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Abstract

The standard argument that a photon must have zero rest mass is usually accepted on faith. In this
paper, a thought experiment is performed to reexamine the question of whether the rest mass of a photon is
really zero. This experiment leads to the conclusion that the photon has zero rest mass. This is consistent
with conventional expectations. However , the experiment also leads to the conclusion that the rest mass of
an arbitrary object is also identically equal to zero. Clearly, this violates common sense, and requires
further explanation. An outline of this explanation, based on the fact that mass is an apparent quantity (one
which is expressed by an indeterminate mathematical expression) has already been presented, using the
mathematics of indeterminacy. It is suggested here that the parginretke relativistic transformation
equations defines a spacetime gauge of the type originally proposed by Weyl in 1918 that makes possible
the constancy of the velocity of lighf.is characteristic of a particular spacetime manifold, and its value
for our spacetime is calculated. We use the valug tof extend the earlier explanation for observed
nonzero rest mass of an arbitrary object by presenting the results of a calculation of the value of the
experimentaly measurable rest mass and the inertial mass as a function of the de Broglie frequency. The
electron is used as an example, and it becomes evident how an understanding of wave-particle duality can
emerge from the symmetry between wave and particle properties which characterizes Nature when viewed
through a model based on matter waves.
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1.0 Introduction

In the field of physics, there are certain beliefs which have developed that are taught to each
subsequent generation of physics students until they attain the status of dogma. One of these beliefs is that
the rest mass of a photon is zero. The standard argument which is presented to demonstrate this fact runs
something as follows. The expression for the inertial mass of a photon is given in special relativity theory
as

m=—"1b_ (1.0-1)
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Since a photon has a velocity, u, which equals the speed of light, ¢, equation (1.0-1) becomes the following
for a photon

. (1.0-2)

m= lim rnouz
u c 1_7
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But infinite mass for a photon cannot correspond to physical reality. Mass is a measure of the inertia of an
object. Inertia is the resistance of an object to a change in its state of motion. If a photonOs inertia were
infinite it would be impossible to stop a photon, for example, with a piece of film, and it would be
impossible to image objects photographically, which we know is not the case. The only way to resolve this
problem is if the rest massphof a photon is equal to zero. If the rest mass is zero, then we have

0 . .
m= 6 — indeterminate (1.0-3)

An indeterminate quantity is one which can take on any value. For a photon, this would
correspond to thapparentinertial mass found by setting EinsteinOs equation for the equivalence of mass
and energy

E=mc (1.0-4)
equal to the Planck-Einstein equation for the energy of a photon
E=h" (1.0-5)
which yields
h n
m=-—- (1.0-6)
c

Physicists prefer to speak of a property of the photon which has been confirmed by measurements
involving the collision of light with matter, namely its momentgm,The momentum of an object is equal
to its inertial mass times its velocity. For a photon we see that this is given by

hv
p=mc=— (1.0-7)
c

This definition remains true in general for an arbitrary object only if the rest mass energy can be considered
kinetic in origin.

Equation (1.0-7) leads to the well known de Broglie equation

p=- (1.0-8)

This equation plays an important role in the work presented in this paper. We begin by using it in section
1.1 to investigate photon mass.

1.1 Do photons have mass? A thought experiment.
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Figure 1. Photon emission at x =-L/2, att=0.

Let us imaginethe following thoughtexperimentthe conceptualstructureof which was first
presentedy Jeff Kern at the University of Vermontin 1998. Considera box of lengthL to be centered
alongthe x-axis in a rectangularcoordinatesystem. The box hasmassM,, but most of the box is of
negligiblemass exceptfor the two endsof the box locatedatx = -L/2 andx = L/2. At timet = 0, aphoton
is emittedfrom the sideof thebox locatedat x = -L/2 andmovesin the positivex-directionuntil it reaches
thesideof thebox atx=L/2 attimet, whereit is absorbed.During this processve requiremomentunto be
conserved because no outside forces are acting on the system. What must the rest mass of the photon be?

