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ABSTRACT

Macro-realistic description of systems is based majorly on two basic intuitions about the classical world, namely, macrorealism per se, that
is, the system is always in a distinct state, and non-invasive measurements, that is, measurements do not disturb the system. Given the
assumption of no-signaling in time, one utilizes Leggett-Garg inequalities to observe a violation of macroscopic realism, which requires at
least three measurements. In this work, we show that if one has access to shared randomness, then one can observe a violation of macroscopic
realism using a single measurement even if no signaling in time is satisfied. Interestingly, using the proposed scheme one can also rule out a
larger class of models, which we term macroscopic no-signaling theories that cannot violate the no-signaling in time conditions. We further

construct a witness to observe the violation of macroscopic no-signaling.

© 2025 Author(s). All article content, except where otherwise noted, is licensed under a Creative Commons Attribution (CC BY) license
(https://creativecommons.org/licenses/by/4.0/). https://doi.org/10.1063/5.0252123

I. INTRODUCTION

Bell’s notion of local realism " aims for a classical understand-
ing of the quantum world. As it turns out, such a classical description
is falsified in quantum theory. On the other hand, macroscopic real-
ism or macrorealism aims to address the problem of whether macro-
scopic or simply classical systems can behave quantum mechanically
or not. For instance, a famous problem in this regard is whether
Schrédinger’s cat can be alive and dead at the same time or not.
Macrorealism embodies our classical understanding of the world,
where macroscopic objects have well-defined states and measure-
ments of their properties do not cause any significant perturbations.
These principles form the foundation of classical physics and have
been deeply ingrained in our scientific and everyday thinking. It is
well-known that in the realms of quantum physics, these classical
intuitions are challenged, leading to the exploration of phenomena
such as quantum entanglement and non-locality.

Macrorealism is based on two major assumptions. First, macro-
realism per se: this principle suggests that a system, in the macro-
scopic sense, always exists in a well-defined and distinct state. In
other words, for classical objects that we encounter in our everyday
lives, there is an intrinsic property or state that fully characterizes
the system at any given moment. This state is assumed to be definite,

and it remains unchanged until acted upon by an external force or
measurement. For instance, consider a classical object, such as a bil-
liard ball on a pool table; macrorealism implies that it has a specific
position and velocity, and this information uniquely defines its state.
Second, non-invasive measurements (NIM): this intuition posits
that measurements made on a system do not interfere with or dis-
turb the system. In classical physics, when one measures a property
of an object, such as its position or velocity, one expects that the act
of measurement does not alter these properties. The measurements
are assumed to be passive observations, and the system remains
in its original state after the measurement. Any system satisfying
the above-mentioned requirements, will be called macroscopic. For
more details, refer to Refs. 3-9.

To observe the violation of macrorealism, one needs to consider
time-like correlations, that is, correlations between measurement
events on a single system at different times. One can also compre-
hend the scenario such as the standard Bell scenario but in the time
domain. However, there are some crucial differences between both
scenarios.” For instance, no-signaling is always satisfied in the Bell
scenario but can be violated in the time domain. Consequently, no-
signaling in time can serve as a witness to observe the violation
of macrorealism.'’""” Even if no-signaling in time is satisfied, one
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can still observe the violation of macrorealism using Leggett-Garg
inequalities,'® which can be considered as a temporal version of Bell
inequalities. It is important to note here that one requires at least
three different measurements to observe a violation of Leggett-Garg
inequalities. Consequently, one can also obtain a violation of no-
signaling in time even if Leggett-Garg inequalities are satisfied.'" It
was further shown in Ref. 17 that, unlike Bell inequalities in the spa-
tial scenario, Leggett—Garg inequalities are not necessary to observe
a violation of macrorealism. Thus, no-signaling in time is a bet-
ter candidate to observe violation of macrorealism. In Ref. 18, it is
further shown that LG inequalities primarily detect the violation of
macrorealism per se and the no-signaling in time (NSIT) tests detect
the violation of NIM.

