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only after one discerns their path, as was ob-

served in certain experiments. However, scien-
tists like Wheeler, and Scully contemplated that this
causality and the uncertainty principle could be vi-
olated through quantum erasure. Complementarity
and availability of path information are sufficient to
explain quantum mechanics. Scientists widely debate
this claim; in the process, they often try to reinterpret
the tenets of quantum mechanics. Qureshi employs
microscopic-macroscopic entanglement to save causal-
ity. Qureshi also posits that the experimenter’s active
choice of Hilbert space basis determines wave or parti-
cle nature. Qureshi insists that when the experimenter
measures the photon in the x-basis, it entangles with
his novel qubit which-way detector and the two detec-
tors that constitute the screen and show interference.
If the basis choice is z, then the interference is de-
stroyed. In this paper, we peruse the shortcomings of
Qureshi’s analysis. The distinction between evolution
and measurement is not acknowledged. The entangle-
ment of a photon with experimental apparatus smears
quantum-classical distinction. Qureshi forgets that the
screen in quantum experiments can be a single entity.
The quantum qubit which-way detector he contem-
plates will likely function classically. In assigning mea-
surement basis to the photon, Qureshi forgets that the
phase change due to path difference in the experimen-
tal setup does not influence quantum measurement.
Thus, it does not contribute to a distinct quantum

Photon wave functions collapse into particles
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state. Scientists have studied wave-particle duality us-
ing entangled photons: entanglement alone cannot
destroy the interference. The photon can choose 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 realization.
We observe that Complementarity ensures that causal-
ity violations are possible.
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1 Introduction

In 1978, Wheeler proposed a radical thought experiment:
photons from a distant quasar circumvent a gravitational
lensing galaxy; when observed with an interferometer,
that is, when the individual path information of the pho-
ton is lost, one shall see interference (49). However, if the
two-photon paths are discerned, one does not see an inter-
ference pattern (49). One thus has the power to influence
the source billions of years in the past to emit light along
both paths or only one path: the past can be changed! (49).

@ o This is an open access article distributed under the terms
of the Creative Commons Attribution License CC-BY-3.0, which
permits unrestricted use, distribution, and reproduction in any medium,
provided the original author and source are credited.
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Scully proposed a more laboratory-friendly version of
Wheeler’s thought experiment and called it the *delayed-
choice quantum eraser thought experiment’ (39). Kim
Et al. demonstrated this experimentally using Young’s
double slit and entangled pairs of photons, claiming to
have fully realized Scully’s thought experiment for the
first time (24). One of the pairs controlled the which-way
information availability, and the other was directed to the
screen showing wave or particle nature (24). However,
many similar experiments claim to espouse causality-
violations (2§ 35 [27; 28} 1325 33 [38)).

Wigner posited that consciousness causes the collapse
of the quantum wave to its complementary particle form
(51). Modern scientists strongly espouse realism (8} 26):
scientific results are ’'mind-independent’; but some say
quantum mechanics may imply otherwise (40) (13) (L)
(215 22) (29). The paradox of ’delayed choice’ is also a
part of this debate, key to understanding quantum phe-
nomena.

If one can change the past, one can kill one’s grand-
father; the famous Grandfather paradox has intrigued
physicists and science fiction enthusiasts alike (42).
The Big Bang to create the universe and its subse-
quent expansion of the universe requires time to follow
asymmetry: forward arrow (12). Scientists often have
to look beyond the Copenhagen interpretation to sal-
vage the principle of causality: the Relative States (31)),
consistent histories (19), proper and improper mixed
states (9; [25; 143), 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 (34). He
argues that his analysis is per Bohr’s Complementarity
principle (34). This paper aims to elucidate the problems
in his claim and points out the incompatibility with spe-
cific empirical observations and mathematical underpin-
nings.

