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On the Relativity of the Speed of Light

X. D. Dongfang
Wutong Mountain National Forest Park, Shenzhen, China

Einstein’s assumption that the speed of light is constant is a fundamental principle of modern
physics with great influence. However, the nature of the principle of constant speed of light is rarely
described in detail in the relevant literatures, which leads to a deep misunderstanding among some
readers of special relativity. Here we introduce the unitary principle, which has a wide application
prospect in the logic self consistency test of mathematics, natural science and social science. Based
on this, we propose the complete space-time transformation including the Lorentz transformation,
clarify the definition of relative velocity of light and the conclusion that the relative velocity of light
is variable, and further prove that the relative variable light speed is compatible with Einstein’s
constant speed of light. The specific conclusion is that the propagation speed of light in vacuum
relative to the observer’s inertial reference frame is always constant c, but the propagation speed
of light relative to any other inertial reference frame which has relative motion with the observer is
not equal to the constant c; observing in all inertial frame of reference, the relative velocity of light
propagating in the same direction in vacuum is 0, while that of light propagating in the opposite
direction is 2c. The essence of Einstein’s constant speed of light is that the speed of light in an
isolated reference frame is constant, but the relative speed of light in vacuum is variable. The
assumption of constant speed of light in an isolated frame of reference and the inference of relative
variable light speed can be derived from each other.

I. INTRODUCTION

Because of relativity, the speed of light in vacuum has
a very special position in modern physics. Although the
hypothesis of invariance of light speed[1, 2] and the prin-
ciple of relativity[3], which are the basis of special rela-
tivity, are regarded as the two basic principles that can
stand the test of experiment[4–10] and the demonstra-
tion of logical completeness[11–13], the essences of the
hypothesis of constant speed of light and the inferences of
Lorentz transformation are not always clear to all physics
readers. This is because the relevant experimental results
can be interpreted differently[14, 15]. Of course, the so-
called superluminal and slow light speed phenomena[16–
24] are not variable light speed phenomena in the usual
sense, while various superluminal and variable light speed
theories[25–30] are only limited to formal reasoning.

The conclusions of theoretical physics often come from
mathematical deduction. We know that from different
angles, the same mathematical physics problem can have
completely different formal solutions, and each formal
solution can have different interpretations. Only the re-
al solution of a mathematical physics problem conforms
to the natural law, and the real solution of mathemat-
ical physics problem should be unique. If we discuss
the transformation of time and space parameters from
the perspective of the existence and uniqueness theorem
for the solution of mathematical physics problems, the
essences of the hypothesis of invariable light speed and
the inference of Lorentz transformation will be clear. At
this time, it is very important to put forward the rel-
evant mathematical and physical problems. There is a
universal principle to test the self consistency of natural
science theory: different metrics can be used to describe
natural laws, and there is a certain transformation rela-
tionship between them. The natural laws themselves do

not change because of the different metrics. The results
of the transformation from different mathematical form-
s of natural laws expressed in different metrics into the
same metric must be the same as the inherent form under
this metric, 1 = 1, which means the transformation is u-
nitary. This principle is called the unitary principle. It
can be widely used to test the self consistency of logic in
mathematics, physics and even philosophy. By using the
unitary principle to test the physical hypothesis and in-
ference that can not be proved, the controversial problem
can be transformed into the problem of definite solution
of mathematical physics, so as to find the real solution of
the problem under the condition of definite solution and
distinguish it from the formal solution, and the problem
will have a clear answer.

The unitary principle test of quantum mechanics has
promoted the discovery of many important problems
and conclusions from modern physics to com quantum
theory[31–34]. In this paper, we use the unitary princi-
ple to test the concept of space-time in the sense of spe-
cial relativity, and put forward the complete space-time
transformation that includes the Lorentz transformation
and thus conforms to the meaning of special relativity.
We can find that the definition of relative speed of light
exists, which is no longer constant. Furthermore, we can
prove that the relative variable light speed is compatible
with Einstein’s constant speed of light.

