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Abstract In this paper, I argue that light is a continuous classical electromagnetic wave, while the observed so-
called quantum nature of the interaction of light with matter is connected to the discrete (atomic) structure of matter
and to the specific nature of the light–atom interaction. From this point of view, the Born rule for light is derived,
and the double-slit experiment is analysed in detail. I show that the double-slit experiment can be explained without
using the concept of a “photon”, solely on the basis of classical electrodynamics. I show that within this framework,
the Heisenberg uncertainty principle for a “photon” has a simple physical meaning not related to the fundamental
limitations in accuracy of the simultaneous measurement of position and momentum or time and energy.

Keywords Wave–particle duality of light · Classical electrodynamics · Double-slit experiment · Born rule ·
Heisenberg uncertainty principle
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1 Introduction

There are two opposing perspectives on the nature of light.
According to the first perspective, i.e., orthodox, light has both wave- and particle-like properties: in some

experiments (diffraction and interference experiments), light behaves as a classical electromagnetic wave, while in
other experiments (interaction with matter), light behaves as a flux of particles, i.e., photons. This property of light
was called the wave–particle duality. Directly, the wave–particle duality of light can be observed in many optical
experiments; the duality is manifested in the observation that light interacting with matter induces discrete events
(clicks of detector or the appearance of spots on a photographic plate), which are interpreted as the interactions of
single photons; however, after prolonged exposure, these discrete events merge into a single continuous pattern,
well described by classical electrodynamics or even classical optics [1,2].
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Such a perspective on the nature of light is now considered to be the official one, being described in all textbooks
and monographs on quantum physics and optics. From this point of view, the wave–particle duality is considered to
be a fundamental property of nature. At the same time, the wave–particle duality is one of the greatest mysteries of
modern physics because it is impossible to imagine a physical object that has the properties of both a wave (object
continuously distributed in a space) and a particle (object localised in a small region of space). Most clear and
impressively, the paradoxes associated with the wave–particle duality of light are manifested in Young’s double-slit
experiment and in Wiener’s experiments with standing waves: the closing of one of the slits in the double-slit
experiment changes the “behaviour” of the photons that pass through the open slit, while the installation or removal
of a mirror in the Wiener experiments results in a “spatial redistribution” of photons in the incident beam [3]. These
paradoxes gave rise to a whole new direction in quantum physics—the interpretation of quantummechanics [3–12].

Experiments indicate that the wave properties of light cannot be explained as a result of the interaction of photons
in the beam because they are manifested, even for a very weak light source, when “photons fly alone” [1,2]. This
behaviour indicates that each individual photon should have wave properties. As a result, the representation that the
photon interferes with itself has appeared.

The discovery of the wave–particle duality of light raised numerous fundamental questions among physicists, the
most difficult of which are the following: (i) what is a photon? (ii) How may one and the same matter (light) have
such incompatible properties in terms of classical physics: both wave and particle? These questions were considered
by A. Einstein, who made several attempts to answer them [13–15]. On 12 December 1951, Albert Einstein wrote
to M. Besso: “All these 50 years of conscious brooding have brought me no nearer to the answer to the question:
What are light quanta?”

Despite the fact that the concept of a “photon” has become generally accepted, following A. Einstein, we can
say that even now, after more than 100 years since the introduction of the concept of the wave–particle duality in
physics, we are unable to answer the fundamental question: what is a photon?

Quantum electrodynamics, which is based on the Copenhagen interpretation that postulates the wave–particle
duality, approaches this problem formally, providing a mathematical formalism for the calculation of the various
phenomena at the atomic and subatomic levels and, at the same time, abandoning the classical images of waves and
particles. In fact, currently, we have an elegant mathematical theory that does not represent the object it actually
describes.

Compatibility between the wave and corpuscular properties of light in quantum theory is achieved by using a
probabilistic interpretation of optical phenomena: the probability p of finding a photon at some point in space is
proportional to the intensity of the classical light wave I ∼ E2 at this point, calculated on the basis of the methods
of wave optic [16]:

p ∼ E2, (1)

where E is the strength of the electric field of the classical light wave.
Equation (1) is a mathematical formulation of the wave–particle duality because the probability p refers to the

particle (photon), while the intensity I ∼ E2 refers to the wave, which, in many cases, can be calculated by the
methods of classical wave optics.