We devise a thought experiment using Young’s double-
slit experiment with a beam splitter to set the tone: the
way Scully and Kim see it (24} [39). Then, we explain
the mathematical structure used in Qureshi’s analysis
(34): the spin analogy. We explain the key ideas behind
Qureshi’s analysis of the delayed choice quantum eraser
experiment (34). Before we elucidate the problems in his
analysis, we explain the working of the Mach-Zehnder in-
terferometer and how it demonstrates causality violations.
We then discuss the correct way of looking at the de-
layed choice quantum eraser experiment to contrast with
Qureshi’s analysis. In conclusion, we attempt to identify
the severest issues in Qureshi’s analysis. We must discuss
many elementary aspects of quantum mechanics to assist
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our work.

It is well known that Young’s double slit is clear and
historically significant in explaining quantum mechanics
(15). We use the same concept with a beam splitter and
two detector screen arrangement similar to a Mach Zehn-
der interferometer. This will help compare the standard
Complementarity principle used by Scully to explain his
delayed choice quantum eraser thought experiment (39)
with Qureshi’s analysis (34).

Alice has 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)).
This model only serves conceptual understanding and not
experimental constancy.

Y= (1

1 1
\/zl//A + \/El// B
Equation|[I]is a superposition of wave functions corre-
sponding to position A and B with Eigenvalues x4 and
xg. The arrangement in figures [T| and [} for the overall
setup and the beam splitter admit phases of zero and 7 so
that one can write equation[I]as in equation [2]to include
a relative phase factor ¢.
L ey, o L
¥ \/Ee a+ 7 2)
If the which-way detector is switched off, there is no
measurement. The superposition evolves to cause inter-
ference.

Yp

1
WOl (1) = §(|wA|2 + Wsl*) + yaypcost)  (3)

Equation [3['s last term represents wave-nature of the
superposition in equation where w = 222 Similarly,
equation |4f gives the wave nature for equation [2| 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[d} can
induce a phase change of ¢ as in equation 4{and directs

constructive interference to sensor D1, as shown in figure
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Figure 1: Young’s double slit arrangement: Dashed lines in-
dicate possible paths of the photon. The circles enclosing A
and B indicate the which-way detectors. The triangles are the
reflectors. The Beam splitter is the square between the two
reflectors. D1 and D2 are the two sensors that constitute the
screen.

the destructive counterpart to sensor D2; clicks are
noted in detector D1 alone.

. 1
le®wa(t) + Yp(n)l* = EW/AF + pl?) + Yatpcos(wt + @) (4)

Measurement takes place when the which-way detec-
tor is turned on; the position projection operator can be
given by P, = [ya4){¥al + [¥p)¥p|. Photons will pass
through either slit A or slit B with a probability given
by [WalPc))? or KwalPlw)> = 0.5: Alice sees clicks
non-simultaneous detection on both the detectors. How-
ever, if the which-way detector is inactive only detector
D1 will have clicks - because of interference. The key to
this picture is the correlation between the photon’s path
information availability and wave-particle duality.

Tabish Qureshi analyses the delayed choice quantum
eraser using a spin analogy, where he uses the mathemat-
ical formulation of quantum spin using the well-known
Pauli spin matrices (34). He later brings in the entan-
glement of the photon with the quantum detectors to
formulate his argument (34)).
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In this viewpoint, ¥4 and ¢ p are assigned the states of a
one-half spin electron (34). Assign values for phase 0 and
m in[to give |[+) and |-) as in equations [5|and [6]

=gl sl =l o
=5l wl)wl) e

The |+) and |-) are equivalent to measuring the one-
half spin 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)
as the | T) and | |) states. When the which-way detector
is turned on, the path information becomes available, and
the wave function collapses into either the | T) or | |)
states with a probability of 0.5.

Consider that Alice had turned the which-way detector
on, and the bulb A’ was on. Alice then turns off the
which-way detector and waits for some time. She then
sends the photon again. Alice switches off the which-way
detector erasing the path information. This time she sees
an interference pattern. It is easy to see that up-and-down
states can be written as a linear combination of |+) and
|-) states. One can assign phase values to equation [4]
and obtain the wave nature in terms of |+) and |-) as in
equation[7]and[§] (34). The key to this picture is that ¢ in
equation {4 creates a distinct quantum state through the
minus sign (¢ = ).