II. COMPLETE TRANSFORMATION OF TIME
AND SPACE PARAMETERS

Let the relative speed of two inertial reference frames
Σ and Σ′ be v, and the unitary principle test of the logic
self consistency of the hypothesis of constant light speed
in vacuum contains the following four metrics: (a) the
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speed of light measured on reference frame Σ relative to
reference frame Σ; (b) the speed of light measured on
reference frame Σ′ relative to reference frame Σ′; (c) the
speed of light measured on reference frame Σ relative to
reference frame Σ′; (d) the speed of light measured on ref-
erence frame Σ′ relative to reference frame Σ. According
to the unitary principle, the result of the transformation
of light speed between different metric must be the same
as the inherent speed of light under this metric, and the
transformation is unitary.
It should be pointed out that the self consistent log-

ic must satisfy the unitary principle, and the logic that
violates the unitary principle must not be self consistent
and implies many contradictions, while the physical logic
with local self consistency may not be the natural law.
Logical self consistency is only a necessary condition but
not a sufficient condition for the theory of natural sci-
ence. With regard to the space-time coordinates of the
so-called event P , the concept of special relativity de-
scription is as follows:

(i) The time-space coordinate (x, y, z, t) of event P
measured on reference frame Σ relative to reference
frame Σ;

(ii) The time-space coordinate (x′, y′, z′, t′) of event P
measured on the reference frame Σ′ relative to the
reference frame Σ′;

There are actually two other concepts:

(iii) The spatiotemporal coordinate (ξ, ζ, η, τ) of event
P measured on reference frame Σ relative to refer-
ence frame Σ′;

(iv) The spatiotemporal coordinate (ξ′, ζ ′, η′, τ ′) of
event P measured in the reference frame Σ′ rela-
tive to the reference frame Σ.

It can be seen that for two inertial reference frames, an
event has four sets of space-time concepts. The special
theory of relativity based on the Lorentz transformation
only describes the first two sets of space-time concepts
(x, y, z, t) and (x′, y′, z′, t′).
On reference frame Σ, measuring the time and space

parameters of event P relative to reference frame Σ and
to reference frame Σ′, the clock used is the clock on ref-
erence frame Σ, and the concept of time belongs to ref-
erence frame Σ, so τ = t. Similarly, on reference frame
Σ′, measuring the time and space parameters of event
P relative to reference frame Σ′ and relative reference
frame Σ, the clock used is clock on reference frame Σ′,
and the concept of time belongs to the reference frame
Σ′, so τ ′ = t′.

τ = t, τ ′ = t′ (1)

The above equations show the characteristics of isolated
reference frame of time, that is, in all inertial reference
frame, the observer can measure the motion law of an

object relative to its own frame and relative to other
inertial frames, but the clock used can only be the clock of
that reference frame. The meaning of time here accords
with Einstein’s definition, that is, when the reading t =
t′ = 0 of the calibrated synchronous clocks resting in
the reference frame Σ and Σ′ respectively, the coordinate
origin points of the two inertial frames coincide exactly.

There is a class of basic facts that have a potential im-
pact on physical theory. For example, when the moon is
on the line between the sun and the earth, measuring the
distance between the sun and the earth on the earth can
be divided into two parts: the distance between the sun
and the moon and the distance between the moon and
the earth; When the moon is not on the line between the
sun and the earth, measuring the position vector of the
sun relative to the earth on the earth can be decomposed
into two parts: the position vector of the sun relative to
the moon and the position vector of the moon relative to
the earth. This kind of fact is abstracted as an axiom:
the position vector of an object relative to other inertial
reference frames in all inertial reference frame obeys the
operational rule of vector superposition. We call it the
principle of the relative position vector superposition.
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FIG. 1. Four sets of spatiotemporal concepts of the same event
relative to two inertial reference frames

The above problems (iii) and (iv) can now be solved.
As shown in Fig. 1, according to the agreement of spe-
cial relativity, the two inertial reference frames Σ and
Σ′ have a common x axis. When the moment of refer-
ence frame Σ is t, the distance between the coordinate
origins of the two coordinate frames is oo′ = vt. Since
the distance between an object measured in all inertial
reference frame relative to other inertial frames can be
divided, then x = oo′ = vt + ξ, therefore ξ = x − vt.
Because ζ = y, η = z, then the transformation relation-
ship between the spatiotemporal coordinates (x, y, z, t)
relative to reference frame Σ and the spatiotemporal co-
ordinates (ξ, ζ, η, τ) relative to reference frame Σ′ of event
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P measured in reference frame Σ is as follows