Momentum conservation for the system is described by the following equation

pphoton, initial +p box, initial = pphoton, final + p box,final (11_1)

Initially, the momentum of the system is equal to zero, so the left side of equation (1.1-1) equals zero.
Thus, we have

pbox, final =- pphoton, final (11_2)
The momentum of the emitted photon is given by
_h
pphoton —y (1.1-3)

where) is the wavelength of the photon and h is PlanckOs constant. Thus the momentum of the box after
emission of the photon is

MV = -— (1.1-4)

where M is the mass of the moving box and V is the velocity of the box relative to an observer who is
stationary in the coordinate system in which the box is represented.
The distance that the emitted photon moves in time t is given by
Clphoton =ct (1.1-5)
while the box move in the opposite direction an amount given by
Opox =- V' (1.1-6)
Solving (1.1-4) for V and substituting into (1.1-6) yields

_ ht

d =—-
box ”M

(1.1-7)

When an amount of time has elapsed such that.d dox = L, the length of the box, the photon is
absorbed at the opposite end of the box. This amount of time is given by



t |dpholon+ dpox=L = L h = " |;V| M h (11'8)
C+ c+
n M

The distance which the center of mass (CM) of the box appears to move during this time is given by
substituting (1.1-8) into (1.1-7) and simplifying

hL

= 1.1-9
bx A Mc+h (1.1-9)

To find the mass of the emitted photon, we now ask how much mass we will have to move to get
the same effect. For the distribution of mass created by emission of the photon it is true that

M L M L
(%—mo)(5+dbox):(70+ mO)(E_dbox) (11-10)

This can be simplified to yield the following relationship

m, = MOTdbOX (1.1-11)

By substituting (1.1-9) into (1.1-11) and simplifying we arrive at the following expressioryfor m

h M,
my=—"0"— (1.1-12)
" Mc+h

We can obtain an expression for M by recalling that.g+ dvox = L. Since

ht
L=ct+— (1.1-13)
I'M
we have
Loot_1 (1.1-14)
ht "M |
A
so that
M= ht (1.1-15)

- !(L—ct)

We can now substitute expression (1.1-15) for M in expression (1.1-12) fomimyields, after
extensive simplification, the following expression fay m



m, = Mo%- C_Ltf‘t (1.1-16)
0

Equation (1.1-16) tells us that when L = ¢ t,#D. This means that the breakdown of Galilean relativity
implies a zero rest mass for the photon, because if L = c t, the photon is oblivious to the relative motion of
the box with respect to the coordinate system, consistent with the results of EinsteinOs theory of special
relativity for an object moving at the speed of light. If the rest mass of the photon is not zero, it must have
some finite, minimum value. Substituting equation (1.1-13) for L into (1.1-16) we find

?L 1
m,=M,g" ;hg (1.1-17)
5 * Ml
(] # M

Thus, a minimum value foreorresponds to a maximum value of lambda, the wavelength of the photon.
The maximum wavelength of the photon is given by the following equation

(1.1-18)

so that a maximum value for lambda is seen to correspond to a minimum value for the frequency of the
photon,vi. A longer wavelength photon will require a greater amount of time to be absorbed, by a factor
proportional to lambda/c so that we see the time, t, in equation (1.1-13) correspongs 4 ¢bncrete

model may serve to make this more clear.

The essential process involved here is the emission and absorption of a photon. We could have
chosen to model this process a different way, and here a secondary model proves useful. Consider an
electron moving in a circular orbit. At some point P in its orbit the electron emits a photon. Because the
photon is moving faster than the electron, it will circle around and overtake the electron at point PO,
catching up in a distance equal to one complete orbit plus the distance from P to PO. The net displacement
of the photon is thus equal to the distance from P to PO. If the time required for the photon to travel this
distance is t, them t is the number of cycles (or vibrations) which an external observer counts as the
photon moves from P to PO. Because the photon is emitted at P and absorbed at PO, the number of cycles
must be an integer: i.ev,t=n, where n =1, 2, 3, E.N. A minimum value of frequency v,
corresponds to the minimum value for n, namely, n = 1. Thusw= 1/

Making this substitution, and simplifying with the help of (1.1-18) yields the following result

h n
=—" (1.1-19)
Mc

Our task is to use the de Broglie equation to find an expression for L. We begin by using (1.0-7)
and (1.0-8) to write

u=—= (1.1-20)