); which we can name

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

1
=== SATXT T+ XL = cos(wn( IXTD - (8)

The spin picture modified by the entanglement of the pho-
ton with the detector is the methodology used to analyze
the delayed choice quantum eraser experiment by Tabish
Qureshi (34). The which-way detector in figure [I] takes
the form of a qubit; takes | T) or | |) state when the pho-
ton takes path A’ and ’B,’ respectively (34)). This is an
analogous version to what Qureshi contemplated using
a Mach-Zehnder interferometer and a qubit which-way
detector in one of the paths, say "A,” as in figure[3] the
qubit is in a state "up’ when the photon takes path 'B’; if
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it takes path *A; it entangles with the qubit and proceeds
further. The photon state is mapped onto the qubit (34).

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 (34).

©)

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.

1
g =ZUDLHAD+ L) +1D2)(I )= L))

Y= %((IDI} +D2)| 1) +(ID1) = D2)| 1)) (10)

Equation|10|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 proba-
bility of finding clicks in either detector D1 or D2. There
are a few aspects here that are quite out of place :

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. Entanglement as a reason for loss of interference.
3. Qubit as a which-way detector.

4. Equation [2]'s plus and minus cases (¢ = 0 or 7) are
taken as distinct quantum states, as in Section 3.1

Let us discuss the Mach-Zehnder interferometer (figure [2))
in detail to articulate the issues in Qureshi’s analysis (34).
The second beam splitter (near the detectors) in figure 2]
is critical to our argument.

When a single photon passes through the first 50-50
beam splitter of the Mach-Zehnder interferometer, as
shown in figure [2] it directs the photon wave into two
parts. The beam splitter is explained in figure 4| 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 entire 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
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Figure 2: The Mach-Zehnder interferometer arrangement con-
sists of a pair of 50-50 beam splitter, mirrors, and sensors. A
setup used to study photon wave-particle duality

Figure 3: Qureshi’s Mach Zehnder interferometer with a qubit
which-way detector in one of the paths (34)

reaches detector D1, and another interferes destructively;
the photon taking path *B’ in the figure [2] after reflec-
tion undergoes a phase shift of x: all other cases have
phase unchanged as in figure 4} The photon interference
causes clicks on D1 (constructive) and no clicks on D2
(destructive).

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 as in
figure[5] The photon is either reflected to detector D1 or
transmitted to detector D2 (17, chapter 2). Alternatively,
one can block one of the paths as in figure [6] The two
detectors are placed appropriately so that the path infor-
mation is evident, and thus, the photon shows particle
nature. Now, the experimenters return to the mechanism
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.
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Figure 4: Beam splitter with glass coating on one side (dark).
Light is either reflected or transmitted.

D1

Figure 5: A sub-section of the Mach-Zehnder interferometer
with a single 50-50 beam splitter. The photon path is clear in
this setup.

5 Causality violations

Alice has set up a Mach-Zehnder interferometer in figure
[2]to perform a moving beam splitter thought experiment
(17, chapter 2)(50} page 182) (19). She attaches a remote-
controlled motor to the second 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
the photon reaches it; now the setup will be as in figure[7]

Alice notices clicks in both the detectors; the photons
evince 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.
She should have seen clicks in only one detector but no-
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ticed the contrary. It is as if the last-minute change caused
the photon nature to change in the past. The change in the
experimental setup influenced the photon at the source
to take only one of the paths (particle nature). Similarly,
she starts with the second beam splitter out of the path
and suddenly brings it into the path. She expects to see
clicks only in both detectors. But to her shock, Alice notes
clicks in detector D1 only (interference); the photon has
traveled through both paths. Bringing the beam splitter
back has erased the path information. This has once again
caused the photon nature to change in the past.

