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Exploiting the tension between the two dynamics of quantum theory (QT) in the Wigner’s Friend thought
experiment, we point out that the standard QT leads to inconsistency in observed probabilities of measurement
outcomes between two superobservers: Wigner and his Student. To avoid such inconsistent predictions of QT,
we hypothesize two distinct perspectives. The first one is “absoluteness of measurement (AoM),” that is, any
measurement process is an absolute event irrespective of other observers and yields a single outcome. The other
is “nonabsoluteness of measurement (NoM)” as the negation of AoM. We introduce an operational approach,
first with one friend and then with two spatially separated friends, to test the validity of these two perceptions
in quantum theory without assuming the details of the experiment. First, we show that the set of probabilities
obtainable for NoM is strictly larger than the set obtainable for AoM. We provide the simplest scenario so
far, involving a single quantum preparation and one unitary operation by a superobserver that can demonstrate
correlations incompatible with AoM. Remarkably, in the scenario with spatially separated observers, we present
a strict hierarchy among the sets of probabilities observed in the following three theories: classical or local realist,
quantum theory with AoM, and quantum theory with NoM.
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I. INTRODUCTION

Quantum theory (QT) has been one of the most success-
ful theories describing nature. Even with the counterintuitive
predictions, QT has always been validated by experiments
to date, not just for microscopic systems but even for large
macroscopic states [1-5], complex molecules [6,7], and liv-
ing systems [8]. Despite this, a long-sought-after question in
physics is whether there exists some scale above which QT is
not valid. From a theoretical perspective, the postulates of QT
are valid for any system. As a consequence, QT, in general,
can be regarded to be universally valid unless we find some
experiment that refutes the predictions of QT at some scale.

The universal validity of QT has far-reaching conse-
quences, as was first observed by Schrodinger in 1935 [9].
Famously known as Schrédinger’s cat paradox, the thought
experiment involves putting a cat into a state of superposi-
tion of two different macroscopic states, dead or alive. The
existence of such a state, even if classically incomprehensible,
does not contradict quantum laws of physics. However, such
a scenario leads to some discrepancies in quantum theory,
which is known as the “measurement problem” of QT. The
issue was differently illustrated by Wigner in 1967 [10] us-
ing a thought experiment involving two different observers
who give two different descriptions of the same physical
process of measuring a superposed quantum state. The first
observer, named Friend, measures a quantum system, and the
second observer, named Wigner, describes Friend along with
the experiment he performs, that is, Friend’s laboratory. The
discrepancy inherently lies in the fact that QT allows Wigner
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to describe Friend’s measurement as a reversible or unitary
process, while according to Friend, the measurement changes
the quantum state irreversibly. However, such a discrepancy
can be avoided if we do not associate quantum state with
any underlying reality of physical systems and take the stand-
point that quantum state only represents some knowledge
about physical systems. This thought experiment is commonly
referred to as the Wigner’s Friend (WF) scenario and is rigor-
ously dealt with later.

One can comprehend that the discrepancy arises in the WF
scenario because of the presence of two different dynamics
within QT, one when systems are evolving with time and
the other when systems are measured. Even when such a
discrepancy, or the so-called measurement problem, itself is
counterintuitive, it does not give rise to any disagreement
at the empirical level. Moreover, the measurement problem
is a problem for the orthodox interpretation of QT, wherein
the quantum state is considered to be the realist description
of a physical system. This leads to a significant question of
whether the tension between the two dynamics of QT results
in any observable inconsistency. In other words, what would
be the operational version of the inconsistency arising in the
WF thought experiment? If any inconsistency persists at the
empirical level, it would be particularly interesting to find
different solutions that can resolve those inconsistencies and
probe whether those solutions can be distinguished opera-
tionally.

In this work, we first revisit the Wigner’s Friend sce-
nario, which gives rise to inconsistency at the empirical level
due to the two different dynamics of QT. To resolve this

©2023 American Physical Society


https://orcid.org/0000-0001-5833-4466
https://orcid.org/0000-0003-4525-0903
http://crossmark.crossref.org/dialog/?doi=10.1103/PhysRevA.107.022226&domain=pdf&date_stamp=2023-02-28
https://doi.org/10.1103/PhysRevA.107.022226

SHUBHAYAN SARKAR AND DEBASHIS SAHA

PHYSICAL REVIEW A 107, 022226 (2023)

inconsistency, we propose two hypotheses, namely, absolute-
ness of measurement (AoM), inspired by the assumption of
absoluteness of observed events [11], and the negation of it,
termed here as nonabsoluteness of measurement (NoM). To
test the validity of these two hypotheses operationally, we
generalize the WF thought experiment with Friend being able
to choose different measurements based on different inputs
along with Wigner being able to perform different unitaries
on Friend’s laboratory. We show that the set of probabilities
obtainable for AoM is a proper subset of the probabilities
obtained for NoM. In order to do so, we find the simplest sce-
nario involving a single quantum preparation and one unitary
operation by a superobserver in which quantum predictions
with NoM (or quantum predictions in unitary quantum theory)
are incompatible with AoM. Compared to the previous works
[11-13], our scenario is minimal, as only two observers are
required to observe a violation. Further on, we do not require
the spatially separated observers or entanglement to detect a
violation of AoM, making our scheme more relevant from a
practical perspective.

To detect the difference between QT with AoM and NoM,
we propose inequalities satisfied by the quantum predictions
with AoM, and their violation persists even if one accounts for
nonidealness in the Wigner’s Friend setup. In fact, there is a
considerable gap between the bound obtained using AoM and
NoM, which can be observed in experiments. Remarkably, our
generalization for bipartite systems presents a strict hierarchy
among the correlation sets observed in the following three
theories: classical or local realist, quantum with AoM, and
quantum with NoM or unitary quantum. This brings forth
deeper insight into the quantum correlations in the Wigner’s
Friend setup.

II. REVISITING WIGNER’S FRIEND

We first revisit the WF experiment wherein the tension
between two different dynamics of QT leads to inconsistency
at the empirical level. Subsequently, we propose two perspec-
tives for a consistent description when applying QT.

A. Wigner’s Friend and Student thought experiment

The modified Wigner’s Friend and Student (WFS) scenario
[10] can be described as follows: Friend, who is confined in an
isolated laboratory, receives a quantum system (Q;), performs
a measurement on it, and subsequently observes a definite
outcome. Let us term the isolated laboratory, including Friend,
measurement device, and the environment inside it, as “Lab.”
Wigner and Student, on the other hand, describe the physical
process of the combined system of Lab and Q;. A logical in-
consistency regarding the state of the combined system arises
if QT is supposed to be universal, as defined below.

Definition 1 [Universal quantum theory (UQT)]. The stan-
dard quantum theory (prescribed by the following postulates)
is applicable to all physical systems, including macroscopic
systems like an observer [14].

(1) The state space of any isolated physical system is a
Hilbert space H. The system is represented by a state vector,
that is, a unit vector |¢) € H.

(2) The time evolution of the closed system is described
by unitary transformation. That is, the state of the system in
the later time is given by U|y), where U is a unitary operator
acting on H.

(3) Any d (1 < d < 00) outcome measurement is repre-
sented by a set of d projectors {P,-}f’=1 such that ) , P, = 1,
where 1 is the identity operator on . The probability of
obtaining outcome i on the physical system (represented by
[¥)) is given by Tr(P;| ¥ )X¥|). If outcome i is obtained after
the measurement, then the state of the system changes to
Bily) /N Te(By XY ).

(4) The state space of a composite physical system is given
by the tensor product of the respective state spaces of the
component physical systems.

