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In contrast to Bell’s inequalities which test the correlations between multiple spatially separated
systems, the Leggett-Garg inequalities test the temporal correlations between measurements of a
single system. We experimentally demonstrate the violation of the Leggett-Garg inequality in a
classical optical system using only the polarization degree-of-freedom of a laser beam. Our results
show maximal violations of the Leggett-Garg inequality.

I. INTRODUCTION

In their seminal paper [1], Leggett and Garg formu-
lated a test for violations of the postulates of macrore-
alism based on the temporal correlations between mea-
surements of a single system. The original postulates are
stated as (A1) macroscopic realism per se: a macroscopic
system with two or more macroscopically distinct states
available to it will at all times be in one or the other
of these states, and (A2) non-invasive measurability: it
is possible, in principle, to determine the state of the
system with arbitrarily small pertubation on its subse-
quent dynamics. For a macrorealistic system and some
dichotomic observable Q (with realizations ±1), the cor-
relation function Cij ≡ 〈Q(ti)Q(tj)〉, where Q(ti) is the
measurement of Q at time ti, must satisfy a class of in-
equalities, which are now referred to as the Leggett-Garg
inequalities (LGIs). In the simplest scenario, the LGI is
given by [2]

C21 + C32 − C31 ≤ 1. (1)

Leggett and Garg originally proposed experimental
tests using superconducting quantum interference devices
[1]. Since then, violations of the LGIs have been ob-
served in experiments based on superconducting trans-
mon qubits [3, 4], nuclear spin qubits [5–10], and light-
matter interaction [11]. Experimental violations of the
LGIs have also been demonstrated in optical systems,
most of which measure properties of single photons [12–
16]; whereas, Ref. [17] has experimentally demonstrated
the violation of an LGI with the polarization of classical
light. However, the authors of Ref. [17] utilize a particu-
lar initial state, namely the eigenstate of Q(t1) = +1, to
test a modified version of the LGI shown in Eq. (1). They
employed a non-invasive measurement at t2, which con-
sists of a CNOT operation withe orbital angular momen-
tum as the controlling bit and polarization as the con-
trolled bit. Effectively, the portions of the classical light
beam with horizontal and vertical polarizations are split
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into two different paths. In a recent theoretical proposal
[18], the authors considered the possibility of violating an
LGI with coherent states in a random walk setup, which
utilizes the path degree-of-freedom. All the previous ex-
amples of violations of the LGIs, with the exception of
[17] and [18], are based on measurements of microscopic
systems. While the study of violations of the LGIs in mi-
croscopic systems is interesting in its own right, we feel
this is not sufficient evidence to refute macrorealism in
the eye of a stubborn macrorealist.

In this work, we present an experimental violation of
the LGI in Eq. (1) in a classical optical system using only
the polarization degree-of-freedom of a laser beam. Un-
like Ref. [17], we demonstrated the violation of the LGI
in Eq. (1) using different initial states of polarization.
In the quantum optical sense, a classical state of light
is defined as a convex (i.e., incoherent) sum of coherent
states, and a laser beam is the closest approximation to
a coherent state experimentally. The power of the laser
beam used in our experiment is ∼100 mW, which cor-
responds to ∼1017 photons per second. A system with
such a large number of particles should be considered a
macroscopic system. Throughout the paper, the classi-
cal state of polarization (or simply “state”) of the laser
beam is described using the coherency matrix generaliza-
tion of the Jones calculus [19–22] and quantities with the
hat symbol (̂ ) denote matrices within this context. Our
results show maximal violations of the LGI in Eq. (1).

II. THE JONES CALCULUS AND THE
COHERENCY MATRIX

The Jones calculus [19] is commonly used to describe
the interaction between polarized light and linear optical
components. In the Jones calculus, the state of polarized
light is represented by a Jones vector, and linear opti-
cal components are represented by Jones matrices. For
a monochromatic transverse wave travelling in the +z-
direction, at a particular point in the transverse profile,
the Jones vector is given by a column vector,

|ψ〉 =

(
Ex(t)
Ey(t)

)
, (2)
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where Ex(t) and Ey(t) are the complex amplitudes of the
electric field in the x and y directions, respectively. After
passing through a linear optical component represented
by a 2×2 Jones matrix Ĵ , the initial Jones vector |ψ〉 is

transformed into Ĵ |ψ〉.
While the Jones vector represents polarized light, it

can be generalized to describe partially polarized and
unpolarized light. In this generalization, the state of po-
larization is represented by a coherency matrix [20–22].
The coherency matrix is defined as

ρ̂ =

(
〈Ex(t)E∗x(t)〉 〈Ey(t)E∗x(t)〉
〈Ex(t)E∗y(t)〉 〈Ey(t)E∗y(t)〉

)
, (3)

where 〈·〉 represents the infinite time average. Physically,
the trace of the coherency matrix is equal to the intensity
of the wave, averaged over time. After passing through a
component with the Jones matrix Ĵ , the initial coherency
matrix is transformed into Ĵ ρ̂Ĵ†. The coherency matrix
can also be given by the Stokes parameters s0, s1, s2,
and s3 [23, 24],

ρ̂ =
1

2

(
s0 + s1 s2 + is3
s2 − is3 s0 − s1

)
. (4)

If we consider the normalized Stokes parameters s1/s0,
s2/s0, and s3/s0 as coordinates in the 3-dimensional
Stokes space, then the Jones vectors represent the points
on the Poincaré sphere, while the coherency matrices rep-
resent the points on and inside the Poincaré sphere.