E3

Figure 6: The Mach-Zehnder interferometer arrangement with
one path blocked. The photon is forced to show particle nature
since the path is explicit.

. :

Figure 7: The Mach-Zehnder interferometer arrangement with
the Beam splitter placed away from the path. The path is dis-
cernible, and the photon shows particle nature.

However, moving the beam splitter is not practical.
Blocking a path can be achieved using a mechanism con-
sisting of a Pockel’s cell operated by a high-speed switch
placed in one of the paths. The cell is tuned to block a
photon with a particular polarization chap. 2)(2; 20).
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Assume that the Pockel’s cell is on path A.” An analo-
gous arrangement is shown in figure [6] If the Pockel’s
cell is on, the photon that travels through path ’B,” and
both detectors show non-simultaneous clicks, otherwise,
D1 and D2 don’t show any clicks. If the Pockel’s cell
is turned off, one can see interference through clicks in
detector D1 alone. Instead of moving the second beam
splitter, Alice employs a switch that randomly chooses
the on and off state of the Pockel’s cell much later after
the photon leaves the first beam splitter. The results are
similar to the moving beam splitter thought experiment.
However, Qureshi posits against causality violations,
the experimenter decides wave or particle nature (34).
Using equation [I0]and [0 Qureshi argues that path infor-
mation availability depends on the experimenter’s active
choice of measurement basis (34). Bob reanalyses Alice’s
arguments with Qureshi’s insight. When the photon is
sent and the second beam splitter is suddenly removed,
she chooses to measure the state of the photon on the
z-basis. The photon entangles with the detectors D1 and
D2 as per equation [I0] and shows particle nature. Next,
she sends the photon without the second beam splitter.
When she suddenly inserts the second beam splitter into
the path, she chooses to measure the photon in the x-basis,
and the result is explained by [0 and shows interference.
The experimenter’s choice actively determines wave or
particle nature; hence, there is no causality violation (34)).

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

According to Qureshi, the qubit which-way detector lies
in the up state when the photon chooses path *B.’ If it
chooses path A, it interacts with the which-way detector,
they both entangle and the photon proceeds further (34).

However, It is well known that a quantum system will
lie in a superposition of up and down before measure-
ment (41). Moreover, Gambetta Et al. study qubit photon
interaction in a quantum electrodynamic cavity: observe
a blurring of the qubit phase, known as dephasing, dur-
ing the inter-state transition and photons undergo Stark
splitting (L6); one does not find the scope for an entan-
glement model of the photon and the qubit as Qureshi
contemplates in section 3]

Experimenters have conducted the delayed choice
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quantum eraser experiment using a macroscopic classical
device, Pockel’s cell operated by a high-speed switch to
block one of the photon paths of a Mach Zehnder interfer-
ometer (2;[17), as discussed previously. Even if the qubit
detector is implemented, the result will be similar to that
of the Pockel’s cell-based experiment (2 |16} 20) rather
than the entanglement of the photon with the which-way
detector.

Bohr’s complementarity emphasizes the apparatus
themselves follow a different type of physics than the
quantum entities they describe (7;41). When Qureshi pro-
poses his analysis using a qubit which-way detector, one
notes the inability to make such an apparatus reiterates
the quantum-classical divide. The analysis of quantum
mechanics must be based on practical considerations, not
concepts that can not be designed. Even thought experi-
ments must map to realizable experiments.

Qureshi says that the role played by detectors D1 and
D2 in figure [2]is evident in equations [I0]and [0} photon
Entanglement with the two 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
a photon detector, where both interfering fringe and non-
interfering patterns were discerned (46)). If we were to
apply Qureshi’s analysis (34) to Townsend’s experiment
(46), we must replace D1 and D2 as a single physical
entity, say DO, this would make equations [I0and [9] point-
less.