The rule (1), underlying the photonic interpretation of experiments with light, is an independent postulate of
quantum mechanics.

We will call Eq. (1) for brevity “the Born rule for light” by analogy with the same type of Born rule describing
the probability of finding a nonrelativistic quantum particle.

Thus, the description of optical experiments within the framework of the photon hypothesis consists of two
independent parts: (i) theMaxwell equations describing the propagation of light and (ii) the Born rule (1). Precisely,
the Born rule (1) results in a paradox in explaining the wave–particle duality of light [3].

At the same time, there is another point of view, according to which there are no photons; in this perspective,
light is a continuous classical electromagnetic wave that is completely described by Maxwell equations, while the
so-called “quantum properties” of light are “manifested” only during the interaction of light with matter, which is
connected to the specific nature of this interaction. This point of view is now shared by only a small part of physical
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community, but at a different time, this point of view was supported by many authoritative physicists, such as M.
Planck, E. Schrödinger, W. E. Lamb, Jr., A. Lande, E. T. Jaynes et al. For example, Planck was a proponent of a
semi-classical theory, in which only the atoms and their interactions were quantised, while the free fields remained
classical. We note that even N. Bohr, one of the authors of the Copenhagen interpretation of quantum mechanics
and the most implacable defender of the Copenhagen interpretation, at the beginning, with his usual enthusiasm,
was also an opponent of light quanta [17], although he implicitly placed photons into the basis of his mechanistic
model of the hydrogen atom. The most consistent opponents of the concept of photons were the Nobel PrizeWinner
Lamb [18,19] and Lande [20]. Jaynes had questioned the need for a quantum theory of radiation [21].

Indeed, many quantum phenomena, traditionally described by quantum electrodynamics, can in fact be explained
within the framework of so-called semi-classical theory, in which atoms are described by the wave equations
of quantum mechanics (Schrödinger, Dirac, etc.), while light is described by classical electrodynamics without
quantisation of the radiation. These phenomena include the photoelectric effect [22,23], the Compton effect [24–
28], the Lamb shift [29–32], radiative effects [30–33], spontaneous emission [29,32,33], the Hanbury Brown and
Twiss effect [34,35], etc. In recent years, this point of view is again attracting the attention of physicists [21,36–41]
who are not satisfied with existing interpretations of quantum mechanics.

I completely share this position: many well-known experimental facts, which are traditionally interpreted as a
manifestationof thewave–particle duality of light, can in fact be explainedon the basis of purelywave representations
of light without involving the “photon” concept. In this article, I will describe the arguments in support of this point
of view.

In the present paper, the author begins a series of articles involving the justification and development of the point
of view that the photon does not exist and that light is a classical wave field described by the Maxwell equations. In
doing so, the Maxwell equations and the wave equations (Schrödinger, Dirac, etc.) describing the atoms are found
to be sufficient for a complete and consistent description of the majority of well-known experiments involving light
and matter.

2 Wave–particle duality of light

2.1 Interaction of a classical electromagnetic wave with an atom

The “corpuscular” properties of light are manifested in its interaction with matter. Precisely an interpretation of the
results of experiments on the light–matter interaction has led to the emergence of the concept of a “photon” as a
“particle of light”. In the early years of the development of quantum theory, it was believed that only the quantisation
of the light field can explain the processes of light–matter interaction; however, later, it became clear that these
phenomena can be described within the limits of the so-called semi-classical theories [22–27,29–33,36–46].

Note that many of these results have been known since the dawn of quantum mechanics; however, in view of the
rapid and certainly remarkable successes of quantum electrodynamics, they have not received proper attention and
development.

Common to all the semi-classical theories is that light is considered as a classical electromagnetic wave, which
is described by Maxwell’s equations, while the atoms of matter, with which this wave interacts, are described by
the Schrodinger equation or other wave equations (Klein–Gordon, Pauli Dirac), depending on the degree of detail
of the described process.

