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Comment on the stable of the photon By

Recently, there are various experimental methods that have been used to set upper limits on the photon mass. This arises important questions; if the photons have tiny mass, could photon then have lifetime? What is the final state of photon decay? Is it some particle beyond the standard model of particle physics? Or the photon just decays to another photon? In this paper I will discuss a full model of the photon as a particle. We will test the photon mass concept, the mathematical formalism of single photon wave function, and photon lifetime.

The photon mass

The great succeed of Maxwellian electrodynamics and QED were based on the hypothesis that the photon should be a particle with zero mass, led to an almost total acceptance of massless photon concept. The possibility of nonzero photon mass has been studied by De Broglie, vigier, Bass and Schrödinger [START_REF] Bass | Must the Photon Mass be Zero?[END_REF] [START_REF] De Broglie | Photon Mass and New Experimental Results on Longitudinal Displacements of Laser Beams near Total Reflection[END_REF], okun [START_REF] Okun | The Concept of Mass[END_REF], and others. The photon mass could be estimated by using the uncertainty principle [START_REF] Tu | Experimental tests of Coulomb's Law and the photon rest mass[END_REF] 𝑚 ! ~ℏ (∆𝑡)𝑐 ! ~10 !!! 𝑔 , with age of the universe is about 10 !" years. Many laboratory experiments and astrophysical observations have been made, in many methods, directly or indirectly to check if the photons have a mass or not [START_REF] Tu | Experimental tests of Coulomb's Law and the photon rest mass[END_REF]. The particle data group lists the mass of the photon to be < 6×10 !!" 𝑒𝑉 or 𝑚 ! ≤ 1×10 !!" 𝑔 [START_REF] Tu | The mass of the photon[END_REF].

We can see that the mass of photon is so tiny! Almost, It doesn't leave any significant effect on the experimental physics. But of course, at theoretical physics, it leaves many consequences in modern physics theories. The important point of the photon mass based on the idea that we have to treat the photon as a particle. Thus, one can find the relativistic dynamic equations of the photon as a particle [START_REF] Albanay | Special theory of relativity for photons[END_REF].

The photon mass is assumed to be exactly zero in original lagrangian density, which is given by [START_REF] Jackson | Classical Electrodynamics[END_REF] 

ℒ = - 1 16𝜋 𝐹 !" 𝐹 !" - 1 𝑐 𝐽 ! 𝐴 ! , (1.1) 
where 𝐴 ! and 𝐽 ! are the 4-dimensional vector potential and 4-dimentional vector current density. F !" is antisymmetric field stress tensor and defind as

𝐹 !" = 𝜕 ! 𝐴 ! -𝜕 ! 𝐴 ! . (1.2)
From Euler-Lagrange equation, the equations of motion for massless field will be

𝜕 ! 𝐹 !" = 4𝜋 𝑐 𝐽 ! . (1.3)
In 1930's Proca added a mass term to the Lagrangian density for the electromagnetic field. This would modify lagrangian density (1.1) to [START_REF] Jackson | Classical Electrodynamics[END_REF] 

ℒ = - 1 16𝜋 𝐹 !" 𝐹 !" + 𝜇 ! ! 8𝜋 𝐴 ! 𝐴 ! - 1 𝑐 𝐽 ! 𝐴 ! . (1.4)
The equations of motion of this Lagrangian density are Proca's equations;

𝜕 ! 𝐹 !" + 𝜇 ! ! 𝐴 ! = 4𝜋 𝑐 𝐽 ! . (1.5) 
To get the wave equation, substituting equation (1.2) into (1.5):

1 𝑐 ! 𝜕 ! 𝜕𝑡 ! -∇ ! + 𝜇 ! ! 𝐴 ! = 4𝜋 𝑐 𝐽 ! , (1.6) 
and in the absence of the source, equation (1.6) reduces to

1 𝑐 ! 𝜕 ! 𝜕𝑡 ! -∇ ! + 𝜇 ! ! 𝐴 ! = 0 . (1.7)
Which is the Klein-Gordon equation for the photon. Because the extra term could be interpreted as a characteristic length, the Compton wavelength of the photon is [START_REF] Tu | The mass of the photon[END_REF] 𝜇

! !! = ℏ 𝑚 ! 𝑐 , (1.8) 
where 𝑚 ! is the photon mass. Unfortunately, Gauge invariance is lost when 𝜇 ! !! > 0. But one could reserves gauge invariance by using Stuckelberg mechanism; this mechanism introduces new fields to reveal symmetry of a gauge-fixed theory [START_REF] Stuckelberg | Die Wechselwirkungskräfte in der Elektrodynamik und in der Feldtheorie der Kräfte[END_REF]. In this way QED with massive photon is renormalizable.