ξ = x− vt, ζ = y, η = z, τ = t (2)

Similarly, observed in the reference frame Σ′, the trans-
formation relationship between the spatiotemporal co-
ordinate (x′, y′, z′, t′) of event P at time t′ relative to
the reference frame Σ′ and the spatiotemporal coordi-
nate (ξ′, ζ ′, η′, τ ′) of the relative reference frame Σ is as
follows

ξ′ = x′ + vt′, ζ ′ = y′, η′ = z′, τ ′ = t′ (3)

The meaning of Einstein’s constant speed of light hy-
pothesis is that the speed of the observed light relative
to the reference frame in any inertial frame is c, which
is expressed as|dr/dt| = c, |dr′/dt′| = c. Therefore,
the invariance of light speed in special relativity belongs
to the constant speed of light in an isolated reference
frame. Einstein derived Lorentz transformation accord-
ing to the principle of constant light speed in isolated
reference frame and relativity principle

x′ =
x− vt√
1− v2c−2

, y′ = y, z′ = z, t′ =
t− vc−2x√
1− v2c−2

(4)

The inverse transformation is

x =
x′ + vt′√
1− v2c−2

, y = y′, z = z′, t =
t′ + vc−2x′
√
1− v2c−2

(5)

Obviously, Lorentz transformation in the sense of special
relativity describes the relationship between space-time
parameters of isolated reference frame between two iner-
tial reference frames.
Now we can determine the relations among various de-

fined spatial parameters. By substituting the first for-
mula of the set of relations (2) into the first formula of
Lorentz transformation (4), or the first formula of the set
of relations (3) into the first formula of Lorentz inverse
transformation (5), new transformation and correspond-
ing inverse transformation are obtained respectively

x′ =
ξ√

1− v2c−2
, x =

ξ′√
1− v2c−2

(6)

After substituting the equivalent form x′ = ξ′−vt′ of the
first formula of (3) into the first formula of formula (6),
or substituting the equivalent form x = ξ+ vt of the first
formula of (2) into the second formula of formula (6), we
get the following results

ξ =
√

1− v2c−2 (ξ′ − vt′) , ξ′ =
√
1− v2c−2 (ξ + vt)

(7)
These transformations are different from both Lorentz
transformation and Galileo transformation.
Equations (2), (3), (4) and (5) describe the transforma-

tion relations among four groups of space-time parame-
ters of two inertial reference frames with relative velocity

v. The form of the equations is as follows,

x′ =
x− vt√
1− v2c−2

y′ = y = ζ = ζ ′

z′ = z = η = η′

t′ =
t− vc−2x√
1− v2c−2

⇔



x′ =
ξ√

1− v2c−2

ξ′ = x′ + vt′

τ = t, τ ′ = t′

ξ′ =
√

1− v2c−2 (ξ + vt)

(8)
The corresponding inverse transformation relation is

x =
x′ + vt′√
1− v2c−2

y = y′ = ζ ′ = ζ ′

z = z′ = η′ = η

t =
t′ + vc−2x′
√
1− v2c−2

⇔



x =
ξ′√

1− v2c−2

ξ = x− vt

t = τ, τ ′ = t′

ξ =
√

1− v2c−2 (ξ′ − vt′)

(9)
The above transformation relations (8) and (9) conform
to the special relativity meaning, and are called complete
space-time transformation. According to the complete
space-time transformation, the complete transformation
relations between the intrinsic quantity and the relative
quantity of the corresponding physical quantity such as
momentum and energy between different inertial refer-
ence frames can be derived, which is omitted here. We
also need to give priority to discovering the deeper spa-
tiotemporal parameter transformations

III. VARIABILITY OF RELATIVE SPEED OF
LIGHT

The Lorentz transformation is essentially a speed pre-
serving transformation, which stipulates that the speed
of light in the vacuum of two isolated reference frames
is constant, thus defining the transformation relationship
of the space-time parameters of the two inertial reference
frames. Since the speed of the experimental observation
light relative to the laboratory reference frame in the vac-
uum is constant c, Einstein proposed the hypothesis that
the speed of light does not change. In turning, he de-
rived the Lorentz transformation and established special
relativity[35]. Now that we have a complete space-time
transformation, we have a clear definition of the rela-
tive speed of light. According to the complete space-time
transformation, the relative speed of light is variable, and
the relative variable light speed is compatible with the
constant speed of light in an isolated reference frame.