Using (1.0-1) we may write



Uus ——— (1.1-21)

so that

——— " (1.1-22)

Thus (P.1-19) can be rewritten

h{ M~/c® —u? + myu
L=— (1.1-23)
c myuM

If we now return to equation (1.1-16) and substitute (1.1-23) for L and replace twithelarrive at the
following expression

$ 2 $ '
c m, uM
m,= M, &" & 0 \ 1.1-24
O% h #83c? " u? + myu & ( :

Since u=c for a photon,

Mc?'
% (1.1-25)

$
=M "
m, 06% h#

But the energy of a photon, measured with respect to an external observer is given by

E,= h" =my? (1.1-26)
Sincev; is the minimum value of frequency, must equal;. This yields the following result

m, M

=1-— (1.1-27)

If one solves for mone finds

m, =*+/(m," M)M, (1.1-28)



Since mass must be positive, we examine only the positive root. From the physical arrangement of the
problem, M must be greater thag Bince mass must be a real quantity, this leads directly to the
conclusion thathe photon has zero rest mass, and the rest mass of an arbitrary object is also identically
equal to zero

m,=M,=0 (1.1-29)

1.2 Calculating

In previous work we identified the importance of a parameter in the relativistic transformation
equations of special relativity which we denoted by the Greek fefteata). The mathematics of
indeterminacy depends on the quangityvhich occurs in the argument of the real exponential scale factor,
or complex exponential phase factor that is associated with an indeterminate quantity in order to reconcile
theoretical predictions with physical observatighmay be real or complexg is characteristic of a
particular spacetime manifold and it is suggested herg thefines a spacetime gauge of the type
originally proposed by Weyl in 1918 that makes possible the constancy of the velocity of light We now
calculate the value ¢f for our spacetime manifold. We do this by finding another forgnfof the
transformation of energy. If the universe could be characterized by a frequgritsyenergy density in
the intervalAv = vo, max— Vo, mnWould be given by

U= h("O,min # "O,max) (1'2_1)

Volume

From theﬁequation which gives the temperature of a Schwarzschild black hole, one can derive an equation
for energ

he?

E. =h" = ————
%16 #°GKT,

(1.2-2)

Applying the more general relativistic transformation (MGT) to both sides and using the fact that the de
Broglie frequency is invariant yields

# u&
h"oy 1+ o hegs O v
W_eu = ev (1.2-3)

# u& uv
0B+ — 2 + -
éla ! 16) GkTO\/l w>:
This can be rearranged to give
$ uVv!
5 t—3) o
—hzc =h#, —% w e (1.2-4)
16 " *GKT, $ . u.
5wl

from these it follows



u= = (1.2-5)
$ u
Volume§+ —2
o W
where 1/ Fis now given by
5oV
uv
Oh+ —
1 167 ckw? € wel
= ¢ mye U (1.2-6)
T, hc # u&
!
w
with hvo given by
h", = #2(#(mowz)) = ﬁ(mowz) (1.2-7)

Since the de Broglie frequency is relativistically invariant, €= v, it follows that the kinetic energy is
invariant, i.e., i = hv. This means that (1.2-1) and (1.2-5) represent the same physical quantity, so that
one can associate with energy a vafie 1, so that we have

1l L
”2Energy:# eV :# &e vo=1 (12-8)
u u
%b+—( %+—(
w w

For our spacetime, u = uprime = w =c, so that

\%
HZSTE:%—‘/]."' Xe? =1 (1.2-9)
c

"srE = % 1+ #e” =1 (1.2-10)

or in terms off

Solving this equation fgs, yields
" =#.868683936 .691575274 (1.2-11)
What does thi§ mean? Expressirfyjin polar notationwill make its meaning more evident

”ST - 1.1103549&-.785978093” (12_12)