In the presence of nonzero photon mass, Maxwell's equations will change to the Proca's equations [START_REF] Tu | The mass of the photon[END_REF] ∇

• 𝐸 = 𝜌 𝜀 ! -𝜇 ! ! 𝜙 (1.9) ∇×𝐸 = - 𝜕𝐵 𝜕𝑡 (1.10) ∇ • 𝐵 = 0 (1.11) ∇×𝐵 = 𝜇 ! 𝐽 + 𝜖 ! 𝜇 ! 𝜕𝐸 𝜕𝑡 -𝜇 ! ! 𝐴 . (1.12)
Where 𝐸 is the electric field, 𝐵 is the magnetic field, 𝜌 is the charge density, 𝐽 is the current density, 𝜙 is the scalar potential, 𝐴 is the vector potential, c the speed of light, and 𝜇 ! ! is the Compton wavelength of photon. It is clear that Proca's equations back to Maxwell's equations when 𝜇 ! = 0.

The solution of equation (1.6) is the electromagnetic field on free space,

𝐴 ! = 𝑒 !!(!"!𝒌•𝒓) , (1.13) 
with

𝑘 ! = 𝜔 ! 𝑐 ! -𝜇 ! ! , (1.14) 
where 𝒌 is wave vector, and 𝜔 is angular frequency. Then, the group velocity will be

𝑣 ! = 𝑑𝜔 𝑑𝑘 = 𝑐 1 - 𝜇 ! ! 𝑐 ! 𝜔 ! , (1.15) 
or, using (1.8), we can write

𝑣 ! = 𝑐 1 - 𝑚 ! ! 𝑐 ! ℎ ! 𝜈 ! . (1.16)
This equation shows the equivalent between the mass and frequency. Also, equation (1.16) implies that the group velocity of light depends on the frequency of the electromagnetic wave.

The photon Wave function

Historically, due to Dirac's second quantization (electromagnetic field quantization) [START_REF] Dirac | The quantum theory of the emission and absorption of radiation[END_REF], the theory of a single photon wave function has been neglected. Many textbooks skip the first quantized theory of photons to second quantization of the relativistic classical electromagnetic fields. Also the great success of QED supports the idea that we don't need the concept the photon wave function.

Fortunately, the concept of the photon wave function has been adjusted [START_REF] Bialynicki-Birula | On the wave function of the Photon[END_REF][13] [START_REF] Kobe | A relativistic Schrödinger-like equation for a photon and its second quantization[END_REF]. The photon usual Maxwell field is the quantum wave function for a single photon. When we applied Dirac's particle approach to massless spin one particles, one can show that the single-photon first-quantized wave equation is completely equivalent to the set of Maxwell's equations.

Here I just want to explain the wave equation of the single photon, and show the way of derivation of Maxwell's equations from relativistic quantum dynamics. For details explanation see [START_REF] Bialynicki-Birula | On the wave function of the Photon[END_REF][13] [START_REF] Kobe | A relativistic Schrödinger-like equation for a photon and its second quantization[END_REF].

Consider the following complex wave function [START_REF] Moses | Solution of Maxwell's equations in terms of a spinor notation: the direct and inverse problem[END_REF] 

𝜓 = 1 2 𝐸 -𝑖𝐵 (1.17) 
where 𝐸 and 𝐵 are the electric and magnetic field, respectively. In terms of 𝜓 the complex Maxwell's equations of vacuum electromagnetism written as

∂ ! 𝜓 = 𝑖∇×𝜓 (1.18) ∇ • 𝜓 = 0 (1.19)
Using equation (1.17), the real and imaginary parts 𝐸 and 𝐵 are found to obey Maxwell's equations

∂ ! 𝐸 = ∇×𝐵 , ∂ ! 𝐵 = -∇×𝐸 ∇ • 𝐸 = 0 , ∇ • 𝐵 = 0. (1.20)
Introducing the following hermitian matrices

𝑆 ! = 0 0 0 0 0 𝑖 0 -𝑖 0 𝑆 ! = 0 0 -𝑖 0 0 0 𝑖 0 0 𝑆 ! = 0 𝑖 0 -𝑖 0 0 0 0 0 , (1.21)
that satisfying the commutation relation

𝑆 ! , 𝑆 ! = -𝑖𝜖 !"# 𝑆 ! (1.22)
then we can rewrite Equation (1.18) as

𝑖 ∂ ! 𝜓 ! = 𝐻 !" 𝜓 ! = -𝑖 𝑆 ! !! ∇ ! 𝜓 ! (1.23)
where 𝐻 !" is the Hamiltonian operator. So we get the fashion of Schrödinger -Dirac equation for the photon. The classical Maxwell equations are wave equation for the quantum wave function 𝜓 of a photon given as (1.17)! The carful reader could say why we don't consider equation (1.6) as wave equation and 𝐴 ! as wave function of the photon? The quantitiy 𝐴 ! is not basic; it doesn't have the basic features of such a quantity. The probabilistic interpretation doesn't make sense.