It is assumed that when the coordinate origin o of the
inertial reference frame Σ coincides with the coordinate
origin o′ of the inertial reference frame Σ′, the light source
at the common origin emits a photon to the positive di-
rection of the x axis. According to the complete space-
time transformation, the two inertial frames of reference
contain four definitions of light speed, namely:
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a) The isolated speed of the photon relative to the
reference frame Σ measured on reference frame Σ,∣∣dr
dt

∣∣ = √(
dx
dt

)2
+
(

dy
dt

)2

+
(
dz
dt

)2
= c ;

b) The relative light speed of the photon relative to

Σ′ measured on reference frame Σ,
∣∣∣ dρdτ ∣∣∣ =? ;

c) The isolated speed of the photons relative to ref-
erence frame Σ′ measured on reference frame Σ′,∣∣∣dr′dt′

∣∣∣ = √(
dx′

dt′

)2
+
(

dy′

dt′

)2

+
(
dz′

dt′

)2
= c ;

d) The relative light speed of the photon relative to Σ

measured on reference frame Σ′,
∣∣∣ dρ′

dτ ′

∣∣∣ =?.

The constant speed of light in an isolated frame of refer-
ence is well known, and the results are written directly
above.

Now let’s calculate the two relative speeds of light
∣∣∣ dρdτ ∣∣∣

and
∣∣∣ dρ′

dτ ′

∣∣∣. According to the transformation formula (2),

dξ
dτ = d(x−vt)

dt = dx
dt −v, dζ

dτ = dy
dt and dη

dτ = dz
dt are obtained.

The isolated light speed
∣∣dr
dt

∣∣=√(
dx
dt

)2
+
(

dy
dt

)2

+
(
dz
dt

)2
=

c on the reference frame Σ will be used in the calculation.
Therefore, the results of the relative light velocity dρ

dτ of
photons relative to the reference frame Σ′ measured on
the reference frame Σ satisfy the relationship∣∣∣∣dρdτ

∣∣∣∣ =
√(

dξ

dτ

)2

+

(
dς

dτ

)2

+

(
dη

dτ

)2

=

√(
dx

dt
− v

)2

+

(
dy

dt

)2

+

(
dz

dt

)2

=

√(
dx

dt

)2

+

(
dy

dt

)2

+

(
dz

dt

)2

− 2
dx

dt
v + v2

=

√
c2 − 2v

dx

dt
+ v2 ̸= c

(10)

If the light propagates along the common x axis of the
two inertial reference frames, that is, the velocity of light
relative to the reference frame Σ measured on the refer-
ence frame Σ is dx

dt = ±c, dy
dt = 0 and dz

dt = 0, then the
speed of light relative to the reference frame Σ′ measured
on the reference frame Σ is,∣∣∣∣dρdτ

∣∣∣∣ = |c∓ v| (11)

If the reference frame Σ′ is also a photon, v = ±c. There-
fore, the relative velocity of light propagating in the same
direction is 0 while that of light propagating in the op-
posite direction is 2c measured on the reference frame
Σ.
Similarly, according to the transformation formula (3),

dξ′

dt′ =
d(x′+vt′)

dt′ = dx′

dt′ + v, dζ′

dτ ′ = dy′

dt′ and
dη′

dτ ′ = dz′

dt′ are

obtained. In the calculation, the isolated light speed∣∣∣dr′dt′

∣∣∣ =

√(
dx′

dt′

)2
+
(

dy′

dt′

)2

+
(
dz′

dt′

)2
= c of the reference

frame Σ′ is used again, so the results of the relative light

velocity dρ′

dτ ′ of photons relative to the reference frame Σ
measured in the reference frame Σ′ satisfy the relation-
ship∣∣∣∣dρ′dτ ′

