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Abstract

The Abraham-Minkowski controversy about the momentum of light in media has been debated for
over a century and has been informed by many distinguished distributions, both theoretical and
experimental. We show that both the Abraham and Minkowski forms of momentum are need to be
modified according to the new theory of light. We prove that the total momentum of a photon in matter is
the same as compared with that in free space by using the new relations between energy and mass of light
with refractive index.

Keywords: Momentum, Controversy, Mass, Energy, Photon, Abraham-Minkowski

Introduction

Since the introduction of the photon hypothesis by Planck in 1900 [1], the relationship between the
energy (E) and momentum (P) of a photon propagating in a vacuum has been known to be (E = PC).
Momentum is the most important parameter in physics. The conservation law of momentum is universal.
According to the special theory of relativity, a photon has momentum, but has no mass, and this is very
surprising, for how can something have momentum without mass? One can review the study of the
momentum of photons, sometimes called radiation pressure, over the century in the form of a series of
connected topics which have converted the experiments and theoretical studies. The number of theoretical
papers is as vast as 25 times the number of experimental papers [2]. The momentum of a light wave
propagating in a medium has remained the subject of extensive controversy until now [3]. This
controversy is known as the Abraham-Minkowski dilemma [4]. The rivaling momenta of light in a
medium are (P, = E/nc) (Abraham) [5,6] and (Py = nE/c) (Minkowski) [7], where (n) is the refractive
index. To explain the ambiguities, it has also been suggested that both forms of momenta are correct but
simply represent different aspects of photon momentum [8,9]. The Abraham-Minkowski controversy in
some other works has been claimed to have been resolved by arguing that the division of the total energy-
momentum tensor into electromagnetic and material components would be arbitrary [10-12]. Barnett
concluded in his resolution that the Abraham version is the kinetic momentum, and the Minkowski
version is the canonical momentum; “the kinetic momentum of a body is simply the product of its mass
and velocity”, while “the canonical momentum of a body is simply Planck’s constant divided by its de
Broglie wavelength” [13]. Wang concluded that a photon takes Abraham momentum in the Einstein-box
thought experiment, while it takes Minkowski momentum in the photon-atom Doppler resonance
absorption experiment, with both Abraham and Minkowski momenta being correct photon momenta [14].

In this study, we will try to resolve this controversy by using the principles of a new theory of light
[15,16] which suggest that the energy of a photon is changeable in medium but does not stay constant, as
in the current theory, and also suggests that a photon has natural mass in a vacuum, not 0 rest mass, again
as in the current theory, effectively having mass in medium.
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Theoretical analysis

As we know, the momentum of a photon in vacuum is [7];

P=E,/C M
For Minkowski relationship, the momentum of a photon in mediumis;

P =nE,,.s/C 2

We think that the difference in the computational value of a photon’s momentum in Egs. (1) and (2)
is due to the value of energy of the photon in vacuum and medium. Experimentally, we proved that
[15,16];

Evc * Emed (3 )

We found, theoretically, according to the principles of the new theory [15,16], that the value of
energies is different by a factor of the refractive index;

Evc = 1llEmed (4)

where (E,.) is the energy of a photon in vacuum, and (E,.q) the energy of a photon in medium.
Experimentally, we proved that the value of kinetic energy of a photon inside the vapor of water

decreased by a factor of the refractive index, as in Eq. (4) [17]. We measured the value of the kinetic

energy of a photon in water and silica glass in medium, and found that the value decreased by the
refractive index also [18]. This means that Eq. (4) is correct. If we use Eq. (4) in Eq. (2), we get;

P=E,/C (6))
Equation (5) is the same as Eq. (1); this mean that the momentum of a photon is constant in vacuum
and medium.
For Abraham relationship, the momentum of photon in medium is;
P=E/nc (6)
Abraham supposed the photon was a particle and derived his relation from [5];
P=mc 7
P=mv ®)
Where (m) in Eq. (7) is the mass of a photon in vacuum, and (m) in Eq. (8) is the mass of a photon
in medium. Is the value of the mass of a photon the same as in vacuum and medium? According to
current theories (particle and wave), a photon is massless in vacuum. We suggested a theoretical form

[15,16], where a photon has mass in vacuum (m,,), and effective mass (mgy) in medium; we proved
theoretically that value of masses is different by a factor of the refractive index [15,16];