The question of why the atoms of matter are described by the wave equations will be discussed in subsequent
articles of this series.

If the interaction of light (classical electromagnetic waves) with an atom is weak compared to the intra-atomic
interactions (which is typical for the majority of experiments with light), then the process can be described within
the limits of perturbation theory [47], according to which the probability of excitation (ionisation) of an atom in the
field of a monochromatic electromagnetic wave for time �t is equal to

w�t = bI�t, (2)
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where w is the probability of excitation (ionisation) of atoms per unit time; I ∼ E2 is the intensity of the classical
electromagnetic wave at the location of the atom; and b is a constant depending on the characteristics of the atom,
the frequency of the incident electromagnetic wave and the states between which the transition of the atom occurs
under the action of the electromagnetic wave.

Expression (2) is sufficient to explain, without using the concept of a “photon”, themany processes of light–matter
interaction, in which the so-called “quantum” properties of light are manifested.

Note that unlike the Born rule (1), expression (2) is not a postulate; rather, it follows from the exact theory (exact
in the sense in which, for example, the Schrodinger equation is an exact equation describing the atom).

Hereinafter, I will show that based on expression (2) and taking into account the discrete (atomic) structure ofmat-
ter, it is easy to explain the “wave–particle duality” of light, remaining within the realm of classical electrodynamics,
while the concept of a “photon” becomes superfluous.

2.2 Born rule for light

Suppose there is awave fieldE, which represents, generally, the result of the interference of classical electromagnetic
waves. If we place a detector into this field, then an excitation of an arbitrarily chosen atom of the detector occurs
with probability (2); this interaction would be perceived as a triggering of the detector. Thus, the random excitation
of the atom (the detector operation) would occur under the action of a continuous electromagnetic wave and is not
related to the discrete (quantum) structure of the light. Taking into account the fact that the detector consists of
a plurality of atoms, the sequence of discrete events, i.e., excitations of different atoms of the detector, would be
observed under the action of the electromagnetic wave, which can occur either in the form of clicks of the detector
or in the form of the appearance of spots on a photographic plate. These events occur randomly in space and time,
but after a prolonged exposure, they form a continuous, non-random, deterministic macroscopic picture.

Let us introduce the probability P−(t) that a randomly selected atom located in the light field is not excited
(ionised) for time t . Obviously, P−(t) satisfies the equation

dP−
dt

= −wP− (3)

with the initial condition

P−(t0) = 1, (4)

where t0 is the time of the beginning of irradiation of the atom by the electromagnetic wave; w is determined by
expression (2).

The solution of Eqs. (3) and (4) is as follows:

P−(t) = exp

⎛
⎝−

t∫

t0

w(t ′)dt ′
⎞
⎠ . (5)

Accordingly, the probability that the atom would be excited (ionised) at time t is

P+(t) = 1 − P−(t). (6)

When the electromagnetic wave is weak and satisfies the condition
t∫

t0

w(t ′)dt ′ � 1 (7)

one approximately obtains

P+(t) ≈
t∫

t0

w(t ′)dt ′. (8)
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Taking into account expressions (2) and (8), for an atom in a weak electromagnetic wave, one obtains

P+(t) ∼ E2. (9)

If we use the “photonic” interpretation of the observed process, each excitation of the atom would be interpreted
as a “photon” hitting the point that is the location of the atom. In this case, we need to assume that a “photon” hitting
the given point in space inevitably causes a click of the detector or the appearance of a spot on the photographic
plate. In this case, we can discuss the probability of finding the “photon” at the given point in space. Such an
analysis implies that we apply a discreteness of matter (detector), consisting of atoms, to the “structure” of light:
instead of discrete matter, we consider it a continuous one, while instead of a continuous electromagnetic (light)
wave, we consider the flux of discrete quanta—“photons”. As a result, we interpret a single event (a click of the
detector or the appearance of a spot on the photographic plate) as hitting the “photon” at some point in space filled
with continuous matter. In this case, the number of excited atoms of matter (the detector) is considered to be equal
to the number of “photons” that arrived at the detector. Let the total number of atoms in a selected volume V of
matter (e.g., on a selected surface of the photographic plate) be equal to N and be uniformly distributed thereon.
Let us choose a small volume dV , in which dN = N