Consider our Young’s double slit set up in figure
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 Equations [9] and
are not required in the quantum analysis of a single
photon in a Mach-Zehnder interferometer. The quantum
mechanical problem in the delayed choice quantum eraser
experiment is the availability or unavailability of the path
information, not how the screen interacts with the photon.
The screen thus gives binary information: interference or
particle; detectors D1 and D2 conceptually must be taken
as a single entity.
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According to Qureshi, photons that reach detectors D1
and D2 carry phase information as indicated by the minus
sign in equation [6] which makes it a distinct state in
addition to equation[5] But, Kim Et al. clearly reiterate the
well known fact that equations [6|and [5) are the same (24):
the minus sign does not affect the which-path probability.

As indicated in figure ] the phase is due to the beam
splitter: the experiment can be designed to vary ¢ in equa-
tion [] 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 equation
Ml w multiplies time, and ¢ has nothing to do with time.
The instantaneous or relative phase change ¢ attributed
to the wave function is classical. It is quite obvious that
one can assign any value to the phase ¢ from O to 7 in
equation 2] which will still not affect the observables or
their probabilities.

Figure 8: A trivial thought experiment explaining the impact of
path length on phase. The concentric circles indicate a single
photon wave. Red indicates in phase (peak), and blue indicates
destructive interference (flat line)

A simple thought experiment given in figure[8} a single
photon wave is sent through two different paths initially
and finally into a single path. If both the wave branches
are in phase, they interfere constructively. One can see
the resultant wave has high peaks. Now one of the path
lengths is altered slowly till one observes a decline in
the peak height and, eventually, a flat line: destructive
interference. 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 transducer to obtain single photon interference
(46)). Rueckner and Peidle demonstrate that changing the
Young’s double slit’s distance from the photon source
improves the quality of the interference fringes (37).
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According to Qureshi, entanglement with the which-way
detector (qubit) alone can destroy interference (34). 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 exper-
iment; they directed one entangled photon to a screen
DO and another to the which-way detectors (24). The
which-way photon may randomly choose a path where the
which-way information is available or unavailable; corre-
spondingly, 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 (23)). Qureshi’s
argument that entanglement alone can destroy interfer-
ence (34), we observe, is untenable.

According to Qureshi, the interference appears and dis-
appears when the experimenter chooses to measure the
photon in the x or z basis respectively (34)). However,
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 (24).

Qureshi argues that during time evolution, the photon
is measured in the x-basis as in equation [7] (34). But, we
calculate the system evolution in the x-basis if we repre-
sent the measurement in the z-basis. One can choose the
system’s initial state in the x-basis and construct the evo-
lution in the z-basis. One can choose any arbitrary basis;
one can try many different combinations for measure-

o cos § e sin §
ment and evolution if one uses | ;4 . =4 )and P
e'?sin 5 —Cos 5
corresponds to aligning the spin along various directions

(18). The unitary transformation matrices are a perfect

tool to assist in changing into another compatible basis;
1 1

for example, the Hadamard matrix (? 7%

applied to transform from z-basis to x-basis (52). A more

radical change will be a transformation from position to
momentum coordinate system, highlighting the argument
that a Hilbert basis is only a mathematical tool (5; 41).
One does not find any reason to map the choice of basis
to the physical nature of the photon.

The basis can not determine the physical nature of the
photon. The equation [ that represents wave nature is not

], can be
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derived from Hilbert space mathematics. When the which-
way information is unavailable, one observes 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 becomes a particle upon
measurement; this is the basic idea of the mathematical
formulation of quantum mechanics.

From a glimpse of the setups described in figures|/|and
5] one can easily see that the path information availabil-
ity correlates with the photon nature is a critical aspect.
However, Qureshi’s qubit which-way detector model (34)
is not an inevitable aspect of any of these configurations.
Significantly, the path information availability in the ex-
perimental setup decides wave or particle nature, not the
active role of the experimenter.

Let us explain the delayed choice quantum erasure with
a qubit path detector without Qureshi’s help; the qubit
detector, due to dephasing effects (16)), will act as a block,
similar to the Pockel’s cell arrangement.