Mefr = N Mygt (9)
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Where (m,,,) is the mass of a photon in vacuum, while (m ) is the mass of a photon in medium. As
we know the relation between mass and energy of a photon is [19];

E = my, ¢’ (10)
My, = E/c? (11)
My = h/cho (12)

Where (E = hv, and v = ¢/A,), equation (12) can be rearranged;
h/c =m.}, (13)

It is difficult to measure the mass of a photon, but there is another parameter called the mass length
of a photon in vacuum (Y), [20];

Y =m, (14)
From Egs. (1) and (14);
Y* = megr. A (15)
where (Y*) is the mass length of a photon in medium.
According to the new theory, the wavelength of a photon is constant in vacuum and medium (A, =
& From Egs. (1), (14), and (15);
n=Y*Y (16)

where (n) is the refractive index.
Let us consider a laser (532 nm), chopped by (4 mm). The number of photons (Nj;) in this beam is;

Npn = L/Ao (17)

Npn = 4*10-3/532%10-9 = 7518 photons.
For the laser beam (532 nm), the natural mass from Eq. (10) is;

M= 4.15%107 kg

Theoretically, when this laser beam with length (4 mm) enters glass with a refractive index (1.5261)
[3], from Eq. (1), the effective mass (mgg) is;

Mgy = 6.3394194%107 kg
From Egs. (14) and (15);
Y = 6.62607004*10-34/3*10°=2.208690013*10™* kg.m.
Y* =6.3394194%107 *532%10°
Y*=3.37¥10" kg.m

Now, if we have a laser beam (532 nm), and a number of photons (7518), the length of the beam in
air is;
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(Lair = Y*Nph/ mnat):
L., = 2.208690013%10*?*7518/4.15%107**
L,;=4 mm

When this laser beam with length (4 mm) enters glass (n = 1.5261), the length of the beam will be;

Linea= (Y*/Y)*Lai (18)
Liyed=6.1 mm

When the laser enters the surface of the glass at an angle, let the length of the laser beam on the
surface be (L,; = 4 mm). According to the current theory, the wavelength of a photon in vacuum (Lo)
(e.g., 532 nm) when entering a glass medium (n = 1.5261); the wavelength (1);

A =X\o/n (19)
A =348.6 nm

If we have (7815) wavelength or photon, the length of laser beam (L,eq) is;
Liea = 348.4%7815=2.7 mm
Now, which is correct: the current theories, or the new theory?

Experimental

A laser light with wavelength (532 nm) was used, which broke a glass window with a refractive
index of (1.5261) [3]. Part of the laser beam entered the front surface of the glass, and another part
entered the glass as in Figure 1.

(a) Experimental setup (b) Result of experiment
Figure 1 Part of the laser beam entered the front surface of the glass, and another part entered the glass;
(a) Experimental setup, and (b) Result of experiment.
From Figure 1, the laser beam length, experimentally, was 6.1 mm in medium and 4 mm in air. The

results of the experiment are summarized in Table 1.

Table 1 The measured length and mass length of a laser beam in air and medium.
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Ao Mpy¢ kg Lair Y ng Y* Lmed

532 nm 4.154%10™ 4mm  2209%10% kgm 15261  3.37*107 kgm 6.1 mm

From Egs. (16) and (18);
n= Lmed/ Lair (20)
Where (n) is the refractive index of the glass. According to Eq. (20);

n=6.1/4
n=1.525

Which is approximately the same as in [3]. This proved that the new theory is correct, as in Eq.
7).

If we use Eq. (17) in Eq. (16), and we derive the momentum as Abraham did, we find that;
P=E/C @n

Equation (10) is the same as Eq. (1).
This means that the momentum of a photon is constant in vacuum and medium.

Conclusions

In this study, we used the relations of a new theory of light to solve the controversy of Abraham-
Minkowski about the momentum of light in medium. Minkowski dealt with the photon as a wave with
relation according to the current theory, which suggests that the energy of a photon is constant in vacuum
and medium; therefore, he found the momentum increased by a factor of the refractive index in medium,
but we proved that the energy of a photon decreased by a factor of the refractive index in medium. We
substituted the value of energy in medium (E,.q = E,/n) in the relation of Minkowski; the result was that
the momentum in medium was the same as in vacuum. We did the same with the Abraham relation,
which deals with the photon as a particle; we proved also that the momentum of a photon is the same in
vacuum and medium.
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