To reflect on the above fact, let us take an explicit example
(see Fig. 1). The observer Friend receives a quantum state
|) € C? and obtains an outcome after performing a Pauli-Z
measurement (o,) on it. The physical interaction between
Lab and Q; is certainly a measurement process with respect
to Friend. However, the postulates of universal QT do not
specify which dynamic applies for describing the interaction
between Lab and Q; with respect to a superobserver (Wigner
or Student). QT allows Wigner and Student to describe the
same physical interaction either by time-evolution dynamics
according to the Schrédinger equation or by postmeasurement
dynamics according to the collapse postulate. Say that ac-
cording to Wigner the combined state of Lab and Q; evolves
unitarily. Now, we know that if the initial state of Q; is an
eigenvector of o, that is, |0) or |1), then after the interaction
Friend observes a definite outcome +1 or —1 and the state
O, remains unchanged. This empirical fact implies that the
unitary U describing the evolution of the combined system
must satisfy the following conditions:

U0 f) = 10)1f+). UIDLS) = D), (D

where | f) is the initial state of Lab, and |f) is the final state
of Lab such that the measurement device shows a definite
outcome 1 and Friend observes a definite outcome =+1.
Besides, whenever Friend performs a measurement, she en-
codes the information that she has obtained a definite outcome
on an ancillary system |y/),, € C? (this could be a classical
system) and keeps outside his/her laboratory. Subsequently,
the complete descriptions of Lab, Qy, and ancilla with respect
to Wigner are

UIO)f) ® 0x[0)an = 10)]f5) & [1)an,
UIDIS) @ 0x[0)an = DIf-) @ [1)an, 2

wherein Friend performs the unitary operation o, to encode
the information that he/she performed a measurement and
observed an outcome. Notice that the ancilla does not con-
tain any information about the outcome of the measurement.
On the other hand, Student describes the evolution of the
combined system of Lab and Q; according to the collapse
postulate of UQT as

0)Lf) = 10).f5), ID)If) = [DIf-), 3)
whereas the ancillary system evolves as
0x|0)an = [1)an- 4)
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FIG. 1. Simplest Wigner’s Friend and Student (WFS) scenario. Friend (F) receives a system from the preparation device on which she
performs a measurement. Friend encodes the information about the fact that measurement has been performed by reversing the ancillary bit
[0)4n to |1)4,, Which can be read by Wigner (W), Student (S), and Friend at any further time. Now, Wigner (or Student) can apply different
processes on the laboratory and finally perform a measurement on the laboratory to test their distinct perspectives.

Therefore, if the initial state of Q is (|0) + |1))/+/2, then
it follows from (2) that the final state of the combined system
of Lab and Q;, according to Wigner, is given by

while Student, who does not have knowledge about the out-
come of the measurement, describes the following evolution
of the combined system of Lab and Q;:

(25

1
= SUOXOT@ [ £ X fo | + X @ If-Xf-D. (6)

AO1f5) + D). ®)

Additionally, since the ancilla is not correlated with the out-
come of the measurement, it evolves the same way as given
in (4). The purpose of the ancillary system is for the friend to
communicate outside the laboratory that the measurement has
been performed and a definite outcome has been observed.
Moreover, if Wigner applies an operation on Lab to alter
Friend’s observation, then, later on, by measuring the ancilla
Friend can be sure that she indeed obtained an outcome be-
fore. To summarize, we note that the two observers Wigner
and Student ascribe two different descriptions, given by (5)
and (6), for the same physical system comprising Lab and Q.

B. Operational consistency

Firstly, we note that according to Wigner the state of the
combined system of Lab and Qy is given by (5), while Student
describes the combined system as given in (6). As a conse-
quence, the quantum predictions of observed probabilities of
measurements on the combined system are inconsistent. For

instance, if the following observable is measured:
{(IFXF|, 1 — |[FXF}, (7

where |F) = 1/+/2(|0)|f4) 4+ |1)|f-)), the first outcome will
be certain as far as Wigner is concerned. On the contrary,

Student anticipates that both outcomes are equally likely. The
discrepancy at the observable level between Wigner and Stu-
dent is unavoidable in UQT as it does not prescribe which of
the two descriptions is correct.

To resolve this inconsistency, we consider an additional
assumption on the measurement process so that one can infer
a unique state using quantum theory, that is, either (5) or
(6), without any ambiguity. One such assumption can be the
absolute nature of an observed measurement event.

Definition 2 (Absoluteness of measurement). Any mea-
surement performed by some observer yields a single
outcome, and that measurement is an absolute event irrespec-
tive of other observers and processes.

This assumption is in the same spirit as considered in
Ref. [11] under the name “absoluteness of observed events.”
However, absoluteness of observed events is theory indepen-
dent, while in this work we will consider AoM along with
the validity of the standard quantum theory. AoM implies that
if any observer (e.g., Friend here) performs a measurement
on a quantum system, it qualifies as a measurement for every
other observer. As a consequence, only the postmeasurement
dynamic is applicable to describe the system for all observers
whenever any one observer observes the measurement out-
come. Therefore, quantum theory with AoM unambiguously
infers the combined state to be (6), which is the description by
Student. In contrast to AoM, we can suppose the negation of
AoM in order to retain consistency.

Definition 3 (Nonabsoluteness of measurement). The nec-
essary condition for applying postmeasurement dynamics on
a system by an observer is to observe the measurement out-
come. In other words, measurement is not an absolute event
with respect to an observer unless that observer observes an
outcome.

That is, any observer without the knowledge of the mea-
surement outcome describes any physical process by the time
evolution specified by the theory. Unitary quantum theory,
wherein the collapse dynamics is a derived fact instead of
a postulate, meets NoM. Unitary quantum theory has been
studied in the context of Wigner’s Friend experiment [15,16].
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However, there may exist other interpretations of quantum
mechanics that obey NoM. For instance, one may consider
NoM along with all the standard postulates, including the
collapse postulate, so that altogether it does not exhibit any
inconsistency.

In the context of the WES experiment, NoM simply im-
plies that the measurement on the quantum system performed
by Friend is not a measurement process for superobservers
unless they have the knowledge about the outcome of the
measurement. Therefore, the correct description of the com-
bined system with respect to any superobserver is (5), even if
Friend describes the quantum system using postmeasurement
dynamics. Clearly, Wigner represents the perspective of NoM.

For any physical theory, in order to avoid an observable dis-
crepancy among these two perspectives, we have two options:
either all the observable probabilities should not depend upon
whether a measurement is considered to be absolute or not, or
the status of a measurement, whether it is absolute or not, is
specified by the theory itself. Strictly speaking, any reasonable
universal physical theory should satisfy the following notion
of consistency.

Definition 4 [Operationally consistent theory for all ob-
servers (OCO)]. A universal theory is operationally consistent
for all observers if any two observers, after applying the the-
ory correctly, always predict unique probabilities that can be
observed by both of them.

Any theory with unique dynamics, like classical theory, is
always operationally consistent. Within QT, as the quantum
state of the combined system of Lab and Q; is different de-
pending on the perspective, we can conclude that the UQT
is operationally inconsistent unless it specifies either AoM or
NoM for every measurement.

III. AN OPERATIONAL APPROACH TO WITNESS
CORRELATIONS THAT ARE INCOMPATIBLE
WITH ABSOLUTENESS OF MEASUREMENTS

We address here the following question: Is it possible to
empirically test AoM def-(2) or NoM def-(3) without the
knowledge of the underlying details of the experiment? In
other words, can we discriminate “UQT with AoM” and
“UQT with NoM” in an operational way? So far, we have
taken into consideration two superobservers (Wigner and Stu-
dent) in order to understand the distinct predictions within
quantum theory; however, in what follows, we regard one
superobserver as sufficient to carry out the empirical tests
introduced below. Secondly, for simplicity, we assume that the
superobserver is restricted to applying unitary transformations
to the combined system before making any measurements.
However, the results obtained in the following sections also
hold for transformations that can be an arbitrary unital quan-
tum channel. Let us first describe the Wigner’s Friend setup
in full generality. Every run of the experiment consists of the
following steps:

(1) At ¢y, Friend and superobserver receive some random
variable x € {0, ..., n— 1} and w € {0, ..., m — 1}, respec-
tively. So, in general x takes n possible values, while w takes
m possible values. The initial state of Lab knowing the input
x is |f*). After reading x, Friend keeps this random variable
outside the laboratory.