1 1
¢=—2¢A+— (11)

v

Alice sends the photon through the first beam split-
ter. Equation [TT] shows the quantum state after the pho-
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 = |Wa)X(al + Y)Wl is the projection operator. Alice
switches on the qubit detector. There is a probability of
0.5 for both the detectors showing no clicks |<l//A|Px|l//>|2
since the qubit impedes the photon’s travel. There is a
0.5 chance for the photon to take path *B’. It will con-
tinue that way and reach the beam splitter: the state of the
photon is now given by equation

The photon has a quantum state, not the detector, con-
trary to equations [I0]and [9] where the quantum apparatus
is conferred a quantum state. The projection operator now
is Py = Wp1)¥p1l| + [Wp2){¥po| after the photon reaches
the beam splitter; the the wave function is now per equa-

tion 12

Y

1
S —2¢Dl + (12)

1
—=¥m
v
The detectors’ placement ensures a way to get the pho-
ton path, The probability of clicks in D1 is [{¢/p; |Px|¢>|2 =
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0.5 and D2 |<¢D2|Px|¢>|2 = 0.5. Let us look at another
way to make path information unavailable: replace D1
and D2 with two Mach-Zehnder interferometers. In that
case, the path is now ambiguous, and one will notice in-
terference 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 [Zl_f} The
photon wave travels through both paths in the form of
According to figure {] the wave function has the same
phase for all the components but for the one reflected
from path *B’. So at detector D1, the two interfering wave
functions are out of phase by 7. So equation 4| becomes
two components: equations [I3]and[I4] for the zero and pi
cases for ¢ in figure [d] respectively.

1

¥ = =(Wal® + Wsl*) + Yawp cos wr

> (13)

1
U= SWal + sl —Yaypeoswr  (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 [I4] have a value of 0 and 7
respectively for ¢ in equationd]as evident in figure ] The
distinct components are due to different paths and phases
due to path lengths, but they all represent the same wave
function or state. This is because, as it is not difficult to
see from equation [2] that the relative phase component
will cancel out during measurement without affecting the
probabilities.

Consider Young’s double slit with the slits denoting
the position to help with a spin analogy. Let us consider
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 |[+) and |-) and consider the time
evolution with the positions as eigenvalues in equation
16l

o =) (1)

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

1
)

Equation [T3]and [14]s equivalent representation of in-
terference in the spin basis: using the simplified form of

equation[I6]as in equation [I7]can be given as [y (£)){(x(?)|.

() = ("OS(%.I))

isin(7 a7
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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 {f] 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.

Alice sends Bob an encryption key in quantum cryp-
tography (35} 46) 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. The
cutting-edge area of quantum cryptography is an example
of the distinction between evolution and measurement.

Consider the photon’s initial state in the x-basis as
in equation [I8] and evolves in the z-basis [I9] Equation
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 exercise. One can-
not choose the physical nature of the photon through the

Qureshi’s analysis (34) 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 (36). Feynman’s path
integral formulation, essential to quantum field theory,
can allow causality violations (11). 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.

Qureshi claims that the detectors D1 and D2 must en-
tangle with the photon for the photon’s particle nature to
reappear post interference or vice-versa: as in equations

Hilbert space basis choice. The path information avail- [9and[I0] Bohr’s Complementarity principle contradicts

ability causes the photon’s choice of physical nature, but
the effect can precede the cause: this is an empirical ob-
servation.

o = (18)

() = %(é"%"’ (é) fet (?))

Further, one can transform the equation[IT|can be trans-
formed into the momentum-coordinate system: a direct
consequence of the uncertainty principle. The action of
the position operator (x) on a position wave function can
be written according to equation[20] As a result, one can
write equation|l I|as in equation|21} it is not difficult to see
that this momentum space representation is a sufficient
replacement for the spin-based representation.

