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It is shown that when the expression of velocity of electromagnetic 

waves in Plasma is derived using the Maxwell’s relations its velocity 

turns out to be violating the ultimate limit on the velocities as it allows 

its velocity to be greater than the velocity of light in the vacuum. It is 

then shown that while only phase velocity of the electromagnetic wave 

threatens to cross the limit, the group velocity still respects the upper 

limit on the velocity and remains smaller than the velocity of light in 

vacuum. Based on this, it is argued that admissibility of the existence of 

a strictly monochromatic electromagnetic wave would violate the 

inherent wave-particle dual nature of the wave and hence is a rejected 

possibility. 
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Introduction:- 
Propagation of electromagnetic waves in Plasma is a well understood phenomena

2,6
 but the strange fact is that when 

Maxwell’s relations are applied in such a case it gives an expression for the velocity of electromagnetic waves that 

permits it to be more than the velocity of light in the vacuum. This places a challenge before us to have a complete 

understanding about the propagation. This paper shows that it is actually the phase velocity that crosses the limit of 

velocity of light in the vacuum whereas the group velocity still observes the same limit without any scope of 

violation.  

 

Based on this it is argued that electromagnetic waves can never be strictly monochromatic in nature. This inherent 

nature asks all electromagnetic waves to be a group of waves wherein the waves must have a spread in their 

frequencies around a particular frequency even when a monochromatic wave is considered.  

 

The first section shows how in the case of Plasma the Maxwell relations give an expression for the velocity of an 

electromagnetic wave that potentially violates the upper limit on the velocities as given by the Einstein’s Theory of 

Relativity. 

 

The later section explains how the concept of group velocity addresses this concern. It is shown that in case of 

Plasma the group velocity can never cross the Theory of Relativity limit on the velocities.  

 

In the last section it is then argued that it is simply impossible to have a strictly monochromatic electromagnetic 

wave in principle as it will then violate the accepted limit on its velocity. Therefore it is suggested that in order to 

have the essential wave particle duality
8,9

 the electromagnetic waves can never be completely monochromatic.  
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Propagation of electromagnetic wave in Plasma:- 

Propagation of electromagnetic wave inside Plasma has remained of interest to physicists for a long time. Plasma is 

considered as an ensemble of non-colliding freely moving ions
2,6

 almost as a collection of slowly moving gas 

molecules. An electric field set up across such a medium drives these charges with a force given by, 

𝐹 =  
𝑑 𝑚 𝑣  

𝑑𝑡
= 𝑒 𝐸   

(1) 

Where 𝑚 and 𝑣 are the mass and drift velocity of these ions. We also know that the current density is related to the 

drift velocity as given by the relation, 

𝐽 = 𝑛 𝑒 𝑣  
(2) 

where ‘𝑛’ is the number of ions per unit volume of the Plasma medium and ‘𝑒’ is the charge on these ions. 

Differentiating equation (2) gives, 

𝑑𝐽 

𝑑𝑡
= 𝑛 𝑒 

𝑑𝑣 

𝑑𝑡
  

(3) 

Equation (1) then gives, 

𝑑𝐽 

𝑑𝑡
= (𝑛 𝑒2𝐸  )/𝑚 

(4) 

Using the standard procedure to find out the solutions in such a situation we replace 
𝑑

𝑑𝑡
 with 𝑖𝜔 (𝜔 being the 

frequency of the electromagnetic wave and 𝑖 as square root of -1) and ∇      with – 𝑖𝑘   ( 𝑘   being the propagation vector) 

we get a relation between the current density and the electric field as, 

𝐽 = − 𝑖 𝑛
𝑒2

𝑚 𝜔 
 𝐸   

(5) 

Comparing this relation with the relation between 𝐽  and 𝐸   in case of conducting medium as 𝐽 =  𝜎𝐸  , Plasma can be 

considered as a ‘conducting’ medium having purely imaginary conductivity given by 

𝜎 = 𝑖 𝑛
𝑒2

𝑚 𝜔 
  

(6) 