(2) Att, a preparation device prepares a quantum system
(Qy) in the state |y) which enters the isolated laboratory of
Friend.

(3) Att,, depending on x, Friend performs a measurement,
denoted by A,, on Q, and obtains an outcome. At this point,
Friend encodes the information of observing a definite out-
come on the ancilla as mentioned before. The ancilla does
not contain information about the outcome as seen by Friend.
We consider the measurement A, always to be a d-outcome
projective measurement defined by the following rank-one
projectors:

A= P, ®)
Here, we identify Friend’s measurement with an overline.
Note that Wigner and Student do not know the value of x. But,
they know the possible values of x along with the complete
description of |f*) given every x. We denote | f;*) for the state
of the laboratory such that the measurement device shows out-
come i and Friend observes outcome i after the measurement
(8). Note that (f7|fF) = 8 bx.x-

For any rank-one projective measurement P; = |/ )(i/7|
for every i, x and the state |1) can be expressed as

d—1
vy =Y o [v), ©)
i=0

wherein Vx, ) |0fj‘|2 = 1. It follows from the previous dis-
cussion that after the measurement is performed, the state of
the combined system according to AoM and NoM, respec-
tively, are

d—1 ,
AR A (10)
i=0
and
d—1
> al|F), (1
i=0
where
) = v f): (12)

(4) At1s, the superobserver performs a unitary transforma-
tion U, on the combined system depending on w. Throughout
this article, we further assume that for w = 0, the superob-
server does not do anything. The unitaries U, should be in the
form (15), which will be discussed soon.

(5) Atty, the superobserver performs the following (dn +
1)-outcome measurement on the combined system:

Q= {{Pi‘}f:ol,;!;ol - ZP?‘}, (13)

where
P =P; ® |f)f] (14)

is a projector acting on the combined state of Lab and Q, | fi*)
is the state of Lab observing the outcome i after measuring
A,, and I_’f is given in (8). Note that measurement (13) is in
the same basis as Friend’s measurement on Qg, along with
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measuring the input x. The dimension of the macroscopic
system Lab is presumably larger than d x n, and thus an
auxiliary outcome is taken into account to fulfill the com-
pleteness condition. However, the probability of observing
this outcome in the following thought experiment is zero. The
superobserver and Friend should agree on the value of input
x, which was kept outside the laboratory. For that reason, an
additional condition, that the d-dimensional subspace spanned
by {P*}4-) remains invariant under the application of unitary
for each x, is imposed on Uf,,. Suppose the unitary is such
that Uy, |[F}*) = >, BilF*) + ¥ IF;‘/) for some nonzero value of
y, then after the measurement (13) there will be a nonzero
probability that Friend is in a state of observing input x’ that
is different from the actual input x. Thus, the unitaries are in
the form

u, = Ppus. (15)

where U/} is acting on the subspace of P;'.

Apart from the value of x, note that the superobserver and
Friend observe the same outcome, say, a € {0, ...,d — 1}.

(6) At ts, Friend gets the value of w, matches the value
of x that was kept outside the Lab, and measures the an-
cilla to ensure that she obtained a definite outcome before.
Moreover, by measuring Q; in the basis (8), Friend can verify
whether Wigner’s measurement was (13) or not, since the state
of O should collapse to [v)) for outcome a. Thus, if the
d-dimensional subspace spanned by {P} }fl:_ol is not invariant
after applying U, for some x, then Friend will detect a dis-
crepancy.

This is repeated many times so that the superobserver ob-
tains the empirical probability defined as

to t1 tp tz3 ity

_ Ll
p(a’AX/ Z/{ZU) = p(a | X, w, l)b/ AXI Z/{w/ Q)/

in which all the conditional variables are mentioned on the
right-hand side according to the sequence of time.

In what follows, {p(alA.,U,)} denote the set of empiri-
cal probabilities without assuming the form of the state |y),
measurements A,, and the unitaries 2/,,. Depending on the hy-
potheses AoM and NoM, we can obtain two sets of empirical
probabilities. The first set is given by

Definition 5. [Quantum correlations with absoluteness of
measurement (QCAoM)] Set of all observed probabilities
{p(alA,,U,)} obtained in the setup, employing universal QT
with the additional condition that measurements are absolute
according to definition (2).

and the second set is given by

Definition 6. [Quantum correlations with nonabsoluteness
of measurement (QCNoM)] Set of all observed probabilities
{p(alA,, U,)} obtained in the setup, employing universal QT
with the additional condition that measurements are not abso-
lute according to definition (3).

Let us now propose a simple test in this extended Wigner’s
Friend setup that shows the existence of correlations in UQT
with NoM [def-(3)] but not in UQT with AoM [def-(2)].

A. An elementary test for correlations that cannot be observed
in UQT with AoM

Consider the scenario where the state |/) € C? is arbitrary
and the measurement performed by Friend in an arbitrary
direction whose eigenstates are |¢.), |[W_). According to
quantum theory along with absoluteness of measurement (2),
the combined state of Q; and Lab after the measurement by
Friend is obtained similar to (6),

P FXFL |+ p [FoXF-|, (16)

where pi = |(¥|¥1)|? is the probability of getting an out-
come %1 with respect to Friend, and

IFy) = [Y) | fe), a7)

where |f1) is the final state of the Lab such that the mea-
surement device shows a definite outcome +1 and Friend
observes a definite outcome 1. Following a similar argument
to obtaining (5), the quantum description of the combined
state of Q, and Lab with nonabsoluteness of measurements
is

(ly) 1F) + (W) |F2). (18)

We consider the scenario where the superobserver sometimes
applies a reversible process / on the combined system of
Lab and Q;. Finally, the superobserver opens Lab and asks
Friend to reveal the outcome, that is, performs the following
measurement:

{FF ] [FXF- T = [FXF | = [FoXE- ), 19)

for the respective outcome denoted by {+1, —1, #}. The last
element of the above measurement is due to the fact that
the dimension of Lab and Q; has to be at least four but, in
general, may be much higher. With full generality, the Hilbert
space of Lab is larger than H; = Span{|f%), | f-)}. When the
combined state of Lab and Q; does not belong C? ® H,/, then
the last element of Wigner’s measurement would show up.
One can also understand this outcome as taking into account
the null results of Wigner’s measurement.

Let us now evaluate the probability of obtaining outcome
=+1 of this measurement for AoM after applying U/ using (16),

pENU) = Y Tr(pd|F X FolU' |Fa)(Fel)
a=+,—

< max{py, p-}

x Tr(u (IF )y |+ |F_><F_|)U*|Fi><Fi|>
<1

< max{p4, p_}. (20)

On the other hand, the probability of obtaining outcome £1
for AoM when the superobserver does not apply any transfor-
mation is just

p(EHL) = Tr((p4 [FL XFy | + p-[F_XF_DIFL) (Fx])
= P+ 20
Let us now consider the expression

T = p(+11U) — [p(+1]1) — 1/2] — |p(—=1[1) — 1/2], (22)
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which is a simple function of observed probabilities. Re-
placing the probabilities in 7 from (20) and (21) and using
p+ + p_ = 1, we find that

T = max{ps,1 —py} —2[py — 1/2]
<1/2 (23)

for AoM. Remarkably, this relation holds irrespective of the
initial quantum state |y), the measurement {|y.), |[¥_)} by
Friend, and the unitary I/ by the superobserver. However, the
value of T (22) can be even 1 in UQT with NoM. Consider
the quantum state

W) = 1/V2(193) + ), 24)

so that the combined state of Qs and Lab is 1/ «/§(|F+> +
|F_)) according to (18). Clearly, for this state p(+1|1) = 1/2.
Furthermore, let the unitary applied by the superobserver be