(19)

0
Xpa) = ih=mlha) (20)
P

1)

This is yet another mathematical exercise that does
nothing more than predict probabilities.
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Qureshi’s claim of the quantum nature of the macroscopic
detector (34)): the detectors are classical, and the statisti-
cal results of quantum mechanics and collapse result from
the classical-quantum distinction between the quantum
apparatus and the photon (7;41). The detectors are merely
a tool to observe or measure the duality of the quantum
entity. Von-Neuman attempted to confer quantum sta-
tus to the classical apparatus in his original formulation
itself : the composite systems formalism (microscopic-
macroscopic entanglement) (48). Stapp shows the com-
posite systems formulation does not comply with the
Copenhagen interpretation (41):

1. One cannot conceptualize collapse for macroscopic
systems: the world’s objects do not exist in a super-
position state and collapse when we perceive them.
If quantum superposition would describe all the real-
ities of the universe, one will have to argue that the
moon exists only when we look at it (30).

2. Quantum states do not distinguish clearly from clas-
sical states: no explicit mechanism is defined for the
quantum-to-classical transition in the Composite sys-
tems formulation. Wave-particle dual realities and
collapse are a clear result of quantum-to-classical
distinction.
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Wave-particle duality dictates that the wave func-
tion must collapse (41); quantum systems entangling
with macroscopic objects can not happen with collapse:
Becker’s take on Von Neuman’s composite systems for-
mulation (45 47). In the Many-Worlds interpretation of
quantum mechanics, there is no distinction between clas-
sical and quantum systems, no collapse or wave-particle
duality. Entanglement of quantum systems with macro-
scopic detectors is allowed there (44455 147). But using
it to help explain the delayed choice quantum eraser is
beyond the scope of this work.

Quantum erasure has indicated that erasure of which
way information can bring back the wave nature of the
photon which collapsed when the path was discernible.
Here the idea of collapse needs alternatives. So Qureshi’s
bold attempt to explain the delayed choice quantum eraser
independent of the Copenhagen Interpretation’s collapse
is necessary despite its limitations. Although we criticize
his work, we are in no position to conclusively state that
Complementarity alone is sufficient to explain quantum
mechanics, since the collapse postulate has been a key
aspect of the Complementarity narrative.

The biggest problem with Qureshi’s analysis (34)): 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,
attributing quantum characteristics to phase change due
to path lengths aggravates this further. Classical phase
change does not affect the probability of path choice:
this is a poignant result. Because Qureshi envisions that
the classical phase can contribute to a distinct state, he
misguides Hilbert space’s role. Hilbert space predicts
probabilities of the photon observables in the particle na-
ture of quantum mechanics; the basis is merely a skeletal
structure to enable that. One cannot obtain this ’frame-
work’ from the wave evolution: which is equivalent to an
undisturbed quantum system, not a measured one. There
is a significant mathematical gap between wave and parti-
cle 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 de-
stroy the interference: a strategy to downgrade the which-
way information’s role and upgrade the experimenter’s
active role. We emphasize the significance of the photon’s
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random choice of wave-particle duality. Since wave and
particle detection can be random, the experimenter 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 de-
sign the experiment to enable wave and particle detection.
Qureshi’s argument that entanglement alone can destroy
interference is also not true.

We observe that the qubit which-way detector is un-
necessary for the analysis: when Qureshi considers the
detectors that constitute screen quantum mechanically.
He can easily consider the same classical-quantum entan-
glement methodology for any macroscopic which-way
detector already available in practice. The Qubit detector
we have shown will only act as a block to the photon’s
path.

Qureshi is dogmatic to remove the notion of causality
violations. The ideological basis for Qureshi’s argument is
classical-quantum entanglement. The classical-quantum
distinction and collapse have been critical to Complemen-
tarity. However, quantum erasure cannot be explained
through collapse and requires complementarity without
collapse. While Qureshi tries to explain erasure through
microscopic-macroscopic entanglement, the focus should
be to strengthen the limitations of his arguments rather
than focus mainly on protecting causality. He fails to
prove that entanglement has any obligation to save causal-
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