V dV atoms are located. Then, for time t within volume dV ,
dN+ = P+dN atoms would be excited:

dN+ = P+
N

V
dV . (10)

Because we interpret the excitation of the atoms as photons hitting the atoms, the number of photons entering
the volume dV would be determined by expression (10). Accordingly, the probability of a photon entering into a
given volume dV is

pdV = P+∫
P+dV

dV, (11)

where the integral is taken over the entire volume (e.g., the entire surface of the photographic plate).
Thus, the probability density to detect a photon at a given point in space is given by

p = P+∫
P+dV

∼ P+. (12)

Using expressions (5) and (6), one obtains

p(t) ∼ 1 − exp

⎛
⎝−

t∫

t0

w(t ′)dt ′
⎞
⎠ . (13)

In the case of weak electromagnetic waves satisfying condition (7), we have

p ∼
t∫

t0

w(t ′)dt ′. (14)

Taking into account expression (2), one obtains

p ∼ E2. (15)

This expression is none other than the Born rule for “photons” (1).
The above analysis leads to the following conclusions: (i) the Born rule for light (1) is a trivial consequence

of quantum mechanics if the electromagnetic wave is considered as a classical field, while the matter (detector) is
considered as consisting of discrete atoms; (ii) the Born rule (1) is valid only for weak electromagnetic waves and a
relatively short exposure time, satisfying condition (7). For strong electromagnetic waves or for a longer exposure
time for which condition (7) is not satisfied, the Born rule should be replaced by the stricter rule (13), according to
which the dependence of probability p on E2 is more complicated:

p(t) ∼ 1 − exp(−γ E2�t), (16)
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where taking into account (2), the following is introduced
t+�t∫

t

w(t ′)dt ′ = γ E2�t (17)

and γ does not depend on E2.
Thus, instead of the postulated Born rule (1), the more general rule (2), following from quantum mechanics and

classical electrodynamics, should be used; the more general rule does not lead to paradoxes, such as the wave–
particle duality. If we accept the rule (2) as a basis, then the Born rule (1) will immediately follow from it, as a
reasonable approximation, which is valid, however, only for weak waves or short exposure times.

We see that the direct application of the Born rule (1) as the primary principle leads to the wave–particle duality,
while the more general rule (2) does not lead to paradoxes in interpreting the experimental data.

2.3 Double-slit experiment

Double-slit experiments [1,2], along with experiments involving standing waves [48–51], are direct and evident
“demonstrations” of the wave–particle duality of light and the related paradox. Numerous attempts to explain these
experiments by unusual (non-classical) motion of point “photons” were unsuccessful [4–12].

Here, I show that the double-slit experiment can be easily explained in terms of classical electrodynamics if we
take into account the discrete structure of matter (a screen, a detector) and the specific nature of the interaction of
light with matter, which is described by the Schrodinger equation (or other wave equation of quantum mechanics).

Let a weak classical electromagnetic wave pass through the diffractive device, such as a diffraction grating or
a system of slits in an opaque screen, and impinge on the surface of the photoactive substance (conditionally, a
photographic plate), the atoms of which can be excited by light.

For simplicity, I assume that the photographic plate represents a single layer of atoms, in which the atoms are
placed randomly with surface density n (number of atoms per unit surface). The atoms are the quantum objects,
which are described by the Schrodinger equation, whereas the light is a classical electromagnetic wave. The light
intensity can be calculated using classical optics and is considered to be known on the surface of the photographic
plate.

We are interested in the interaction of a weak light wave with matter, when the “photons” impinge on the surface
of the photographic plates one by one. It is these conditions realised in the double-slit experiments [1,2] that
demonstrate “the wave properties of individual photons”.

The probability of excitation (ionisation) of any atom on the surface of photographic plates is described by
expression (2).