()

written in the two-dimensional basis, {|Fy), |F_)}. One can
readily verify that the state after applying this unitary becomes
|F+). Therefore, p(4+1|U) = 1, which in turn implies T = 1.
The consequence of this above observation is remarkable.
If any superobserver observes a violation of condition T <
1/2, then he or she must be convinced, without knowing the
details of the experiment, that the quantum theory with AoM
cannot reproduce all the empirical observations. Importantly,
such a test of AoM is experimentally robust in the sense that
the upper bound on 7" will be higher than 1/2 when experi-
mental nonidealities are taken into account. Consequently, if
one observes the value of T close to 1, then also it is possible
to refute the hypothesis quantum theory with AoM.
Moreover, the relation 7 < 1/2 holds true even in UQT
with AoM if the superobserver applies an arbitrary unital
quantum channel on the combined system of Q; and Lab
instead of applying perfect unitary. A general unital quantum
channel A on an operator A is defined as A(A) =), K,AAK;r
such that ), K,K;r = 1, where {K;} are the Kraus operators
satisfying >, KiTK,- = 1. In the case of a unital quantum chan-
nel applied by a superobserver the observed probability in
quantum theory with AoM can be obtained similar to (20) as

p(£1|A) < max{p, p_})

xTr(ZK,-<|F+><F+| +|F_XF_DK] |Fi><Fi|>

<1
< max{py, p_}. (25)

Here, we have used the unital nature ), K,-Kl.T = 1 as follows:

L= K(IF)(Fs| + |F_)XF-DK]
+ ) KL — |F)Fy | — [FXF-DK]

> Y Ki(IF)Fy| + [F)(F_DK]. (26)

1

To get from the second to the third line of the above expres-
sion, we used the fact that K,-PKl.T is a positive semidefinite for
any projector P. As a result, (23) holds true even when Wigner
can apply a unital quantum channel.

Now, we show that every correlation achievable in uni-
versal QT assuming absoluteness of measurements [QCAoM
def-(5)] is a proper subset of correlations obtainable in univer-
sal QT assuming nonabsoluteness of measurement [QCNoM
def-(6)].

B. QCAo0M is a subset of QCNoM

We would first show that QCAoM def-(5) is a subset of
QCNoM def-(6).

Result 1. QCAoM is a subset of QCNoM, that is, QCAoM
€ QCNoM.

Proof. We show that any probability p(alA,,U,,) that is
obtained from arbitrary initial state |1/ ), measurement A,, and
unitary U, can also be obtained within QCNoM. Taking the
general form of A, given in (8) and using (10) for AoM, the
state after 3 is given by

d—1
o= | U | F)EF | W), 27
i=0

where |F}*) is defined in (12). As a consequence, the prob-
ability of obtaining outcome a when Friend performs the
measurement A, is

d—1
plalAe, Uy) =Y Jof P|(F [t | FF)P
i=0

||, ifw=0
=\ bt P -
i=0 i\"a wti ’

where U, = @, U, and Uf} is acting on the d-dimensional
subspace spanned by {|Ex)}f=’01. Let us consider a strategy in
QCNoM in which the initial state and the measurements are
the same as before. For w = 0, the state after 3 is given by
(11). For w = 0, the probability of getting outcome a is |¥|?,
which is the same as (28), while for w # 0, the applied unitary
by Wigner is @, U so that

d—1 d—1
i (Z a;fw}*)) =D VBuuilF), (29)
i=0 a=0
where
d-1 5
i=0

Finally, note that the transformed state at #3 in the above
Eq. (29) is such that the probability p(a|Zx, U,) is exactly the
same as obtained for QCAoM in Eq. (28). This completes the
proof. ]
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C. Correlations that are incompatible with QCAoM for
rank-one measurement by Friend

Before providing explicit examples of operational wit-
nesses of the difference between QCAoM and QCNoM, we
first obtain a relation that holds true for QCAoM.

Result 2. ITn QCAoM, for any d-outcome rank-one projec-
tive measurement A given in (8), the following holds true for
alla=0,...,d —1:

p(alA, U) < max p(ilA, 1), 31

where U is any reversible process that can be applied by a
superobserver on the combined system of Q; and Lab. Note
that we omit the random variable x in the probability since
this relation holds for every x.

Proof. According to universal quantum theory along with
absoluteness of measurement (2), the combined state of Q;
and Lab after time f3 is

d—1
pL =) piIFNF, (32)
i=0

where p; is the probability of getting outcome i with respect
to Friend [see Eq. (10)], and |F;) is defined in (12). Since
the measurement A is considered to be rank one, it is defined
by the set of orthonormal states {|v;)} given by (9). Conse-
quently, in the final measurement by the superobserver (13),

P = |FiXF (33)

are also rank-one projectors. Thus, for any reversible process
U, the left-hand side of (31) is
palA,U) = TeUp U |F,)Fal)
d—1

= > pi TeU|FXFIU | F)Fa|)

i=0 qi
-1
=Y pia (34)
i=0

foralla =0, ...,d — 1. In the second line of the above equa-
tion, we denote the expression with trace by g; for each i. On
the other hand, using the fact that Y, |F;)}F;| < 1, we know

Y UIRXEUT < 1. (35)

Since |F,)F,| is a rank-one projector, it follows from the
above relation that

Y a<l (36)

Due to the fact that p;, g; are all nonnegative and satisfy the
relations ), p; = 1 as well as Eq. (36), the right-hand side of
Eq. (34) is upper bounded by the maximum value of p;, that
is,

plalA,U) < _max_ pi. 37

44444

Finally, by noting that p; = p(i|A, 1), we obtain (31). |

Let us now explore correlations that are not compatible
with QCAoM but exist in QCNoM. Employing Result 2 and
the idea presented in Sec. III A, we propose a simple expres-
sion to distinguish between QCAoM and QCNoM. Consider
the extended Wigner’s Friend scenario described above, where
Friend does not receive any variable x, and w € {0, 1}. Given
any measurement A of the form (8) having d outcomes,
Wigner seeks to maximize the following empirical expression
over all possible preparations |¢) and reversible transforma-
tions U:

d-1
T(g) = pOIA, U) — Z Ip(ilA, 1) — gil, (38)
i=0
which is a function of the set of d variables § =
(qo, - -+, qa—1) such thatg; € [0, 1) and >, g; = 1.

Result 3. Within QCAoM where A is any d-outcome rank-
one projective measurement, the maximum value of 7(§) in
Eq. (38) is bounded as

T(q) < max{qo, ..., qa—1}- (39)

Moreover, there exists a realization in QCNoM such that
T (g) = 1 for any values of .

Proof. Let us first consider that the maximum among the
probabilities {p(i|A, 1)}; is denoted by

pGIA, 1) = mlax{p(iIZ, D} (40)
Now, we can always express this quantity as

s a1} +1 (41)

for some ¢ such_that 0< p@* |Z, 1) < 1. Using Result 2 for
expressing p(0|A, ), and the normalization of probabilities,
we see that the following holds within QCAoM:

,qa—1} +1 — [pG*|A, 1) — g
= |pGIA, 1) - gi. (42)
i
Now, using the identity that |A| + |B| > |A + B|, we have that
. qa—1} +1 —|p*|A, 1) — g;-|

—[D_pGIA 1) =) g

it i£i*
yqQa—1}+1 = 2|p(*|A, 1) — gi|, (43)

where to arrive at the third line of the above expression, we
used the fact that Y, p(i]A, 1) = Y, ¢; = 1. From the above
relation, it trivially follows that for ¢t < 0, Eq. (39) holds. Now
if ¢ > 0, then from Eq. (41) p(i*|K, 1)—g» 2 p(i*|Z, 1)—
max;{g;} = t. Therefore, the maximum value of the right-hand
side of the above equation is obtained for + = 0, and hence
(39) is true. The upper bound in QCAoM is achieved when Q;
is prepared in the state

pG*[A, 1) = max{qo, . ..

T(G) < max{go, ...