∣∣∣∣ =
√(

dξ′

dτ ′

)2

+

(
dς ′

dτ ′

)2

+

(
dη′

dτ ′

)2

=

√(
dx′

dt′
+ v

)2

+

(
dy′

dt′

)2

+

(
dz′

dt′

)2

=

√(
dx′

dt′

)2

+

(
dy′

dt′

)2

+

(
dz′

dt′

)2

+ 2
dx′

dt′
v + v2

=

√
c2 + 2v

dx′

dt′
+ v2 ̸= c

(12)

For the light propagating along the common x axis of
the two inertial reference frames, the velocity of the light
measured on the reference frame Σ′ relative to the refer-
ence frame Σ′ is dx′

dt′ = ±c, dy′

dt′ = 0 and dz′

dt′ = 0, while
the speed of the light measured on the reference frame
Σ′ relative to the reference frame Σ is∣∣∣∣dρ′dτ ′

∣∣∣∣ = |c± v| (13)

If the reference frame Σ is also a photon, v = ±c. There-
fore, the relative velocity of light propagating in the same
direction is 0 while that of light propagating in the op-
posite direction is 2c measured on the reference frame
Σ.

Formulas (10) and (13) show that when the velocity
between two inertial reference frames is not zero, the two
relative light velocities are related to the relative veloc-
ities of inertial reference frames. Obviously, the relative
velocity of light propagating in the same direction is 0
and that of light propagating in the opposite direction
is 2c when observed in any inertial reference. Under the
complete space-time transformation, the relative speed
of light is variable, and the Einstein’s constant speed of
light in isolated frame of reference is a necessary condi-
tion for the relative variable speed of light.

IV. COMPATIBILITY BETWEEN RELATIVE
LIGHT SPEED AND SOLITARY LIGHT SPEED

Now we know that Einstein’s constant speed of light
hypothesis means that the speed of light in an isolated
frame of reference is constant, while the relative speed of
light is variable. The unitary principle requires that the
result of the transformation of the relative speed of light
in vacuum into the isolated speed of light in vacuum must
be the constant c, otherwise it will constitute a negative
result of 1 ̸= 1. Therefore, the constant Einstein speed
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of light must also be able to be derived from the variable
relative speed of light. The proof is as follows.
Relationships dx

dt = dξ
dt + v = dξ

dτ + v, dy
dt = dς

dt = dς
dτ

and dz
dt = dη

dt = dη
dτ are obtained from the complete in-

verse space-time transformation (9). First, substituting
theses relationships into the calculation formula

∣∣dr
dt

∣∣ =√(
dx
dt

)2
+
(

dy
dt

)2

+
(
dz
dt

)2
of the speed in isolated refer-

ence frame of
∑

, and then using relative light speed∣∣∣ dρdτ ∣∣∣2 = (
dξ
dτ

)2

+
(
dς
dτ

)2
+
(

dη
dτ

)2

= c2−2v dx
dt +v2 given in

equation (10), we have∣∣∣∣drdt
∣∣∣∣ =

√(
dξ

dτ
+ v

)2

+

(
dς

dτ

)2

+

(
dη

dτ

)2

=

√(
dξ

dτ

)2

+

(
dς

dτ

)2

+

(
dη

dτ

)2

+ 2v
dξ

dτ
+ v2

=

√
c2 − 2v

dx

dt
+ 2v

dξ

dτ
+ 2v2

=

√
c2 − 2v

(
dξ

dτ
+ v

)
+ 2v

dξ

dτ
+ 2v2 = c

(14)

Similarly, relationships dx′

dt′ =
dξ′

dt′ −v= dξ′

dτ ′ −v, dy′

dt′ =
dς′

dt′ =
dς′

dτ ′ and dz′

dt′ =
dη′

dt′ =
dη′

dτ ′ are obtained from the complete
inverse space-time transformation (8). By substituting
theses relationships into the into the calculation formula∣∣∣dr′dt′