The foundation of the calculations in this paper is the Theory of Special Relativity. At the heart of this
theory is the concept of an inertial reference frame. How does one determine whether a frame of reference
is inertial? Most systems of reference that we are able to use are only close approximations. However,
there is general agreement that the closest we can come to a perfect inertial frame of reference is one based
on the average background of all the matter in the univef$e following quantity

m &
" C= %%3287604374108 —e ~TB5978098) I (1.2-13)
S€C

represents the expansion velocity of the fabric of spacetime itself. We can use this information to compute
the relative velocity of the average background of all the matter in the universe. This quantity is the
difference between the velocity of spacetime itself and the outward velocities of all the objects that make
up the average background of all the matter in the universe. Knowing that the object velocity for all matter
is the speed of light, c, the principle of the constancy of the velocity of light would suggest that the relative
velocity of the average background of all the matter in the universe would be c as well. However, because
the expansion of spacetime exceeds the speed of light, we will check this assertion.

Consider the following diagram

\Y

Figure 2. Diagram illustrating the application of a form of gauge invariance of the type proposed by Weyl
in 1918 to the invariance of spacetime velocities

In Figure 28 represents the velocity of spacetirNerepresents the relative velocity of the average
background of all the matter in the universe, andpresents the average object velocity of the matter that
makes up the average background. The following relationship holds

o1
V=s-u (1.2-14)
substituting in the appropriate values yields

V=c"g-c=¢("s-1) (1.2-15)

Where does gauge invariance come into play? In (1.2-15), though it may not be readily apparent, there are
really three unit vectors:

$1 ' 9 e '

&
& " ) & 1-1103549&-.785978098 | ) (12-16)
%rST # & 1103549&-.785978098| + e*l
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Thus,Bst helps to define a Weyl gauge, such that all three velocities, measured locally may correspond
identically to the speed of light, c. Not surprisingly, the gauge parafhamgears when one tries to write
down an expression for the volume of the universe.

h"o(1+#)
4 (energy densityy)

Volume =

(1.2-17)

1.3 If rest mass is not zero, what is it? Calculating the value of the rest mass.

Mass contains the phase and scale information of its associated de Broglie wave. This phase and scale
information is intimately linked to spacetime. As a mass moves, its associated metric varies and its
phase and scale information changes, so the value of mass changes. This corresponds to a change in
the frequency of the associated de Broglie wave, or in the case of a photon, the associated
electromagnetic wave. To preserve the identity of a given object one must measure with respect to a
local gauge as described in the previous section. Thus, an electron remains an electron only when
measured with respect to a local gauge such that its de Broglie frequency is the same for all reference
frames in spacetime. This correspondgte= 1 and = fst. When V = ¢, in our spacetime

m= %moe'1 (1.3-1)

In terms of frequency

(1.3-2)

therefore

‘ 2c ( )
_hv,
m=—= (1.3-3b)
c
From (1.3-3) one can write
2 2
Lfc ot 11 woa
vo\h eh m m,
This may be rewritten
2 2
i ¢ . ﬁc _ My =M (1.3-5)
vo\h eh mm,

which is equivalent to
10



m, #m

1 cZe’ " N2ce!
”0 % h h

%: mm

a

so that
2 &m

0
where we have used the fact that

But this is just

4C2)/,5=0 Am( 1
A
This may be rewritten as
402"( ) _$m¥
h#, m &m,)

This may be converted to an integral

2
4:];‘: fydy:f%dm

and integrated to give

4 2”2
ame In m + Constan
h#,

We can raise each side to the base e to obtain

202
4m ¢

h# — Constant
€ ° =€

When m =0, m = m, €M, = 1 so that

11

hCT(z#$=O W26 4,) = %E%

(1.3-6)

(1.3-7)

(1.3-8)

(1.3-9)

(1.3-10)

(1.3-11)

(1.3-12)

(1.3-13)

(1.3-14)



4ma02”2

m = me " (1.3-15)

It should be true, when one considers the universe, that

2

——— =energy densit (1.3-16)
Volume
Therefore,
élmacz”2
macze "0 = energy density x Volume (1.3-17)

So we see that for every de Broglie frequency, there is a corresponding rest mass. To find the yalue of m
we need to solve the following equation

4ma02}/2

Vo

In m, + =In(energy density}+ In (Volume) - In(c?) (1.3-18)