T(3) < max{qo, - .

= max{qo, . . -

> ailyiwil (44)
or

YVl 45)
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FIG. 2. Activation of bipartite correlations. Wigner’s Friend, named Alice (A), and another observer, Bob (B), receive a system from
the preparation device on which they perform measurements according to inputs x and y, respectively, in their spatially separated labs. Alice
encodes the information about the fact that a measurement has been performed by reversing the ancillary bit |0),, to |1),,, which can be read
by Wigner, Student, and Alice at any further times. Alice and Bob are not allowed to communicate with each other. Wigner (W) or Student
can apply a reversible process on Alice’s Lab after her measurement is performed, and finally, Wigner or Student opens Alice’s Lab to know
the outcome of her measurement. By repeating this experiment many times, Wigner together with Bob observes the joint probabilities of the

experiment.

where |y;) are eigenvectors of A. Let us denote ¢ =
max{qo, - .., ga—1}, and choose any unitary such that 4 |F; ) =
|Fo). The combined state (10) after the measurement is
> qilF;)F;|, which results in the second of 7'(g) in (38) being
zero. For this choice of unitary, p(0|A, U) = ¢, . Note that the
realization (44) is classical, and therefore the upper bound in
(39) also holds for classical theory.

We now state a realization within universal QT assuming
nonabsoluteness of measurement def-(3) that can attain the
value T(g) =1 (38) for any §. The quantum state of Q;
is given by (45). Universal QT with NoM assigns the state
> : V/4ilF;) to the combined system of Q, and Lab. Thus, the
second term of T (§) in (38) is zero. Any unitary so that

U(Z ﬁlﬂ)) = |R) (46)

yields p(0|A, 1) = 1. [ |

Violation of (39) can also be understood as an opera-
tional witness of correlations that are incompatible with the
absoluteness of measurements def-(2). In the later part of
this manuscript, we would discuss its implications towards
different interpretations of QT. Now, we extend the above-
introduced thought experiment to two spatially separated
parties, and show that there exist correlations in universal QT
with NoM def-(3) but not in universal QT with AoM def-(2),
irrespective of the rank of Friend’s measurement.

D. Bipartite correlations that are incompatible with QCAoM

In general, we can extend the WF setup involving sin-
gle quantum systems to a WF setup involving multipartite
quantum systems. Let us consider the scenario illustrated in
Fig. 2, wherein Wigner’s Friend, named Alice, and another
spatially separated observer, say, Bob, perform a measurement
on the subsystems of a bipartite quantum system. And the

superobserver, Wigner or Student, can apply local reversible
processes on Alice’s Lab. Each run of this two-party version of
the experiment comprises the same steps as before on Alice’s
side, along with the following additional steps on Bob’s side.

(1) At 1, apart from Alice and Wigner, Bob also receives
an input variable that is denoted by y.

(2) At 1y, the preparation device prepares a bipartite sys-
tem with one part of the system entering Alice’s laboratory
and the other part entering Bob’s laboratory.

(3) At 1, besides Alice’s measurement A, (8), Bob per-
forms a measurement B, depending on y that results in
outcome b.

(4) At 13, Wigner applies some reversible operation de-
noted by U, on Alice’s Lab, each of which keeps the subspace
spanned by {|1’7i")}§1’01 invariant. Wigner does not apply any

operation for w = 0.

(5) Att4, Wigner and Student perform the measurements
(13) on Alice’s Lab to obtain outcome a.

After repeating many times, Wigner and Bob communicate
with each other to obtain the joint probability distribution of
outcomes a and b for different inputs x, y, w. For convenience,
let us drop the terms A, By, ©, and use the following concise
notation for these joint probabilities:

to ti fhh  t3 I
Vob_dbo
p(a/b‘x/y/ uw) = p(alb ’ x/y/ w/ llJ/ AX/ By/ uw/ Q) .

Since the operations by Wigner and Bob are spatially sepa-
rated, the obtained joint probabilities should satisfy the notion
of causality or the no-signaling conditions.

Definition 7 (No-signaling conditions). The local statistics
of Alice as well as Wigner is independent of Bob’s measure-
ment settings and vice versa:

vx’y7y/’w7 Zp(avbpf’y’uw):Zp(bv‘”x’)’/»uw)
b b
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A
Py
0.854 *
0.75
0,0 0.75 0.854 P,

FIG. 3. The values of Py, P, that can be achieved from classical
correlations are within the gray region, and those from QCAoM are
within the boundary by the black line, while it is possible to obtain
the values of Py, P, marked by “*” in QCNoM as pointed out in
Result 5.

and

Va, X,y wow', Y pla, blx,y,Uy) =Y p(b, alx’, y, Un).
a a

As we show, there exists an empirical test that can single
out QCNoM from QCAoM. The empirical test involves Alice,
Bob, and Wigner as described above in which x, y, a, b, w €
{0, 1}. Consider the following two quantities denoted by P,
that correspond to w = 0, 1, respectively:

Py=)_ Cabry pa,blx,y, 1), (47)
a,b,x,y
Pi= )" cabxy pla,blx,y.U), (48)
a,b,x,y
where
l .
1 ifa®b=uxy
Cabry = ) 49
by {O, otherwise. “49)

Note that expression (47) is nothing but the Clauser-
Horne-Shimony-Holt (CHSH) expression [17] written in the
Wigner’s Friend scenario. It is well known that the maximum
values of the standard CHSH expression P, are 3/4 in classical
theory and 1/2(1 + 1/+4/2) &~ 0.854 in quantum theory. The
quantity P; captures the presence of a superobserver. Now
we are ready to state the main result, whose explicit proof is
provided in Appendix A.

Result 4. The following inequality holds true for QCAoM:

1 1 3
P1gmm{§<l+ﬁ>,max{Po,§—Po}}. (50)

The above result has interesting consequences. As shown
in Fig. 3, Eq. (50) provides a bound on P; depending on the
value of Py. This can be used to propose the following inequal-
ity, which is satisfied by QCAoM and violated in QCNoM.

Result 5. The following inequality holds true in QCAoM:
3 3

Po——’é—- (5D

Ps =P~ 403

Moreover, there exists a realization in QCNoM such that

1 1

Proof. For a given quantum strategy, say, the value of
Py = q. Substituting the upper bound of P; from (50), we
obtain the figure of merit (51) within QCAoM. Let us consider
the first case, when max{q, 3/2 — g} < 1/2(1 4+ 1/+/2). From
(50), we have that

Ps < max{q,3/2 —q} —|q—3/4=3/4 (53)
for any value of ¢e€[0,1]. In the second case,
where max{q, 3/2 —q} > 1/2(1 + 1/+/2), the fact that
g < 1/2(1 + 1/+/2) implies that

3 1 1
5_425(14‘%), (54)

which means g < % - %(1 + \/Li)' Using this bound of g and
condition (50), we compute P to get
1 1 3 1 1 3 3

P<—(1+—)—|-—=14+—)—-| <-. (55
v<a(r ) a0 )3 <h e
We now show that there exists QCNoM that achieves the
value of P given by (52). For this, the maximally entangled
state |Y) = (1/ﬁ)(|00) + |11))4p is prepared on which Al-

ice and Bob choose the measurements
Ay =o0,,A| =0, By=o0,, B =0, (56)

Now, the description of the joint system with respect to the
superobserver assuming NoM def-(3) is determined by the
unitary evolution after the measurements are done. Let us first
look at the combined state of Alice’s Lab and the system on
Bob’s side when the measurements are Ay = o, and A; = oy,

1
E(|0>|f00>|0> + D), e (57)

1
= (D + DDy 68)

It can be readily verified from the above expressions that
Vx,y=0,1, p(0,0lx,y, 1) = p(1, 1lx,y, 1) = 3, (59)

and thus Py = 3/4. For w = 1, say, the superobserver per-
forms the reversible operation U = Uu° Ppu 1 where