The violation of Leggett-Garg inequalities has been experimen-
tally demonstrated but only for microscopic systems.” ** It still
remains a challenge to demonstrate the violation of Leggett-Garg
inequalities in systems that can be considered macroscopic. The
maximal violation of Leggett-Garg inequalities has also been
utilized for semi-device independent certification of quantum
measurements.”” °' Interestingly, it was shown in Ref. 31 that
one can utilize the maximal violation of Leggett-Garg inequalities
for certification of an unbounded amount of randomness without
non-locality.

In this work, we show that even if no-signaling in time and
Leggett-Garg inequalities are satisfied, one can still observe the vio-
lation of macrorealism. Consequently, none of the above-mentioned
conditions are necessary to observe a violation of macrorealism. For
our purpose, we consider two space-like separated parties, each of
whom has access to shared randomness. Both the parties need to
perform a single measurement. We then impose that the local cor-
relations of the parties are no-signaling in time. We then observe
that by using a single measurement with each party, one can obtain
a violation of macrorealism. Furthermore, we identify a larger class
of classical models that can be falsified using the proposed setup.
We term the corresponding notion as macroscopic no-signaling. We
then construct a simple witness to observe the violation of macro-
scopic no-signaling. We then extend the setup to the case when the
parties can perform measurements with an arbitrary number of out-
comes. This shows that violation of macroscopic no-signaling can
be obtained by states and measurements acting on arbitrary dimen-
sional Hilbert spaces. Furthermore, we identify some necessary
conditions for the violation of macroscopic no-signaling.

Il. SCENARIO

The scenario consists of two parties, namely, Bob and Alice,
and a preparation device that sends one subsystem to Bob and one
to Alice. Bob and Alice can only perform a single measurement
on their subsystems. However, Alice can sequentially measure her
subsystem, that is, she can twice apply the same measurement on
her subsystem. Here, we restrict Alice to measure her system twice,
that is, at times to,t;. Now, Bob and Alice repeat the experiment
enough times to construct the joint probability distribution (corre-
lations) p = {p(ao, a1,b) }, where p(ao, a1, b) denotes the probability
of obtaining outcome ao, a; at times o, t; with Alice and b with Bob,
respectively. Here, we consider that b= 0,1 and ag,a: = 0, 1,2; the
scenario is depicted in Fig. 1.

ARTICLE pubs.aip.org/aip/apq

FIG. 1. Setup involves two players, Bob and Alice, along with a preparation device
that dispatches a subsystem to each of them. Bob and Alice are each limited to
a single measurement on their respective subsystems. However, Alice is allowed
to conduct the same measurement twice on her subsystem. In this context, we
confine Alice’s measurements to two specific time points, denoted as t, and t;.
Bob and Alice obtain the joint probability distribution {p(a, a1, b)} at the end of
the experiment.

Let us now restrict to quantum theory and consider that the
source sends the quantum state p,, , with Bob and Alice performing
the measurement { M;} and { R;} respectively, where M; >0, R;
>0and }; M; = ¥; Ri = 1. As the measurements, in general, might
not be projective, the probability p(ao, a1, b) can be computed as*>

p(a0,a1,b) = Tr (\/Ra, ULy R, Uays/ Rag ® My pas), (1)

where U,, is some unitary dependent on the outcome ay. Accord-
ing to Luder’s postulate,”* the unitaries in the above-mentioned
formula can be dropped.

We impose that Alice’s local correlations obey the well-known
“no-signaling in time (NSIT)” constraint,” which can be expressed
as

> plao,ar) = p(aj), i#j. (2)

Macroscopic no-signaling—Ilet us now specify the assumptions
of macroscopic no-signaling. Consider again the setup depicted in
Fig. 1. In general, one can consider that the source generates some
variables A with probability p(1), which can be treated as shared
randomness between Bob and Alice (see Fig. 2). In principle, A
could also be some quantum states. Consequently, p(do,a1,b) can
be expressed as

p(ao,a1,b) =" p(ao, a1, b]A)p(d). 3)
A

It is straightforward to see from Fig. 2 that shared randomness can
always be described locally, that is,

p(ao, a1, blA) = p(ao, ar|A)p(bJA). 4)
Bob Alice(to) Alice(t1)
A A A
o @@
0,1 0,1,2 0,1,2

FIG. 2. Macrorealistic description of the setup in Fig. 1. The source sends variable
A to both Bob and Alice with probability p(1). The variable does not change after
Alice’s measurement at time .
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Now, macroscopic no-signaling can be simply stated as