Generally speaking, relation (2) itself explains the “wave–particle duality of light”; nevertheless, for a clear
“demonstration” of the “wave–particle duality of light”, we will perform the direct calculation of the interaction of
light with a photographic plate, assuming that the excitation (ionisation) of an atom is perceived as blackening of
the appropriate point of the photographic plate.

The calculation proceeds using the Monte Carlo method: at each time, the probability of excitation of each
unexcited (non-ionised) atom will be calculated. The calculation for each atom is continued until its excitation
(ionisation) occurs.

The rate of atomic excitation w does not depend on the concentration of atoms and is determined only by the
intensity of the radiation at a given point of the screen. If the radiation intensity does not change with time, then the
law of excitation of atoms will be similar to that of radioactive decay. In particular, the probability of excitation at
time t of an atom located at a point on the screen with a given value w is

P+(t) = 1 − exp(−wt). (18)

Taking into account (2), one obtains

P+(t) = 1 − exp(−bI t). (19)
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Let us introduce the nondimensional time

τ = bI0t, (20)

where I0 is the maximum intensity of light on the screen (photographic plate).
In this case, the probability of excitation of the atom for time t at the points on the screen having the intensity of

light I is

P+(t) = 1 − exp(−(I/I0)τ ). (21)

As an example, I consider the calculation of the double-slit experiment. In this case, the distribution of the light
intensity on the screen is given by the well-known expression [51]

I (z) = I0 cos
2
(
d

b
x

) (
sin x

x

)2

, (22)

where

x = πb

λH
z, z = H sin θ,

b is the width of the slits; d is the distance between the slits; λ is the wavelength of light; H is the distance from
the slits to the screen; and θ is the angular coordinate.

For the calculation of the double-slit experiment using the Monte Carlo method, I create a system of randomly
and uniformly distributed points i = 1, . . . , N in a given area Lz × Ly , simulating the screen. These points are
considered as the atoms of the material of the screen. I use the average distance between atoms as a length scale;
in these units, the concentration of the atoms on the surface of the screen is equal to unity.

At each moment of time τ for each yet unexcited atom, the probability P+i is calculated by expressions (21) and
(22); at the same time, the random number Ri ∈ [0, 1], i = 1, . . . , N , is generated by a random number generator.
If the condition Ri ≤ P+i is satisfied, then the given atom is considered to be excited, and it is depicted by a black
dot. Unexcited atoms are not depicted.

The results of the calculations of the process of the “accumulation of photons” on the screen for different
moments of time τ at πb

λH =0.03 and d/b = 5 are shown in Fig. 1 (left). The markers on the graph on the right are
the histogram obtained by treating the corresponding picture on the left; the line on the graph on the right is the
theoretical dependence (22), predicted by classical optics.

Comparing Fig. 1 with the real picture of the “accumulation of photons” on the photographic plate in the double-
slit experiment [2], we see that the calculated pattern is completely consistent with the experimental interference
pattern and the model completely reproduces the results of these experiments: at short exposure times or at low
intensities of the light, the random system of dots on the screen appears, which can be interpreted as the places
of the “fall of the photons” on the screen, although no photons were considered in our model. With increasing
exposure time or intensity of light, these dots form clear interference patterns corresponding to the theoretical
distribution of intensity, as follows from wave optics. Closing one of the slits, we obtain, in accordance with the
considered calculation scheme, exactly the picture predicted by classical optics. In other words, we do not find the
“wave–particle duality” of light and the related paradox.

Thus, we see that the double-slit experiments can be easily interpreted in terms of wave optics and quantum
mechanics, based on the Schrödinger equation.

Obviously, this method also allows for reproduction of the results of theWiener experiments with standing waves
for low light intensity and, in particular, Lippmann fringes.

Note that according to expression (21), the change in light intensity I0 does not result in changes in the pattern in
Fig. 1; only the time scale is changed: at high light intensity, the same pattern is reached at a shorter exposure time.
At high light intensity or at a long exposure time, condition (7) may be violated, and the pattern on the photographic
plate will be different from the predictions of wave optics. This means that the simple Born rule (1) for light in
these cases ceases to work, and we need to use the common rule (21).