Taking curl of third Maxwell’s relation and approximating 𝜀 and 𝜇 as 𝜀0 & 𝜇0 respectively by assuming the medium 

as a non-conducting Plasma medium and also by considering free net charge to be zero we can arrive at the 

following relation for the propagation of electromagnetic waves in Plasma, 

∇2𝐸  =  𝜇0 ( 
𝑑𝐽 

𝑑𝑡
+ 𝜀0

𝑑2𝐸  

𝑑𝑡2
 ) 

(7) 

Replacing again 
𝑑

𝑑𝑡
 with 𝑖𝜔 (𝜔 being the frequency of the electromagnetic wave and 𝑖 as square root of -1) and ∇      

with – 𝑖𝑘   ( 𝑘   being the propagation vector) and thereafter simplifying the expression we can easily arrive at the 

following expression, 

    𝑘2 = (𝜔2 𝑐2)   1 − (𝜔𝑝/𝜔)2   

(8) 

Where 𝜔𝑝  is the plasma frequency given by 

                                                        𝜔𝑝
2 = (𝑛 𝑒2)/(𝑚 𝜀0)  

(9) 

From the above relation, the velocity of wave that can be derived easily by determining the ratio 𝜔/𝑘 and arrive at 

the following relation 

𝑣 = 𝑐   1 − (𝜔𝑝/𝜔)2 
−1

 

(10) 
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It has been shown in the next section that 𝜔𝑝  gives the critical value of the frequency for a particular kind of Plasma 

that decides whether an electromagnetic wave would be able to travel inside it or not. This frequency  𝜔𝑝  is known 

as Plasma frequency.  

Velocity of electromagnetic wave crosses the limit of velocity of light in the vacuum:- 

Equation (8) shows that for frequencies of the waves which are less than 𝜔𝑝  the propagation constant will be purely 

imaginary leading to the conclusion that the amplitude of the wave will get attenuated exponentially and therefore 

the wave can not travel in the medium
2,6

. Skin depth in such a scenario can be given by the relation  

𝛿 = (𝑖𝑚𝑎𝑔𝑖𝑛𝑎𝑟𝑦 𝑘)−1 = ((𝑐 𝜔)    
𝜔𝑝

𝜔
 

2

− 1 

− 
1
2

  

(11) 

On the other hand, only those waves that will have frequencies more than the Plasma frequency 𝜔𝑝  will be able to 

travel in the plasma as then the propagation constant will be real. Velocity of these waves will be given by the 

equation (10). Remarkably, it is this theory that explains why radio waves of smaller frequencies (AM) does not 

penetrate the Plasma like ionosphere and gets reflected back to the earth leading to a much greater coverage of these 

radio waves on earth
6,7

. Whereas FM radio waves of larger frequencies penetrates the ionosphere to move into the 

space and does not come back on the earth. Due to this well understood fact, AM radio waves covers a larger area 

on earth but FM waves can spread in an area that gets determined solely by the height of the tower. The area of 

coverage for such a wave increases with the height that can be estimated by pure geometry of the case. 

 

Typically if one calculates the Plasma frequency of the Plasma like ionosphere by putting the respective values, it 

can be shown that it turns out to be around 3 MHz
6
. It has now been practically verified that all electromagnetic 

waves with frequencies significantly larger than this penetrates the ionosphere and get lost in the outer space but 

waves having frequencies less than this indeed comes back after getting reflected by the ionosphere. This 

understanding is also utilized for securing communication from satellites for choosing the frequency of the wave in 

the communication. 

 

Quiet strangely, although the relation (10) permits the velocities to cross the Relativity limit on the velocity, such a 

violation has never been observed or reported. And even the refractive index of such a medium that can be given by 

the expression  

    
𝑐

𝑣
= 1 − (𝜔𝑝/𝜔)2  

(12) 

turns out to be less than one! This paper focuses only on the case when the wave penetrates inside the Plasma and 

propagates in the medium but yet never violates the velocity as derived by the equation (10).  