U = (cos(g) - sin(§)>’ 60)

sin(g)  cos(g)

W)o =

W)

written in the basis {|0)|f5), [1)|f)}. The joint probabili-
ties after the unitary is applied should be evaluated on the
combined state U*|WV),, wherein |W), is given in (57) and
(58). It follows from some simple calculations that the joint
probabilities are

2 T
p(0,0]0,0,2) + p(1, 1]0,0,U) = cos (g)

(0,000, 1,U) + p(1, 1]0, 1,U) = l[1 + sin (f)]
2 1
PO.011.0.20) + p(1. 111 0,10 = 5[1 4sin (T)]
2 1
2 T
p(0,011, 1,U) + p(1, 11, 1,U) = cos <§) 61)
such that Eq. (52) holds. |
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Violation of Eq. (51) can be understood as an activation
of quantum nonlocality in the bipartite scenario when the
description of the measurement process of Friend is via UQT
with NoM. Notice that the strategy to violate the success
probability P (51) in UQT with NoM is when the correlations
shared among Alice and Bob, in the absence of Wigner, are
local. When Wigner applies the unitary on Bob’s laboratory,
then the local correlations are transformed into nonlocal ones,
thus activating a resource that could not be possible when
using UQT with AoM. Consequently, we showed above that
a resource can be generated when Friend’s laboratory is de-
scribed using UQT with NoM instead of UQT with AoM.
Further, the maximal value obtainable using UQT with AoM
is the same when using classical or local strategies.

IV. CONCLUSIONS

In recent times, there has been a renewed interest in the WF
scenario due to the no-go theorem put forward by Frauchiger
and Renner [12], where it is shown that QT is incompatible
with three assumptions, namely, universality, consistency, and
single outcome. Any interpretation of QT compatible with
all three assumptions cannot be true. For showing the con-
tradiction, a scenario consisting of four different observers
was constructed where two observers behave like Friends
and the other two behave like Wigner from the original
Wigner’s Friend scenario. As shown in Ref. [12], the ob-
servers predict different results for the same experiment if the
assumptions of universality, consistency, and single outcome
hold. A similar no-go theorem exploiting Bell inequalities
[18,19] was proposed by Brukner [13] imposing the assump-
tion that measurement outcomes are objective fact. Contrary
to the Frauchiger-Renner approach, the scenario involved two
Friends who are spatially separated from each receiving a
qubit on which two local measurements are performed and
two superobservers who have access to their labs each. This
is later enhanced to operational level [11]. Many interesting
features of the Wigner’s Friend scenario have been further
analyzed from different perspectives [20-23]. One can also
understand the no-go theorems from Brukner [13] and later
in Ref. [11] as witnesses of quantum correlations that are
incompatible with AoM.

J

Another interesting consequence of our work is some inter-
pretations of quantum theory. For all the other interpretations
apart from Copenhagenish-type interpretations in which there
exists operational inconsistency, our results provide an exper-
imental way to refute some of the interpretations of quantum
theory. Any violation of (23), (39), or (51) would rule out
universal quantum theory with AoM def-(2) and collapse
theories. In Appendix B, we briefly discuss different interpre-
tations of QT based on the perceptions of AoM and NoM,
and whether they lead to consistent predictions. The task of
activation of bipartite correlations shows that nonlocality can
be activated from local correlations in UQT with NoM but
not with AoM. Thus, a resource that was inaccessible in UQT
with AoM can be activated in UQT with NoM.

Further, we provided an operational framework to explore
interesting correlations where macroscopic systems like ob-
servers or classical registers are treated as physical systems
governed by universal physical laws. An important premise
in our approach is that any physical system can be described
according to quantum theory. We believe that this assumption
can be relaxed and the theorems provided in this manuscript
can be extended for any general probabilistic theory with
certain properties. Our framework can be used to create
more exotic scenarios where the distinctions among differ-
ent interpretations of quantum theory become more relevant.
Also, it would be interesting to see if the results presented
in this manuscript hold true even for any reversible quan-
tum channel instead of unitary transformations applied by
Wigner. Also, it might be interesting from a foundational
perspective to find necessary and sufficient conditions that
fully characterize quantum correlation with absoluteness of
measurement.
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APPENDIX A: PROOF OF RESULT 4

Proof of Result 4. Let us say the reversible process U = D, U* acts on Lab as

ux|F(fC> =a3,0|FJ)+0‘3,1|Ff>’

and  UY|FY) = of o|Fy) + of | |FY), (A1)

where |F}*) = |7)| f{*) represent the state (12) of the respective labs when Alice observes an outcome i € {0, 1} after performing

the measurement A,, and

ok o + |, |* =

1 Vx,a=0,1. (A2)

The fact that |Fy), |F{') are orthonormal implies |ag o7 o| = |og o ;|- Consequently, it follows from (A2) that

oo’ + Jatol’ = log, [ + e, F =1, vx=0,1. (A3)

On the other hand, using the no-signaling conditions (7) for any joint probability, we have

pla, blx,y,U) = p(b|By)p(alx, U, y, b)

= pIB))[|e ' plalx, 1,3, b) + |a, .| pla® 1Ix, 1, 3, b)]. (A4)
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Thus, we can write the joint probability distribution in the presence of a superobserver who can access Alice’s Lab as

pla, blx, y,U) = la ,*pla. blx, y, 1) + lorgey o) pla ® 1, blx, 3, 1. (AS)
Using the above, the expression of P; in Eq. (48) can now be simplified as
X 2 X 2
Pi= " Cabryl|eg ] plablx,y, 1)+ ke | Pla® 1, blx,y, D)]. (A6)
a,b,x,y

Expanding the above quantity, we find
P = ]ado|’p(0,000,0, 1) + |a?, [’ p(1, 110, 0, 1) + |a? o[> p(1, 010, 0, 1) + |a, |*p(0, 110, 0, 1)
+ad o’ (0,000, 1, 1) + [o? I’ p(1, 110, 1, 1) + |o? o p(1, 000, 1, 1) + |3, |* p(0, 110, 1, 1)
+ag o p(0, 01,0, 1) + Jal [P p(1, 11,0, 1) + |al o’ p(1, 011, 0, 1) + | | p(0, 11,0, 1)
+lag o pO, 11, 1, 1) + [af ;P p(1, 011, 1, 1) + |02 o[ p(1, 111, 1, 1) + |e , [*p(0, 011, 1, D)]. (A7)

Since the above quantity is a linear function of the eight variables {|“2,a|27 loc aL|2} satisfying (A2) and (A3), it suffices to

consider the extremal values of these variables to obtain its upper bound. It can be checked that there are four extremal values of
these variables as follows:
i) abol" = laf " = Jadol" = ed [ = 1.
0.1 |2 = |"‘(1),0|2 = g, |2 = |°‘11,o‘2 =0
(if) |O‘8,o|2 = |O‘?,1|2 = |0‘},0|2 = “"5,1‘2 =1
o | = oo = lerd o[ = lerg o = 0
(i) oo = e[ = letg.of = et [ = 1.
|"‘8,0|2 = |O‘?,1|2 = |0‘(1),1|2 = }"‘11,()‘2 =0
@) ool = [of, | = [t o = e, | = 1.
ool = la? | = fag o = laf 1> = 0. (A8)

These four extremal points correspond to four different CHSH expressions under relabelling of inputs, and accordingly,

1
Py < ZmaX{ Y pladb=xylx,y, 1), Y pla®b=x& )y iy 1),

a,b,x,y a,b,x,y
Y pla®b=@® ylx.y. 1), Y pla®b=x(y® D, y, 1]}. (A9)
a,b,x,y a,b,x,y

Note that the first CHSH expression is the same as Py, while the second CHSH expression is nothing but 1 — Py. The last two
CHSH expressions are bounded by 3/2 — P,. For instance, the third expression

1
1 > pla®b=(x& ylx.y, 1]

a,b,x,y
1
= 4_1{ 242[p(0,0]0,0, 1)+ p(1, 10,0, 1) + p(0,0]1,0, 1) + p(1, 11,0, )]} — P

3
<5 - h. (AL0)
where we use the fact that p(0, 0|0, 0, 1) + p(1, 1]0,0, 1) < 1, p(0,0/1,0, 1)+ p(1, 1|1,0, 1) < 1. Thus, for any quantum

strategy,
P1 < max{Po, 11— P(), 3/2 — P()} = max{Po, 3/2 — Po} (Al 1)

On the other hand, we notice that each of the four expressions appearing on the right-hand side of (A9) is nothing but the CHSH
expression with different relabeling of the measurement settings x, y. Therefore, each of these four expressions is bounded by
Tsirelson’s bound 1/2(1 4 1/+/2). From this fact, together with (A11), we conclude that (50) holds. |
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TABLE I. Classification of interpretations of quantum theory based on (i) whether they are compatible with absoluteness of measurement
(2) or nonabsoluteness of measurement (3), (ii) whether they are OCO according to def-(4), and (iii) whether they provide violations of (23),
(39), and (51). For the objective Copenhagenish type of interpretation, there are ambiguities with respect to such classification.