123



154 S. A. Rashkovskiy

a

b

c

-100 -80 -60 -40 -20 0 20 40 60 80 100
0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8

0.9

1

-100 -50 0 50 100z

I /I 0

-100 -80 -60 -40 -20 0 20 40 60 80 100
0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8

0.9

1

-100 -50 0 50 100z

I /I 0

-100 -80 -60 -40 -20 0 20 40 60 80 100
0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8

0.9

1

-100 -50 0 50 100z

I /I 0

Fig. 1 (Colour online) Interference pattern buildup (left) and the corresponding distribution functions of dots on the screen (right) for
different exposure times τ , obtained using the Monte Carlo simulation of the interaction of light with the detecting screen. a τ = 0.02
(100 “photons”); b τ = 0.1 (424 “photons”); c τ = 1 (3452 “photons”); d τ = 10 (11,600 “photons”); e τ = 30 (14,530 “photons”).
The markers on the graphs (right) show the histograms obtained by treating the corresponding picture on the left picture; the line is the
theoretical dependence (22), predicted by classical optics

For an arbitrary exposure time, the probability “to detect a photon” at a given point of the photographic plate is
determined by expression (12), which, taking into account expression (22), can be written as

p

p(0)
= 1 − exp(−(I/I0)τ )

1 − exp(−τ)
, (23)

123



Quantum mechanics without quanta: the nature of the wave–particle duality of light 155

d

e

-100 -80 -60 -40 -20 0 20 40 60 80 100
0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8

0.9

1

-100 -50 0 50 100z

I /I 0

-100 -80 -60 -40 -20 0 20 40 60 80 100
0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8

0.9

1

-100 -50 0 50 100z

I /I 0

Fig. 1 continued

where p(0) is the probability “to detect a photon” in the middle of the photographic plate (at I = I0). The ratio
p/p(0) in the double-slit experiments with the “single photons” plays the same role as the ratio I/I0 in the optical
experiments. In particular, at the short exposure times τ � 1, we obtain from expression (23) the Born rule:
p/p(0) ≈ I/I0.

At a long-term exposure, the diffraction pattern will qualitatively appear as that predicted by wave optics, i.e.,
a system of periodic fringes, but quantitatively, it will be significantly different from both the predictions of wave
optics (the line in Fig. 1, right) and the predictions based on the simple Born rule (1). The quantitative agreement
with the wave theory will be observed only at relatively short exposure times, when condition (7) is satisfied. Note
that the quantitative disagreement with the wave theory is observed also at very short exposure times (Fig. 1a, b);
however, if for a long exposure time, this difference is due to the approximate nature of the Born rule (1), for short
exposure times, this difference is connected to the random scatter due to the small number of recorded events. If
one performs a large number of similar tests with a short exposure time and averages the results of these tests, then
for τ � 1, the obtained pattern will exactly correspond to the predictions of classical optics (22) and the Born rule
for light (1). This result is confirmed by Fig. 2 (left), which presents the results of the calculations for τ = 0.1
averaged over ten statistical realisations. A similar result corresponding to the long exposure (τ = 5) is shown in
Fig. 2 (right). The lines in Fig. 2 (right) show expression (23) corresponding to τ = 0 (it coincides with expression
(22)) and τ = 5. In this case, the distribution of dots on the screen is found to be significantly different from that
predicted by classical optics (22) and the Born rule (1); however, the distribution is well described by the general
expression (23). For comparison, Fig. 3 shows the normalised distribution function calculated by expression (23)
for different exposure times τ .
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Fig. 2 (Colour online) Comparison of the results of Monte Carlo simulations using expression (21) for τ = 0.1 (left) and τ = 5
(right) and averaged over ten statistical realisations (markers), with expression (22) [predicted by classical optics (line τ = 0)] and with
dependence (23) [predicted by classical electrodynamics, taking into account expression (2) (line τ = 5)]. The data shown in Fig. 1
correspond to one particular test

Fig. 3 (Colour online)
Normalised distribution
functions of the number of
“photons” calculated using
expression (23) for different
exposure times τ