 

The equation (10) clearly violates the Einstein’s Theory of Relativity that demands an unassailable limit on all such 

velocities as the velocity of light in the vacuum. It can be shown that any such violation would break down our 

understanding of the universe. Our ‘known’ or ‘observable’ universe gets limited by the fact that we can never be 

able to get a wave that moves faster than light. And the moment we would accept its violation we would be able to 

‘see’ the future through these waves which is simply impossible and unimaginable.    

 

The Explanation:- 
It is not that this can be reported as a unique case where the velocity of a wave threatens to cross the upper limit on 

the velocities as we have a few other cases too. Gunter Nimtz and Alfons A. Stahlhofen conducted an experiment
4
 

and reported velocities greater than the velocity of light but not in the case of propagation in Plasma. Superluminal 

signals have been reported by them in the case when particles travel inside a forbidden potential barrier. This is 

widely reported and discussed and physicists are trying to address those issues also
1,4,.5

. 

 

This problem that we have identified in this paper however can be explained by the fact that light can never be 

strictly monochromatic in nature and will always be associated with a number of waves having their frequencies 

spread around the frequency of light that would allow them eventually to group themselves together to form a ‘real’ 

electromagnetic wave. Such a picture of the electromagnetic wave will explain the simultaneous particle nature of 

light as the wave-particle duality of photons is a well established fact. And this being the proposed picture, to 

estimate the velocity of wave we must determine velocity of the group of waves as given by 𝑣𝑔 =  
𝑑𝜔

𝑑𝑘
  and not by the 

phase velocity  𝑣𝑝 =  
𝜔

𝑘
 . 
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Let us determine the group velocity  𝑣𝑔  in this particular case. Group velocity can be derived by simply 

differentiating the equation (8) to get the following expression 

𝑣𝑔 =  
𝑑𝜔

𝑑𝑘
= 𝑐   1 − (𝜔𝑝/𝜔)2 

1/2
 

(13) 

Clearly, as   1 − (𝜔𝑝/𝜔)2 
1/2

 will always remain less than one for 𝜔 more than 𝜔𝑝  the group velocity will observe 

the ultimate limit on the velocity and 𝑣𝑔  will remain less than c as desired for consistency. This finally explains the 

propagation of electromagnetic waves in the Plasma when 𝜔𝑝  happens to be less than 𝜔. 

 

Discussion:- 
The above explanation gives an insight into our understanding of the electromagnetic waves. We must therefore, 

accept that electromagnetic waves can never exist as a strict monochromatic entity. There must be an inherent ‘non-

monochromaticity’ associated with the waves otherwise it would potentially violate the upper limit on the velocities. 

The manner in which quantum mechanics argues that monochromatic waves will simply fail to represent a particle
8
, 

we must extend the same logic to accept that a strictly monochromatic electromagnetic wave can not represent a 

photon (particle). It is this inherent dual property of matter-wave that defines the real world as per our understanding 

developed after Quantum Mechanics
3,10

. The Heisenberg’s Uncertainty principle also finds consistency with only 

such a picture
8,9

.  

 

One must notice that the Heisenberg Uncertainty Relation also can not accept the existence of a ‘particle at rest’ as 

this picture of the particle violates the very Principle. A ‘particle at rest’ clearly implies that in this picture ‘position’ 

and the ‘momentum’ of the particle appear to be precisely known!  

 

This explains why electromagnetic waves can never have infinite ‘coherence length’ or an infinite ‘coherence time’ 

as this would require the wave to be of strictly monochromatic in nature. Therefore it is now clear that ‘strict 

monochromaticity’ is unphysical and would challenge the wave-particle duality. 

 

Just as a ‘particle at rest’ picture depicts a unilateral ‘particle picture’ without a trace of its wave characteristics, the 

‘monochromaticity’ demands a unilateral ‘wave picture’ of the physical entity to be accepted without any particle 

characteristics. However, if the wave-particle duality is an inherent property then the Uncertainty Principle would 

demand rejection of both these pictures that violates the essential requirement of duality.  
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