III. EXPERIMENTAL SETUP

Figure 1 shows the experimental setup for testing the
LGI in Eq. (1). The output of a laser can be approx-
imated by the fundamental transverse Gaussian mode
(TEM00). For such a mode with initial state ρ̂, the time
evolution is equivalent to its propagation along the opti-
cal axis [Fig. 1 (a)]. The unitary time evolution Û of ρ̂
is generated by two half-wave plates (HWPs) as shown
in Fig. 1 (b), where θ1 and θ2 are the angles between the
fast axes of the respective HWP and the horizontal axis.
The time evolutions in each time step are chosen to be
the same for simplicity. The correlations functions C21,
C32, and C31 are measured using the respective setups
shown in Fig. 1 (c)-(e). In these setups, the measure-
ment on the coherency matrix is realized via a polarizing
beamsplitter with realizations +1 for horizontal polariza-
tion and −1 for vertical polarization. Under such realiza-
tions, the observable being measured is the Pauli matrix
σ̂z, i.e. Q̂(ti) = σ̂z for i = 1, 2, 3. The measured inten-
sities Iij(m,n) at the intensity detectors represent the
portion of light after measuring m and n at ti and tj , re-
spectively. The measured correlation functions are given
by the intensity measurements in Fig. 1 (c)-(e) as

Cij =

∑
m,n∈{−1,1}mnIij(m,n)∑
m,n∈{−1,1} Iij(m,n)

. (5)

FIG. 1. (a) Time evolution of the coherency matrix ρ̂. (b)

Realization of a unitary operation Û on the polarization ma-
trix using two half-wave plates (H). Experimental setups for
measuring (c) C21, (d) C32, and (e) C31.

Let us denote the left-hand side of the LGI in Eq. (1)
as K ≡ C21 + C32 − C31. To theoretically calculate K
within the coherency matrix representation, we use the
following equations to obtain the theoretical values of the
intensities,

I21(m,n) = Tr
(
P̂ (m)Û P̂ (n)ρ̂P̂ (n)Û†P̂ (m)

)
, (6)

I32(m,n) = Tr
(
P̂ (m)Û P̂ (n)Û ρ̂Û†P̂ (n)Û†P̂ (m)

)
, (7)

I31(m,n) = Tr
(
P̂ (m)Û Û P̂ (n)ρ̂P̂ (n)Û†Û†P̂ (m)

)
, (8)

P̂ (m) =
1 +m

2
P̂H +

1−m
2

P̂V , (9)

where Û represents the total Jones matrix of the two
HWPs in Fig. 1 (b), P̂H and P̂V are the respective Jones
matrices of a horizontal and a vertical linear polarizer,
and Tr(·) denotes the trace of a matrix. The total Jones
matrix of the two HWPs is determined by θ1 and θ2. The
intensities in Eqs. (6)-(8) can be used to calculate the
theoretical values of the correlations functions in Eq. (5).
From the above equations, we can obtain the following
expression for the theoretical value of K in terms of the
HWP angles θ1 and θ2,

K = 2 cos (4θ1 − 4θ2)− cos (8θ1 − 8θ2). (10)
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Note that K is independent of the initial state ρ̂ [16].

IV. RESULTS

FIG. 2. Measured and theoretical values of K for initial states
of (a) diagonal polarization and (b) a partially-polarized state
with degree of polarization of ∼0.8. In both plots, the data
points above the dashed line are the violations of the LGI in
Eq. (1). The theoretical values are calculated using Eq. (10).

Figure 2 shows the experimentally measured and theo-
retically calculated values of K for different initial states.
The diagonal polarization state is generated by rotating
the polarization of the linearly polarized laser beam with
a HWP. The partially-polarized initial state is generated
by combining two orthogonal polarizations [25]. For both
initial states, θ1 is fixed at 0◦ and θ2 is varied from 0◦ to
180◦. The measurements were repeated five times. Both
plots in Fig. 2 show violations of the LGI in Eq. (1).
The main source of experimental error is the laser inten-
sity fluctuations during measurement, as twelve intensity
measurements are needed to calculate one data point in

Fig. 2. The detector noise is comparatively small and
negligible (< 1%). Some of the violations shown in Fig. 2
are higher than the theoretical maximum, which is mostly
a consequence of the intensity fluctuations between mea-
surements. The method used to generate the partially-
polarized polarization state introduces more fluctuations,
which is reflected by the error bars in Fig. 2.

V. DISCUSSION

We presented an experimental demonstration of viola-
tions of the Leggett-Garg inequality using only the po-
larization degree-of-freedom of a laser beam. our results
show that it is possible to violate the LGI in Eq. (1) using
only classical linear polarization optics. The possibility of
violating the LGI with the polarization of classical light
is attributed to the superposition of temporally coher-
ent fields [2, 17]. It has been shown that the LGI can
no longer be violated if the temporal degree of coherence
is below a certain value [17]. However, as we did not
quantify the invasiveness of our measurement apparatus,
our results are still subject to the “clumsiness” loophole
[1, 26], which says that the violation of the LGI is not
due to the fact that the system is non-macrorealistic, but
because the system was subjected to a measurement tech-
nique that happens to disturb it. This loophole can be
closed by using ideal negative-result measurements [1] or
adroit measurements [26]. For ideal negative-result mea-
surements, we would need a device that interacts with
the laser beam for only one particular state of polariza-
tion, and does not interact at all otherwise. For adroit
measurements, we would need to measure an additional
observable, σ̂θ, which can be realized by placing a series
of retarders before the polarizing beamsplitter. However,
even with these improvements, the stubborn macrorealist
can still reject the violation results due to other weaker
loopholes [8, 26].
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