Note that the theoretical dependence (22) (line τ = 0 in Figs. 1, 2, 3) describes the distribution of dots on the
screen, which must be obtained within the “photon” theory if we assume that the probability of finding a photon
at a given point is determined by the Born rule (1) and all the photons falling on the photographic plate cause its
blackening with the same probability. Thus, according to the “photon” theory, the normalised distribution of dots
on the screen should not depend on the exposure time (at least as long as the fraction of excited atoms on the surface
of the screen is small). In contrast, according to the “photon-free” theory, when light is considered as a classical
electromagnetic wave, the distribution of dots on the screen (23) will substantially depend on the exposure time,
and already at τ > 1.5, the distinction from the “photon” theory (22) will be clearly visible (Figs. 2, 3). This fact
can be used for experimental verification of the theory.

3 Concluding remarks

The following are the most important “quantum” effects for which the theoretical calculation does not require the
quantisation of radiation:

1. Double-slit experiment and the Wiener experiments with standing waves.
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2. Compton effect. In quantummechanics, the Compton effect occupies a special place. This effect is considered to
be direct proof of the existence of photons. Exactly after the discovery of the Compton effect and its explanation
based on photonic representations, many physicists began to perceive photons as the real physical objects. In the
canonical, for quantum mechanics, explanation of the Compton effect, it is considered an elastic scattering of
photons by free electrons. In this case, photons are considered as massless relativistic particles that have energy
h̄ω and momentum h̄ωc. Such an explanation of the Compton effect is included in all textbooks and books on
physics.
However, even at the dawn of quantum mechanics, the Compton effect was explained without using the concept
of the photon [24–27,52,53]: light was considered as a classical electromagnetic wave, while electrons were
described by Klein–Gordon or Dirac equations. From the considered points of view, the approach [26] based
entirely on classical electrodynamics is of particular interest. In that paper, the classic electric current, which
creates the scattered electromagnetic wave, was calculated on the basis of the solution of the Klein–Gordon
equation. At the same time, in papers [24,25], the wave equation was used only as a tool for calculating the
matrix elements; this approach makes the obtained results more formal and less clear from the physical point
of view. A pictorial explanation of the Compton effect was proposed by Schrödinger [52] on the basis of purely
wave representations: he considered light as a classical electromagnetic wave and drew an analogy between the
scattering of this wave on the de Broglie wave and the Bragg scattering of light on ultrasonic waves considered
by L. Brillouin.

3. Photoelectric effect. All the known regularities of the photoelectric effect are explained if light is considered
as a classical electromagnetic wave, whereas atoms are described by the wave equation, e.g., Schrödinger or
Dirac [22,23,53]. From perturbation theory, it follows [47,54] that a threshold effect occurs at the transition of
an atomic electron into the continuum: if the frequency of the incident light is less than the threshold frequency
Ui/h̄, whereUi is the ionisation potential of the atom, then ionisation does not occur andw = 0. Otherwise, the
ionisation probability is determined by expression (2). This completely explains the photoelectric effect without
invoking the concept of a “photon”.

4. Hanbury Brown and Twiss effect [34,35]. This effect has a simple classical explanation [42–46] if expression
(2) is used and we assume that the components of the electric field vector of the light wave E are random
variables and have a Gaussian distribution. In this case, each click of the detector is considered to be the result
of the excitation of one of the atoms under the action of light.

5. Interaction of an intense laser field with an atom. One of the striking examples of how “photons” appear in theory
that does not consider the quantisation of light is the Keldysh theory [55], which describes the multiphoton and
tunnel ionisation of atoms in an intense laser field. In the Keldysh theory, atoms are described by the Schrodinger
equation, while light is considered as a continuous classical electromagnetic wave. Nevertheless, the obtained
continuous solution of the Schrodinger equation is interpreted from the standpoint of “photonic” theory, which
allows for the conclusion that, under certain conditions, “multiphoton” ionisation of an atom occurs when the
atom “simultaneously absorbs several photons”. Such an interpretation is based on the fact that the solution
of the Schrodinger equation contains components with a phase factor nh̄ω, where n = 1, 2, . . ., which is
interpreted as a result of the simultaneous absorption of n “photons”. From the mathematical point of view,
these “multiphoton” terms are simply the conventional terms of the expansion of solutions in the Fourier series,
and in any other (“non-quantum”) theories, they would be perceived as quite trivial. It is paradoxical that
radiation is not quantised in the Keldysh theory and in its solution and is considered as a continuous wave; the
“photons” appear only at the stage of interpreting the results of the solution. This situation is typical for many
processes in which the “quantum effects” are manifested.

