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Classical and Quantum Analysis of Light Polarization in Filter Systems
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We analyze the behavior of light as it passes through systems composed of polarizing filters at
different angular orientations. The analysis is initially conducted in the context of classical optics,
using Malus’s Law to calculate the transmitted intensity for the cases of two perpendicular filters
(0◦ and 90◦) and three filters (0◦, 45◦, and 90◦). We then apply quantum mechanics to describe
the phenomenon using state notation and the probabilistic interpretation of the projection of the
polarization states of photons.

Keywords: Quantum and Classic Physics, Optics, Polarization.

Analisamos o comportamento da luz à medida que ela passa por sistemas compostos de filtros
polarizadores em diferentes orientações angulares. A análise é inicialmente conduzida no contexto
da óptica clássica, usando a Lei de Malus para calcular a intensidade transmitida para os casos
de dois filtros perpendiculares (0◦ e 90◦) e três filtros (0◦, 45◦ e 90◦). Em seguida, aplicamos
a mecânica quântica para descrever o fenômeno usando a notação de estado e a interpretação
probabilística da projeção dos estados de polarização dos fótons.

Palavras-chaves: Física Clássica e Quântica; Óptica; Polarização.

I. Introduction

The behavior of light passing through polarizing
filters has been a fundamental topic in Physics. The
description of the physical phenomenon of polariza-
tion contrasts classical and quantum interpretations
of the phenomenon. The classical version, particu-
larly through Malus’s law, describes the intensity of
polarized light as it passes through a polarizer. In
contrast, quantum mechanics offers an interpreta-
tion based on superposition and the projection of
polarization states of photons [1] revealing unique
insights into polarization manipulation.

In the classical electrodynamics approach, polar-
ization is defined as the dipole moment per unit vol-
ume, applicable to various charge distributions [2].
Malus’s law is derived from this framework, em-
phasizing the linear relationship between the po-
larization angle and the transmitted intensity. The
quantum mechanics approach introduces complexi-
ties, such as entangled photons, where Malus’s law
can be generalized to explain correlations beyond
classical predictions [3]. Quantum interpretations
also address phenomena such as frequency shifts in
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X-ray radiation, which classical models overlook [4].
Recent studies propose innovative methods,

such as metasurfaces, to enhance polarization en-
coding and multiplexing, expanding the applica-
tions of Malus’s law in both classical and quan-
tum optics [5; 6]. Such advances allow sophis-
ticated control over the properties of light, facil-
itating applications in cryptography and imaging
generation. While the classical view simplifies the
concepts of polarization, the quantum perspective
reveals deeper complexities and potential applica-
tions, suggesting a rich interaction between the two
prescriptions.

This article compares these two approaches for
two scenarios of polarizing filters: (i) two perpen-
dicular filters (0◦ and 90◦); and (ii) three filters,
with one intermediate at 45◦. Mathematical de-
scriptions compatible with both classical and quan-
tum versions are adopted.

II. Classical Analysis

A. Case of Two Perpendicular Filters

Consider unpolarized light with initial intensity
I0 incident on a system of two polarizing filters, A
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and C, oriented at 0◦ and 90◦, respectively. When
unpolarized light passes through the first polarizing
filter A (0◦), the intensity of the transmitted light
is reduced by half as shown by the equation (1):

IA = (I0/2) . (1)

After passing through filter A, the light is polarized
in the 0◦ direction. When passing through filter
C, which is oriented at 90◦, the intensity of the
transmitted light is governed by Malus’s Law, as
indicated in (2):

IC = IA cos2(90◦). (2)

Since cos(90◦) = 0, we have the following expression
for the transmitted intensity after filter C:

IC = IA × 0 = 0. (3)

Therefore, the intensity of the light after filter C
is zero, according to equation (3). The light polar-
ized at 0◦ has no components in the 90◦ direction,
resulting in its complete absorption by filter C.

B. Case with Intermediate Filter at 45◦

Now we consider the insertion of an intermedi-
ate polarizing filter B oriented at 45◦ between filters
A (0◦) and C (90◦). The light passing through fil-
ter A is still polarized at 0◦, with intensity given
by equation (1). When this light polarized at 0◦

passes through filter B, at 45◦, the intensity of the
transmitted light is

IB = IA cos2(45◦). (4)

Since cos(45◦) = 1/
√

2, the transmitted intensity
after filter B becomes:

IB = I0

2 ×
(

1√
2

)2
= I0

4 . (5)

Now, the light exiting filter B is polarized at 45◦.
When passing through filter C, oriented at 90◦,
the transmitted intensity is again determined by
Malus’s Law in (6):

IC = IB cos2 (45◦) . (6)

Substituting IB and cos(45◦), we obtain the final
result for the transmitted intensity after filter C,
according to equation (7):

IC = I0

4 × 1
2 = I0

8 . (7)

Therefore, with the intermediate filter at 45◦, the
intensity of the light after filter C is not zero, but
rather I0/8. The intermediate filter allows the light
to have a component in the 45◦ direction, which in
turn has a component in the 90◦ direction.