Substituting (1.3-8) foy and (1.2-17) for Volume yields

$ n '2”
=In(energy density)+ In & 1+ ") —)- In(c®)  (1.3-19)
h#, o4 (energy density)

m,c’(1+")e®

a

Inm, +

or after combining terms on the right

m,c’(1+ ")e™ Sha,(1+ ")e™" !
In m, + = In& ) (1.3-20)
hi, % 4¢

Substituting the value ¢f for our spacetime given by (1.2-11) and substituting in the values for the
appropriate constants, one obtains the following solution favimich corresponds to the measured value
of rest mass for an arbitrary object.

m, = 2.21574666 x 10 "o kg (1.3-21)
Equation (1.3-21) is given above operationally in the fornxnz| vo, where gis a complex constant.
1.4. Rest mass: the electron case
One can now compute the deBroglie frequency of an electron. This is found by sefitind 13-

21) equal to 9.10939 x TOkg, the accepted measured value for the rest mass of an electron, and solving
forvo. This yields

g = 4.11121 x 18 sec' (1.4-1)

0, electron —

A plot of rest mass vs. de Broglie frequency is shown in Figure 3.

12



rest mass [kg] Best mass [kg] vs de Broglie Fregquency [sec™]
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Figure 3. Plot of rest mass vs de Broglie frequency, with the electronOs de Broglie frequency and rest mass
shown.

In Figure 3, the measured rest mass of an electron is shown by the horizontal line, and is given by its
accepted value as

m, = 9.10939 16" kg (1.4-2)

The vertical line indicates the relativistically correct de Broglie frequency of an electron, as given by (1.4-
1).

For completeness, we give here the relativistic expression for the rest mass of an arbitrary object
2p 1 -4 2
e’ L|=e*(1+ )
hv, 4

o c? (1+B)

in which L(z) is a function called the ProductLog[z] in Mathematica, or the LambertW(x) function in
Maple, where for w = ProductLog]z], the following equation is satisfied

we' =z (1.4-4)
and where the principle branch of ProductLog|z]is used in the evaluation of m
1.5. Inertial mass: the electron case.

Examination of the expression fog meveals that it contains an expression which we
conventionally associate with (relativistically correct) inertial mass

13



m=_2 (1.5-1)

We can now express this relativistically correct mass, m, in terms of the experimentally measured rest
mass, m

n '2”
m= m, (I1+")e

a #1 . &
ProductLogf&e'4 (1+)(

(1.5-2)

where we have already obtained the value gfgnin (1.3-21). Equation (1.5-2) expresses the inertial
mass in terms of the de Broglie frequency, as shown explicitly below

1 2P
m =2.21574666x 10~ vo(l+ 1/3 Je (1.5-3)
ProductLog(4e'4’3 (1 + /5)2)

Using the value of which satisfies

) v :
+ 1+u—2 v . m
n=el W _eu (u=u=w=c) / e’=1 (1549
+Hy U .2
*’é W -

which we found was given by (1.2-11), now allows one to determine the electronOs inertial mass from its de
Broglie frequency. As we have already shown, this frequency may be found by setting the experimentally
measured value of electronOs rest mass, 9110939 x 18'kg, equal to the right hand side of (1.3-21) and
solving forve. In this way, the inertial mass of an electron is found to be

inertial massm,,.,.,,= 3.03098767 x 1& kg (1.5-5)

A plot of inertia mass as a function of de Broglie frequency is shown below in Figure 4.

14



inertial mass [kg] Inertial mass [kg] vs de Broglie Frequency [sec™]

gxin 3" p

Swin~3 b

41073 b

w10 HF

2win 3 b

| ///

202! 431 02" &l n?t gxin??

freguency [sec™']

Figure 4. Plot of inertial mass as a function of de Broglie frequency, with the electronOs de Broglie
frequency and inertial mass shown.

In Figure 3, the inertial mass of the electron is indicated by the horizontal line, and the de Broglie
frequency of the electron is shown by the vertical line. Recall that de Broglie frequency is invariant, so the
frequency is the same for both the inertial mass and the rest mass. A plot of rest mass vs de Broglie
frequency is also shown on the graph.