Let us check the probabilistic interpretation of the wave function (1.17). As we learned from quantum mechanics, the quantity

𝜓 * • 𝜓 = 1 2 𝐸 ! + 𝐵 !
is direct proportional to the probability density function for a photon. Therefore the quantity

𝑑 ! 𝑟 𝜓 * • 𝜓 = < 𝐸 >
gives the expectation value of the photons energy. Or, it gives the probability to find a photon with energy 𝜖 at certain volume 𝑑 ! 𝑟. Observe that we are dealing with pure energy photons, i.e. the photon has no mass that can be localized at a point in spacetime, the probability density of energy, not particle's location. In the other words there is no position operator for a photon such that we can define wave function in the Schrödinger sense, which allows localizing the particle to a point, but we have to be carful here; we saw in the first section that there are many experiments showed that the photon is not completely massless. This is just theoretical assumption, but this small limit of the photon mass doesn't mean there must be position operator for photon. It is known that even electrons, in the relativistic limit they don't have properly defined wave functions in the Schrödinger sense [START_REF] Sipe | Photon wave functions[END_REF]. In the relativistic limit, the particles of the field like neutrinos and photons become pure energy, such that in non-relativistic limit the nature of localization appears gradually. The problem of position operator for photons has been studied by [12][15]. The main worth of introducing the photon wave function is the unified description to understanding the motion of matter fields and gauge boson fields on equality.

The photon lifetime

If the photons were massless, then they would be, theoretically, stable and live forever. But, if they have tiny nonzero mass, then there is possibility that they may not live forever. To find limits on the photon mass and lifetime as model independent parameters; Heeck analyzed observations of the oldest photons in the visible universe (Cosmic Microwave Background Radiation CMB) [START_REF] Heeck | How stable is the photon?[END_REF]. Heeck's argument depended on the idea that the photons come from very far away (at the time of last scattering 𝑡 ! ) might have had enough time to decay on their way here. If the photons are really decaying as they traveled through the universe, then the CMB spectrum must modify. According to his calculation, the modified spectrum energy density of CMB due to the massive unstable photons will be [START_REF] Heeck | How stable is the photon?[END_REF] 

𝜌 𝐸, 𝑇 ≅ 1 𝜋 ! 𝐸 ! 𝑑𝐸 𝑒 ! ! !! ! ! ! - 1 
1 -𝑚 ! ! 𝐸 ! exp -Γ ! 𝑚 ! 𝐸 𝑑 ! , (1.24) 
where 𝑚 is the photon mass , 𝑇 is the temperature at specific time 𝑡, Γ ! = 1 𝜏 ! is the photon width and 𝜏 ! is the photon lifetime.

Using the formula (1.24) and COBE (Cosmic Background Explorer) data for large number of low energy photons of CMB around meV, one could put constrains on the photon mass 𝑚 ! and width Γ ! . For 𝑚 ! < 3×10 !! 𝑒𝑉, the minimum limit of the photon lifetime is [START_REF] Heeck | How stable is the photon?[END_REF] 𝜏 ! > 2×10 !!" (𝑚 ! 10 !!" 𝑒𝑉) 𝑡 ! (1.25)

Where 𝑡 ! = 13.8×10 ! yr is the age of the universe. This value corresponds to only three years on the photon rest-frame lifetime, or 10 !" years in our frame of reference!

According to COBE's data, the CMB spectral distribution appears to behave like a perfect blackbody, which means that the best fit values of the photon mass and width are zero. This may indicate that very few photons, if any, have decayed! Also note that Heeck's calculations neglect interaction of photons with matter after the time of last scattering 𝑡 ! . These matter interactions could effect, significantly, on the photon's lifetime value estimated.

The possibility of photon's decay opens very interesting question; what do photon decay

to? There is many assumptions like the lightest neutrino, hidden paraphotons, goldstone bosons, axions, or any particles beyond the standard model. But as we know there is no experimental signal observed around these decays. If the photon decay is really happening, maybe the photon just decays from one band to another on the same electromagnetic spectrum. There is no new particle in this decay process. Equation (1.16) indicates that each band of the electromagnetic spectrum has its own specific photon. The only difference between those photons is the mass as a function of the frequency, which opens the possibility that after very long time, estimated by equation (2.33), the heavy photons (high frequency) may decay to lighter photons (low frequency) such that the total frequency is conserved.

This idea may help us to understand the cosmological constant problem. In this case, there will be two sources that explain the high red shift observed; one due to the expansion of the universe and the other due to the photon decay. This will make the high accelerated expansion of the universe which has been explained by dark energy is just an illusion due to the photon decay itself and normal accelerated universe.