III. Quantum Analysis

A. Case of Two Perpendicular Filters

In the formalism of quantum mechanics, the po-
larization of a photon can be described by vector
states in two-dimensional Hilbert space. Consider
the filter A at 0◦ corresponds to a horizontal polar-
ization state |H⟩ being represented by:

|H⟩ =
(

1
0

)
,

and, the filter B at 90◦ corresponds to a vertical
polarization state |V ⟩ which is represented as:

|V ⟩ =
(

0
1

)
.

If a photon initially strikes a polarizing filter A
aligned at 0◦, the final state after the filter is:

|ψ⟩ = |H⟩ . (8)

The probability of this photon passing through a
second filter polarized B at 90◦ is given by the
square of the inner product between the initial state
|H⟩ and the corresponding state of the filter |V ⟩, as
indicated in equation (9):

P = |⟨V | H⟩|2 . (9)

Since ⟨V | H⟩ = 0, we have P = 0. Therefore, the
probability of a photon polarized at A(0◦) passing
through a filter polarized at B(90◦) is zero, which
is in agreement with the classical result.

Note, however, that in the classical approach the
null value found in equation (3) refers to the inten-
sity of the light after passing through the polarized
filters. In the quantum approach expressed in equa-
tion (9), the null value refers to the probability of
some photon passing through the filters. These are
different perspectives of the same phenomenon.

B. Case with Intermediate Filter at 45◦

When we insert an intermediate filter at 45◦, the
polarization state after filter A is |H⟩. The filter B
at 45◦ corresponds to a diagonal polarization state
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is a superposition of |H⟩ and |V ⟩:

|D⟩ = 1√
2

( |H⟩ + |V ⟩ )

= 1√
2

(
1
0

)
+ 1√

2

(
0
1

)
= 1√

2

(
1
1

)
.

The probability of a photon initially in |H⟩ passing
through B is expressed by equation (10):

PB = |⟨D | H⟩|2

=
∣∣∣∣ 1√

2
⟨H | H⟩ + 1√

2
⟨V | H⟩

∣∣∣∣2

=
∣∣∣∣ 1√

2

∣∣∣∣2
= 1

2 .

(10)

If the photon passes through filter B, its state is
projected into |D⟩. The probability that this photon
passes through filter C at 90◦ (state |V ⟩) is

PC = |⟨V | D⟩|2

=
∣∣∣∣ 1√

2
⟨V | H⟩ + 1√

2
⟨V | V ⟩

∣∣∣∣2

=
∣∣∣∣ 1√

2
× 0 + 1√

2
× 1

∣∣∣∣2
= 1

2 .

(11)

The total probability of transmission through the
three filters is the product of the probabilities:

Ptotal = PB × PC = 1
2 × 1

2 = 1
4 . (12)

Since the intensity is proportional to the probability,
the quantum result in (12) is consistent with the
classical result of equation (7).

IV. Discussion & Conclusion

The quantum mechanical interpretation of po-
larization differs from the classical approach pri-
marily in how it describes the state of light and
the probabilities associated with its transmission
through polarizing filters.

In classical optics, polarization is described us-
ing electromagnetic wave theory, where light is
treated as a wave that can be polarized in differ-
ent directions. The intensity of light transmitted
through a polarizer is calculated using Malus’s Law,
which relates the angle of the polarizer to the inten-
sity of transmitted light. The intensity of light after
passing through a polarizer is deterministic and can
be calculated directly. For instance, when unpolar-
ized light passes through a polarizer, the intensity
is halved.

In contrast, quantum mechanics describes the
polarization of light in terms of quantum states. For
example, the horizontal polarization state, denoted
as |H⟩ and the vertical polarization state as |V ⟩.
The state of a photon can be represented as a vec-
tor in a Hilbert space, allowing for a more nuanced
understanding of superposition and entanglement.
The probability of a photon passing through a po-
larizer is determined by the inner product of the
photon’s state vector and the polarizer’s state vec-
tor.

The inclusion of intermediate filters also high-
lights the difference. In classical optics, inserting a
filter at 45◦ between two perpendicular filters allows
some light to pass through, as it can be partially
polarized in the direction of the intermediate filter.
The transmitted intensity can be calculated using
Malus’s Law. In quantum mechanics, the interme-
diate filter alters the state of the photon. The pho-
ton can be in a superposition of states after passing
through the 45◦ filter, allowing it to have a non-
zero probability of passing through the final 90◦ fil-
ter. The total probability of transmission through
multiple filters is the product of the probabilities
for each filter, illustrating the quantum mechanical
principles of superposition and projection.

Despite the differences in the description of the
classical and quantum analyses, the results of the
calculations show an agreement between the two de-
scriptions for the transmission of unpolarized light
through polarizing filters. Although, at first glance,
equations (7) and (12) present different numerical
results, it should be remembered that the classical
result calculates the luminous intensity at the end
of each system of polarizing filters, while the quan-
tum version talks about the probability of photons
reaching the end of their path by passing through
the sequence of filters.
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