Violation of conditions

Interpretations UQT with AoM UQT with NoM 0CO (23), (39), (51)
Spontaneous collapse theories [24-29], v X v X

ETH approach [30], CSM [31]

Bohmian mecham.cs [32-36], . X v v v
Many-world, relative-state formalism [37—41]

Perspectival Copenhagenish [42-45] X X X v
Objective Copenhagenish [46—48] X ? ? ?

APPENDIX B: BRIEF DISCUSSIONS ON THE
INTERPRETATIONS OF QUANTUM THEORY

Here, we briefly discuss different interpretations of univer-
sal quantum theory and classify whether they reconcile with
UQT with AoM or UQT with NoM. The overall picture is
summarized in Table I.

Measurements are inherently classical. Interpretations of
QT like collapse theories [24-29], the ETH approach [30], and
CSM ontology [31], to name a few, fall under the category of
interpretations in which all physical systems undergo a non-
reversible dynamics subject to any measurement process. As
a result, in such theories, macroscopic objects like measure-
ment devices follow a different description than microscopic
systems. These theories impose that the act of measurement
physically changes the state of the system. As a consequence,
they fall under the category of UQT with AoM, and do not
show any violation of (23), (39), or (51).

Realist interpretations. A realist model of UQT assumes
the existence of some physical state that completely describes
the objective reality of the corresponding physical system and
predicts the outcome of all experiments. There are majorly
two important classes of realist models. One is where the
quantum state is a part of the physical reality, which is com-
monly referred to as the yr-ontic models [19,32,49]. The other
is where the quantum state represents only information about
some underlying physical reality, commonly referred to as
Y-epistemic models [50-54]. Any realist description of QT
must satisfy some very interesting no-go theorems [18,55—
58]. Moreover, there are absolute no-go theorems [57,59—-61]
that constrain y-epistemic models to a certain extent.

Interestingly, the original Wigner’s Friend thought experi-
ment is in itself a simple no-go theorem against all y-ontic
models applicable to subsystems if the universality of QT
holds. In contrast, there exist two kinds of ir-ontic expla-
nations of quantum phenomena that are compatible with the
notion of UQT with NoM. They are Bohmian mechanics
and many-worlds or relative state formalism. According to
Bohmian mechanics [32-36], there is a unique description of
the whole universe (which the thought experiment is a part
of) that is compatible with the perspective of Wigner, while in
the many-worlds interpretation and relative-state formalism of
QT [37—41], measurements are not absolute facts in the sense
that they do not yield a single outcome. According to these
two interpretations, the whole universe evolves via unique
reversible dynamics, and thus these two are compatible with

NoM. As a consequence, we would observe violations of (23),
(39), and (51).

Copenhagenish-type interpretations. Now, we focus on
Copehangenish-type interpretations of QT. For our analysis,
we refer to the lectures by Leifer [62]. All such interpreta-
tions of QT are based on the following principles. First, the
universality of quantum predictions imposes that every system
is describable using QT. Secondly, the antirealism of physical
theory is that there is no objective description of reality. And
thirdly, every measurement performed by an observer yields
a single outcome to that observer. These principles imply the
existence of a split known as the Heisenberg cut that sepa-
rates the observer from the physical system which is being
described by the observer. The placement of the Heisenberg
cut is quite significant as it represents the boundary up to
which an observer can describe physical systems using QT
and must invoke classical theory after this split. In the context
of the WFS scenario, we note that if the split is placed before
the boundary of the isolated Lab, that is, if the split is placed
on the left side of the dotted line in Fig. 1, then the description
of the isolated Lab is unambiguous and compatible with AoM
(2). On the contrary, if the split is placed after the boundary
of the isolated Lab, that is, if the split is placed anywhere
between the dotted line and the respective observer (Wigner or
Student) in Fig. 1, then the tension between the two dynamics
of UQT persists, and as a result, we will arrive at operational
inconsistency.

The Copenhagenish-type interpretations of QT are broadly
divided into two categories: objective interpretations, which
include the original Copenhagen interpretation by Bohr
[63], quantum pragmatism [46], and information interpreta-
tion [47,48]; and perspectival interpretations, which include
Qbism [42,43], consistent histories [44], and relational quan-
tum mechanics [45]. The difference between these two types
lies in the fact that observing a measurement outcome by an
observer (say, Friend) is an objective fact in the former type,
while it is considered a subjective fact for that observer in
the latter type. In the perspectival approach, the placement
of the split is decided by the observer. Therefore, operational
consistency does not hold; however, this approach does not
necessitate operational consistency. Moreover, depending on
where the split is placed by an observer, violations of (23),
(39), and (51) prevail. On the other hand, it is not fully clear
whether the placement of the split depends on the observer or
not in objective Copenhagenish interpretations, and thus there
are ambiguities therein.

022226-12



DEMONSTRATION OF QUANTUM CORRELATIONS THAT ...

PHYSICAL REVIEW A 107, 022226 (2023)

[1] M. Arndt and K. Hornberger, Nat. Phys. 10, 271 (2014).

[2] J. R. Friedman, V. Patel, W. Chen, S. K. Tolpygo, and J. E.
Lukens, Nature (London) 406, 43 (2000).

[3] M. R. Andrews, C. G. Townsend, H.-J. Miesner, D. S. Duree,
D. M. Kurn, and W. Ketterle, Science 275, 637 (1997).

[4] T. Kovachy, P. Asenbaum, C. Overstreet, C. A. Donnelly, S. M.
Dickerson, A. Sugarbaker, J. M. Hogan, and M. A. Kasevich,
Nature (London) 528, 530 (2015).

[5] I. Marinkovic, A. Wallucks, R. Riedinger, S. Hong, M.
Aspelmeyer, and S. Groblacher, Phys. Rev. Lett. 121, 220404
(2018).

[6] C. Monroe, D. M. Meekhof, B. E. King, and D. J. Wineland,
Science 272, 1131 (1996).

[7] Y. Y. Fein, P. Geyer, and P. Zwick, Nat. Phys. 15, 1242 (2019).

[8] O. Romero-Isart, M. L. Juan, R. Quidant, and J. I. Cirac, New
J. Phys. 12, 033015 (2010).

[9] E. Schrodinger, Naturwissenschaften 23, 823 (1935).

[10] E. P. Wigner, Symmetries and Reflections (Indiana University
Press, Bloomington, 1967) pp. 171.

[11] K. W. Bong ef al., Nat. Phys. 16, 1199 (2020).

[12] D. Frauchiger and R. Renner, Nat. Commun. 9, 3711 (2018).

[13] C. Brukner, Entropy 20, 350 (2018).

[14] Note that here we only refer to the operational theory and we
do not presume any existence of realism or ontology.