Definition 1 (Macroscopic no-signaling). Given any additional
information A, Alice’s measurement outcome at time to does not
influence the outcome at a later time t,, that is,

S plavml) =p(at) i%j VA (5)

a;

Notice that the above-mentioned definition encompasses a
larger class of models than macroscopic realism, which is defined
16
as

p(ao, a[A) = p(ao|d)p(ai|1). (6)

As ¥, p(aild) = 1 for every A,i, it is simple to observe that macro-
scopic realism Eq. (6) implies macroscopic no-signaling Eq. (5);
however, the converse is not true. Any correlation satisfying Eq. (6)
is termed macroscopic no-signaling correlation. Let us now observe
the violation of macroscopic no-signaling.

I1l. VIOLATION OF MACROSCOPIC NO-SIGNALLING

Consider again the correlations p(ao,a1,b) written using
Eq. (3) as

Y. p(ao,ai,b) = 37 > p(ao, ar, bA)p(L). 7)
ao A ao

Using Eq. (4) and then macroscopic no-signaling (5), one can
conclude that for all a3, b,

> pao,ai,b) = Y p(a)p(bM)p(A) = p(ar,b).  (8)

ag A

It should be noted here that although the above-mentioned condi-
tion looks similar to the three-time NSIT conditions, both condi-
tions are completely different. In the latter, one has to perform three
sequential measurements on the same system and then observe a
violation of NSIT conditions. However, we impose here that over
the same system one always satisfies the NSIT conditions.

Now, consider that the source prepares the classically correlated
state,

1 1
PAB = E|0AOBX0AOB| + £|1A1B)(1AIB|, 9

with Bob performing the measurement o, and Alice performing the
measurement,

1
RO = g(“ +0'Z),

1 1 V3

Ry = g(1] - EO'Z + 7(&), (10)
1 1 V3

R, = g(ﬂ - EUZ - 703:)»

where 0, 0, are the Pauli z, x observables, respectively. For a note,
the above-mentioned measurement is also termed trine-POVM and
has been experimentally implemented.”> As the above-mentioned

pubs.aip.org/aip/apq

Alice’s measurement is an extremal POVM,*° that is, each mea-
surement element can be expressed as a projector times a positive
number, the formula in Eq. (1) is simplified to

p(aog,a1,b) = Tr(\/Ruo Rav/ Ray ® M, PAB). (11)

Notice that the local state of Alice is the maximally mixed state
and thus for any measurement by Alice, the no-signaling in time
condition (2) will be satisfied. Substituting Bob’s and Alice’s mea-
surements in the above-mentioned formula allows us to observe that
condition (8) is not satisfied for any a;, b. Consequently, we can
conclude that quantum theory violates the notion of macroscopic
no-signaling with a single measurement with Alice.

Witness—from an experimental perspective, one can never
observe a strict equality condition as Eq. (8). Thus, we now find a
witness that allows one to observe a considerable difference between
macroscopic no-signaling correlations and quantum correlations.
The witness is given by

S= > Y| X placab)-pla,b)|. (12)

a;=0,1,2 b=0,1 |ar=0,1,2

From Eq. (8), it is clear that for macroscopic no-signaling correla-
tions, S = 0. Using the measurements suggested in Eq. (10) and the
classically correlated state Eq. (9), one can attain a value S = 1/3.

IV. EXTENSION TO ARBITRARY OUTCOME
MEASUREMENTS AND HIGH DIMENSIONAL STATES

Let us now extend the setup in Fig. 1 to the case when
Alice chooses a 2d—outcome measurement with Bob performing a
d—outcome one. Consequently, we have that ap,ap = 0,1,...,2d - 1
and b=0,1,...,d -1, with d being an arbitrary positive integer
such that d > 2. Now, similar to witness (12), we construct another
witness to observe macroscopic no-signaling for arbitrary outcome
measurements as

2d—-1 d-1 [2d-1

Si= Y > |Y plaar,b) - p(an,b)| (13)

a;=0 b=0 [ao=0

Again, from Eq. (8), it is clear that for macroscopic no-signaling
correlations, S; = 0.