Finally, we point out that by using the mass transformation equation of the more general
transformation (MGT) it is possible to associate with the inertial mass of the electron ( or any arbitrary
inertial mass) a corresponding object velocity. This velocity plays a role for the object which is analogous
to the role played by the speed of light for a photon in the sense that it remains constant for the object in
any frame of reference. Thus, we call this velocity the Einstein inertial object velocity which we designate
Uo. The corresponding de Broglie wave phase velocity will be called the de Broglie inertial phase velocity,
Vo -Cluo, these two quantities are related in our spacetime by the relationship

1y
A T (1.5 -6)
N n=1 ’
N 2
1o c (1.5-7)
N n=1 uOn
W= \/(u : /35T) (V' /35T) = C\/(lﬁST |COS(§0ST _(pu))(lﬁST |COS{¢ST _q)v)) (1.5-8)

In whichu is the average object velocity of matter that makes up the average background (shown in figure
6) andv is the average phase velocity of matter that makes up the average background, not to be confused
with V, therelative velocity of the average background in the universe. The quanigygiven by solving

15



(1.2-8) for u with 1 on the right hand side replaced by mnémd with w = ¢, an@l = fst. The quantity w is

the velocity of the matter wave wavefronts which define a particular spacetime manifold. In this sense,
each type of entity makes a contribution to defining the spacetime manifold in which it is contained. In
performing operations, the vector quantitieandv should be thought of as complex numbers, rather than
real vectors. Equations (15-6) b (1.5-8) embody the particle essence of wave-particle duality, and as we
saw earlier in our work

w=4uv =4/c "¢ =c (1.5-9)
which expresses the wave essence of wave-particle reality. Thus both aspects emerge from a model based
on using a matter wave for the description of nature, so that essentially, in such a model the distinction
between particle and wave are erased.

For the interested reader, we note that for an electrigngiven by

U, = 1.50228 c & m (1.5-10)
sec
and
v, = .665655 ¢ gorert M (15-11)
sec
1.6 Duality

The relationship for inertial mass which is analogous to the one for rest mass is given by

m= 7.372503321 x 1% ", kg (1.6-1)

This is of the form m = |z}, where z is the complex constant. One may express the de Broglie wavelength
in terms of this quantity in our spacetime as

. h h
=—= (1.6-2)
mu lzl#c
One may also express the de Broglie wavelength as
n V C
=—=— (1.6-3)
# #,

Combining (1.6-2) and (1.6-3) and rearranging yields the following result

r(%)= |z| c= 2.21022089 1 kgm  (1.6-4)

which expresses the duality of the speed of light in our spacetime.
1.7 The Inertial Force

In this final section, we examine the role of force in generating inertial mass. One may write

16



11 ¢ v, =mcv, = inertial force
Likewise, one may write an expression for the force which generates inertial rest mass

|z, | c v, =m.cv, =inertial rest forc (1.7-1)
The difference between the two is the force associated with the objectOs matter wave field

(12| -1z, )c "> =(m-m,)c", #force of the matter wave fie  (1.7-2)

The energy contained in the matter wave field is given by

E =(m-ma)c2 (1.7-3)
so that one can define a wavelength of the matter wave field

E_ (m-m,)c? :(m—ma)c c
F (zl-1z, )c#,’ (m-m,)c#, #,

no_

(1.7-4)

This is in agreement with the form of (1.6-3) for our spacetime.
1.7 The electron: a summary

Results for the electron are summarized in Table 1. [(*) are the same for an arbitrary mass]

Quantity Definition Value
|zo|* rest mass coefficient 2.21574666 x 10" kg sec
|z|* inertial mass coefficient 7.37250332 x 10" kg sec
Vo de Broglie frequency 4.11121 x 10’ sec’
m inertial mass 3.03099 x 10" kg
|z] c*( = h/c) duality parameter 2.21022089 x 10" kg m
(m - my)cvo force of the matter wave field | 2.61298 x 10 N
(m D m)c’ energy in the matter wave field | 1.90540 x 10°J
A de Broglie wavelength 7.29208 x 16° m
o classical electron radius | 6.05406 x 10° m
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