6. The Heisenberg uncertainty principle, along with the Born rule and the complementarity principle, is the basis
of the Copenhagen interpretation of quantum mechanics. The Heisenberg uncertainty principle is considered
as a quantitative justification of the wave–particle duality. This justification is achieved by interpreting the
uncertainty relations as the constraints imposed by nature on the precision of simultaneous measurements of
the position and momentum of a quantum object.
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Let us consider the classical electromagnetic wave packet E(r, t). From the properties of the Fourier transform,
which is the basis of an elementary proof of the uncertainty relations (see, e.g., [16,51]), it follows that

�x�kx ≥ 1

2
, (24)

where �x is the characteristic width of the wave packet; �kx is the characteristic width of the range of wave
numbers kx of monochromatic waves entering into the packet.

Obviously, the uncertainty relation (2) does not have the mystical meaning that is ascribed to the Heisenberg
uncertainty principle in the Copenhagen interpretation. The relation simply states a mathematical fact: the greater
the width of the wave packet, the smaller the range of wave numbers of monochromatic waves entering into the
wave packet and vice versa. Multiplying expression (2) by the Planck constant and using the formal expression
p = h̄k, we obtain the Heisenberg uncertainty relation

�x�px ≥ 1

2
h̄. (25)

This relation can be interpreted as a formal connection between the spatial width of the wave packet and a range
of momentum of the “photons” entering into the packet. If the energy of the classical wave packet E(r, t) is less than
the energy of one “photon” h̄ω, then it is necessary to resort to the probabilistic interpretation (1), and expression
(3) should be interpreted as the limitations on the accuracy of simultaneous measurements of the position and
momentum of the “photon”. As we have shown above, the explanation of many “quantum effects” does not require
the use of the concept of a “photon” as a real physical object. Therefore, in reality, expression (3) contains no more
meaning than expression (2). A similar conclusion can be made regarding the Heisenberg uncertainty relation for
time and energy.

We see that many so-called quantum phenomena (even the most iconic for quantum theory) can be described in
detail without the quantisation of radiation within the images that are contained already in classical field theory.

From this point of view, the “photons” are the result of the incorrect interpretation of optical phenomena, where
instead of the actual process of the interaction of a continuous classical electromagnetic wave with a detector, which
has a discrete (atomic) structure, a fictitious system is considered, in which the flux of discrete particles of light
(the “photons”) interacts with a continuous (structureless) detector. In this case, the real discrete structure of the
detector is replaced by a fictitious discrete structure of radiation (e.g., light).

We see that the use of the concept of “photons” as the real “particles of light” in all the above cases is not required
to explain the interaction of electromagnetic waves with a detector. However, we can save the notion a “photon”
as a synonym for discrete events—clicks of a detector, appearance of spots on a photographic plate, etc. In other
words, the photon should not be seen as a physical object (“particle of light”); rather, the photon is only a discrete
event that is observed in experiments, which actually arises from the interaction of a continuous electromagnetic
wave with discrete objects (atoms of a detector).

Here, it is possible to reproach the author that he rejects the notion that photons are real physical objects while
considering atoms as quantumobjects, thereby involuntarily considering that atoms emit and absorb electromagnetic
energy in the form of discrete portions (quanta) due to jump-like transitions. We note only that the wave–particle
duality of nonrelativistic matter will be considered in the next papers, in which this contradiction will be eliminated.
We will develop this concept for other forms of matter and show that the emission of light by atoms also occurs
continuously, while the observed discrete spectrum of atom emission has a simple classical explanation. We will
also consider other “quantum” effects and show that they can also be explained without the quantisation of radiation.
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