Consider now the following measurements with Alice
R = {Ri}, where

1
—|iXij  i=0,1,...,d-1,
Ri={1%

T
= |wiXpil

i=d,...,2d-1,
2

such that {|i)} is the computational basis and {|u;)} denote the
Hadamard basis, that is,

1 9 aik
N=—=> w k). 14
i) \/Eg k) (14)
2d—-1

Let us also notice that 7' R; = 247! R; = 1/2 along with the fact
that |(,|j)|” = 1/d for any i, j. Moreover, let us also consider that Bob
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again performs his measurement in the computational basis and the
source generates the classically correlated state pXp,

ld—l
P = 5 0 liaisKiais. (15)
i=0

Notice again that the local state of Alice is the maximally mixed
state and thus for any measurement by Alice, the no-signaling in
time condition (2) will be satisfied. Let us now compute the value of
witness S, (13) using the above-mentioned state and measurements.
For this purpose, let us first observe that Alice’s measurement (14)
for any a, satisfies

2d-1
3 \/RaoRul\/RaO:%+Rﬁl. (16)
ay=0

This allows us to obtain from (13),

lzdz—:l d-1
Sd == — —p(al,b)‘. (17)
2'11=0 b=0 24
Evaluating p(ai, b) for all a, b gives us
1 1
=-(1-=) 18
54 2( d) 1%

V. NECESSARY CONDITIONS FOR VIOLATION

Let us now identify some necessary conditions to violate macro-
scopic no-signaling. For this purpose, let us consider the correlation
p(ao,a1,b) as in Eq. (1). Assuming Luder’s postulate, let us find the
properties of Alice’s measurement { R;} that can satisfy condition
(8). Now, expanding (8) gives us

¥ Tt (V/Ra Rai /Ry ® My pan) = Tt (Ra, ® My, pap).
ao

19)
It is clear from the above-mentioned expression that if R,, and R,
for any ag, a1 commute, then the above-mentioned relation (19) is
always satisfied. Thus, a necessary condition to observe a violation
of macroscopic no-signaling is that Alice’s measurement elements
must be incompatible with each other. This rules out two major
classes of measurements.

1. As projectors always commute among each other, macro-
scopic no-signaling cannot be violated using projective mea-
surements with Alice.

2. The measurement elements of any two-outcome measure-
ment also commute among each other. Consequently, to
observe a violation of macroscopic no-signaling, Alice needs
to perform a measurement with at least three outcomes.

Consequently, we can also define a class of measurements where the
measurement elements commute among each other.

Definition 2 (Self-commuting measurements). Consider a
measurement R = { Ri} such that every measurement element com-
mutes among each other, that is, R;R; = R; R for any i,j. Then, the
measurement R is a self-commuting measurement.

ARTICLE pubs.aip.org/aip/apq

Self-commuting measurements cannot be used to violate the
notion of macroscopic no-signaling. It will be interesting to find
further properties of non-projective measurements that can violate
macroscopic no-signaling.

VI. CONCLUSIONS

The above-presented result can also be considered as a violation
of Leibniz’s principle of indiscernibles,”” which can be simply stated
as principles that hold operationally should also hold ontologically.
Here, no-signaling in time is satisfied operationally, but is violated at
the ontological level. One might argue that the notion of macroreal-
ism or macroscopic no-signaling is very strong even for macroscopic
systems. However, the notions are based on the very foundations of
classical physics and unless one finds the violation of it in classical
theories, we can safely assume that classical systems must satisfy the
above-mentioned notions. For a note, a weaker form of macrore-
alism imposed on the ontological description of quantum systems,
termed ontic-distinguishability, was considered in Ref. 38.

Several follow-up problems arise from this work. The most
interesting among them would be to find a unifying notion of local
realism and macrorealism using a similar setup to the one presented
in this work. Finding the maximal value of & (12) or S; (13) is a
challenging task given the fact that both these functionals are non-
linear and one would have to optimize over all possible states and
measurements. The construction of a linear inequality to observe
the violation of macroscopic no-signaling is thus highly desirable.
As the witness suggested in this work is simple and can be violated
using a classically correlated state and the trine-POVM (10), which
has been experimentally implemented,” we believe that it will not
be difficult to observe the violation of macroscopic no-signaling, at
least for microscopic quantum systems.
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