∣∣∣=(
dx′

dt′

)2

+
(

dy′

dt′

)2

+
(

dz′

dt′

)2

of the speed in isolated

reference frame of
∑′

, and using again the relative light

speed
∣∣∣ dρ′

dτ ′

∣∣∣2 =(
dξ′

dτ ′

)2

+
(

dς′

dτ ′

)2

+
(

dη′

dτ ′

)2

= c2+2v dx′

dt′ +v2

given by formula (12), the following result is obtained,∣∣∣∣dr′dt′

∣∣∣∣ =
√(

dξ′

dτ ′
− v

)2

+

(
dς ′

dτ ′

)2

+

(
dη′

dτ ′

)2

=

√(
dξ′

dτ ′

)2

+

(
dς ′

dτ ′

)2

+

(
dη′

dτ ′

)2

− 2v
dξ′

dτ ′
+ v2

=

√
c2 + 2v

dx′

dt′
− 2v

dξ′

dτ ′
+ 2v2

=

√
c2 + 2v

(
dξ′

dτ ′
− v

)
− 2v

dξ′

dτ ′
+ 2v2 = c

(15)

It can be seen that according to relative light speed in
the complete space-time transformation, constant light
speed in isolated reference frame can be derived. It can
be said that the relative variable light speed is also a
necessary condition for constant light speed in isolated
reference frame.
The calculation results of (10) - (15) above show that

there are definitions of constant solitary light speed and
variable relative light speed under the complete space-
time transformation. Einstein’s invariance of light speed
belongs to the constant speed of light in isolated reference

frame. The constant speed of light in isolated frame of
reference is compatible with the relative variable speed
of light, and they do not constitute a seemingly oppo-
site negative basis on the surface. All these calculations
are elementary, but elementary does not mean that the
corresponding problems and conclusions are of little im-
portance. Often, the discovery of primary problems is
more difficult than the discovery of higher problems, and
the impact of primary problems is more profound.

V. CONCLUSIONS AND COMMENTS

This paper introduces the unitary principle, which has
a wide application prospect. Then, the space-time trans-
formation of special relativity is tested by the unitary
principle, and the complete space-time transformation is
proposed. It is shown that the relative variable speed
of light is compatible with Einstein’s hypothesis of con-
stant speed of light. Einstein’s invariable speed of light
belongs to the constant speed of light in isolated refer-
ence frame, that is, the speed of light in vacuum relative
to that reference frame measured on any isolated inertial
reference frame is c, which is the real meaning of constan-
t light speed. In fact, the concept of ”event” in special
relativity defines the characteristics of isolated reference
frame of space and time concepts used to describe phys-
ical laws. The mapping relationship between space-time
concepts of each isolated reference frame is determined
by the Lorentz transformation. From the laboratory ref-
erence system, if the light moves in the opposite direction
with other reference systems, the vacuum light speed rel-
ative to that reference frame is greater than c; if the light
moves in the same direction with other reference system-
s, the vacuum light speed relative to that reference frame
is less than c.

The condition of an inertial reference frame is very
special because there is no real inertial reference frame
in nature. Even if the inertial reference frame conditions
are satisfied, if the speed of a particle relative to other
inertial reference systems measured in the laboratory ref-
erence frame is greater than the speed of light in vacuum,
the isolated speed of a particle measured on that inertial
reference frame will always be less than the speed of light
in vacuum. This is the essence of the speed limit of spe-
cial relativity. The Lorentz transformation determines
that the velocity of the isolated reference frame of mat-
ter motion is less than that of light in vacuum. However,
this speed limit theory does not apply to relative velocity.
The observer cannot stand on photons, and the relative
velocity of light to light in the vacuum observed in the
laboratory is actually distributed between 0 and 2c. It
should be stated again that the length of an object mea-
sured in the same inertial frame is separable, that is, the
length of straight lines observed in all inertial reference
frame can be added or subtracted. In a broad sense, the
position vectors between moving objects observed in the
same inertial frame obey the rule of vector superposition.
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Because of this, if the relative variable speed of light is
negated, the constant speed of light in Einstein’s isolated
reference frame is also denied. However, there may be no
causal relationship between the relative variable speed of
light and the constant speed of light in an isolated refer-
ence frame, although the relative variable speed of light
and the constant speed of light in isolated reference frame
can be derived from each other in the sense of complete
space-time transformation.

The complete space-time transformation based on the
unitary principle solves the doubts caused by the invari-
able speed of light. However, the relationship between
it and the laws of nature needs to be further revealed.
The unitary principle can be widely used in logic self
consistency test, so as to effectively solve those tangled
logical problems, and will play a more important role in
the future new scientific theory.
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