[15] P. A. Guérin, V. Baumann, F. D. Santo, and C. Brukner,
Commun. Phys. 4, 93 (2021).

[16] A. Relaiio, Phys. Rev. A 101, 032107 (2020).

[17] J. E. Clauser, M. A. Horne, A. Shimony, and R. A. Holt, Phys.
Rev. Lett. 23, 880 (1969).

[18] J. S. Bell, Physics (Long Island City, N. Y.) 1, 195 (1964).

[19] J. S. Bell, Rev. Mod. Phys. 38, 447 (1966).

[20] M. Zukowski and M. Markiewicz, Phys. Rev. Lett. 126, 130402
(2021).

[21] A. Matzkin and D. Sokolovski, Europhys. Lett. 131, 40001
(2020).

[22] A. Matzkin and D. Sokolovski, Phys. Rev. A 102, 062204
(2020).

[23] C. Elouard, P. Lewalle, S. K. Manikandan, S. Rogers, A. Frank,
and A. N. Jordan, Quantum 5, 498 (2021).

[24] G. C. Ghirardi, A. Rimini, and T. Weber, Phys. Rev. D 34, 470
(1986).

[25] N. Gisin, Helv. Phys. Acta 62, 363 (1989).

[26] S. Weinberg, Phys. Rev. A 85, 062116 (2012).

[27] L. Diosi, Phys. Rev. A 40, 1165 (1989).

[28] R. Penrose, Gen. Relat. Gravit. 28, 581 (1996).

[29] A. Bassi, K. Lochan, S. Satin, T. P. Singh, and H. Ulbricht, Rev.
Mod. Phys. 85, 471 (2013).

[30] J. Frohlich and B. Schubnel, The Message of Quantum Science:
Attempts Towards a Synthesis (Springer, New York, 2015),
p- 131.

[31] A. Auffeves and P. Grangier, Found. Phys. 46, 121 (2016).

[32] L. de Broglie, J. Phys. Radium 8, 225 (1927).

[33] Bohm, Phys. Rev. 85, 166 (1952).

[34] D. Bohm, Phys. Rev. 85, 180 (1952).

[35] D. Durr and S. Teufel, Bohmian Mechanics: The Physics
and Mathematics of Quantum Theory (Springer, New York,
2009).

[36] D. Dorr, S. Goldstein, and N. Zanghi, J. Stat. Phys. 67, 843
(1992).

[37] H. Everett, Rev. Mod. Phys. 29, 454 (1957).

[38] D. Deutsch, Int. J. Theor. Phys. 24, 1 (1985).

[39] J. A. Wheeler, Rev. Mod. Phys. 29, 463 (1957).

[40] B. S. DeWitt, Phys. Today 23, 30 (1970).

[41] D. Deutsch, The Fabric of Reality: The Science of Parallel Uni-
verses and Its Implications (Allen Lane Science, Westminster,
1997).

[42] C. A. Fuchs, QBism, The perimeter of quantum Bayesianism,
arXiv:1003.5209 (2010).

[43] C. A. Fuchs, N. D. Mermin, and R. Schack, Am. J. Phys. 82,
749 (2014).

[44] R. B. Griffiths, J. Stat. Phys. 36, 219 (1984).

[45] C. Rovelli, Int. J. Theor. Phys. 35, 1637 (1996).

[46] R. Healey, Br. J. Phil. Sci. 63, 729 (2012).

[47] J. Bub and I. Pitowsky, Many Worlds? Everett, Quantum Theory
and Reality (Oxford University Press, Oxford, 2010), p. 433.

[48] 1. Pitowsky, West. Ont. Ser. Philos. Sci. 72, 213 (2006).

[49] E. G. Beltrametti and S. Bugajski, J. Phys. A: Math. Gen. 28,
3329 (1995).

[50] P. A. M. Dirac, The Principles of Quantum Mechanics (Oxford
University Press, Oxford, 1958).

[51] J. V. Neumann, Mathematical Foundations of Quantum Me-
chanics (Princeton University Press, Princeton, 1955).

[52] N. Harrigan and R. W. Spekkens, Found. Phys. 40, 125 (2010).

[53] L. E. Ballentine, Rev. Mod. Phys. 42, 358 (1970).

[54] R. W. Spekkens, Phys. Rev. A 75, 032110 (2007).

[55] S. Kochen and E. P. Specker, J. Math. Mech. 17, 1 (1967).

[56] R. W. Spekkens, Phys. Rev. A 71, 052108 (2005).

[57] A. Chaturvedi and D. Saha, Quantum 4, 345 (2020).

[58] S. Sarkar, Universal notion of classicality based on ontological
framework, arXiv:2104.14355 (2021).

[59] M. S. Leifer and O. J. E. Maroney, Phys. Rev. Lett. 110, 120401
(2013).

[60] M. S. Leifer, Phys. Rev. Lett. 112, 160404 (2014).

[61] C. Branciard, Phys. Rev. Lett. 113, 020409 (2014).

[62] M. Leifer, Video lectures on quantum foundations, Perimeter
Institute for Theoretical Physics.

[63] N. Bohr, Discussions with Einstein on epistemological prob-
lems in atomic physics, in Albert Einstein: Philosopher-
Scientist, edited by P. A. Schilpp (Cambridge University Press,
Cambridge, 1949), pp. 200-241.

022226-13


https://doi.org/10.1038/nphys2863
https://doi.org/10.1038/35017505
https://doi.org/10.1126/science.275.5300.637
https://doi.org/10.1038/nature16155
https://doi.org/10.1103/PhysRevLett.121.220404
https://doi.org/10.1126/science.272.5265.1131
https://doi.org/10.1038/s41567-019-0663-9
https://doi.org/10.1088/1367-2630/12/3/033015
https://doi.org/10.1007/BF01491914
https://doi.org/10.1038/s41567-020-0990-x
https://doi.org/10.1038/s41467-018-05739-8
https://doi.org/10.3390/e20050350
https://doi.org/10.1038/s42005-021-00589-1
https://doi.org/10.1103/PhysRevA.101.032107
https://doi.org/10.1103/PhysRevLett.23.880
https://doi.org/10.1103/RevModPhys.38.447
https://doi.org/10.1103/PhysRevLett.126.130402
https://doi.org/10.1209/0295-5075/131/40001
https://doi.org/10.1103/PhysRevA.102.062204
https://doi.org/10.22331/q-2021-07-08-498
https://doi.org/10.1103/PhysRevD.34.470
https://doi.org/10.1103/PhysRevA.85.062116
https://doi.org/10.1103/PhysRevA.40.1165
https://doi.org/10.1007/BF02105068
https://doi.org/10.1103/RevModPhys.85.471
https://doi.org/10.1007/s10701-015-9952-z
https://doi.org/10.1051/jphysrad:0192700805022500
https://doi.org/10.1103/PhysRev.85.166
https://doi.org/10.1103/PhysRev.85.180
https://doi.org/10.1007/BF01049004
https://doi.org/10.1103/RevModPhys.29.454
https://doi.org/10.1007/BF00670071
https://doi.org/10.1103/RevModPhys.29.463
https://doi.org/10.1063/1.3022331
http://arxiv.org/abs/arXiv:1003.5209
https://doi.org/10.1119/1.4874855
https://doi.org/10.1007/BF01015734
https://doi.org/10.1007/BF02302261
https://doi.org/10.1093/bjps/axr054
https://doi.org/10.1088/0305-4470/28/12/007
https://doi.org/10.1007/s10701-009-9347-0
https://doi.org/10.1103/RevModPhys.42.358
https://doi.org/10.1103/PhysRevA.75.032110
https://doi.org/10.1103/PhysRevA.71.052108
https://doi.org/10.22331/q-2020-10-21-345
http://arxiv.org/abs/arXiv:2104.14355
https://doi.org/10.1103/PhysRevLett.110.120401
https://doi.org/10.1103/PhysRevLett.112.160404
https://doi.org/10.1103/PhysRevLett.113.020409

