upgrade the experi-
menter’s active role. We emphasize the significance of the
photon’s random choice of wave-particle duality in the
same experimental setup (23); we observe that the photon
behavior is determined by the experimental setup alone.
Since wave and particle detection can be random, the ex-
perimenter can not choose to show the wave nature in one
instance and the particle nature in another and thus can
not actively decide whether the photon will show wave
or particle nature. The experimenter’s only explicit role
is to design the experiment to enable wave and particle
detection. Qureshi’s argument: entanglement alone can
destroy interference is also negated by the above experi-
ment, which uses an entangled photon pair: one for the
screen and the other for the which-way detector (23)).

The ideological basis for Qureshi’s argument is
classical-quantum entanglement. The classical-quantum
distinction is critical to Complementarity. Photon entan-
glement with experimental apparatus does not allow col-
lapse and duality. The which-way detector in state-of-the-
art experiments have been classical systems, a quantum
which-way detector proposed by Qureshi (33) must be
implemented in practice; we observe that this is unlikely
to follow Qureshi’s expectations. We observe that the
qubit which-way detector is unnecessary for the analy-
sis: when Qureshi considers the detectors that constitute
screen quantum mechanically. He can easily consider the
same classical-quantum entanglement methodology for
any macroscopic which-way detector already available in
practice.

Qureshi is dogmatic to remove the notion of causality
violations. Our primary intention has not been to pass a
verdict on causality violations but to critically elucidate
the issues in Qureshi’s analysis in the purview of Copen-
hagen interpretation and Complementarity. We observe
that Qureshi’s attempts to maintain causality fails to fol-
low the Copenhagen interpretation and is not cogent with
empirical observations.

The author thanks the Amrita Vishwa Vidyapeeth Univer-
sity for its support.
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