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Abstract: Derivation of light paths in the Michelson interferometer is based on the hypothesis that 7 
the speed of light does not change after reflection by a mirror in motion. The Michelson-Morley 8 
experiment predicts a fringe shift of  0.40 . The same fringe shift is predicted for a particular 9 
Michelson interferometer in which the beam splitter of the interferometer makes an angle of 45° 10 
with the direction of light from the source. Light behaves like a wave and also as a particle. Thus, it 11 
is reasonable to consider the reflection of light as a mechanical phenomenon. With this hypothesis, 12 
the speed of light changes after reflection, and the predicted fringe shift for the particular Michelson 13 
interferometer is zero which is in accordance with the result of the Michelson-Morley experiment. 14 
Apparently, light travels in any inertial frame as if this particular interferometer belongs to a fixed 15 
frame. The velocity of light is considered independent of the velocity of its source, which is in 16 
accordance with astronomers’ observations of the binary stars, and the experiment performed at 17 
CERN, Geneva, in 1964. 18 
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 21 

1. Introduction 22 
The hypothesis that the reflection of light is a mechanical phenomenon explains the negative 23 

result of the Michelson–Morley experiment [1,2]. The velocity of light is considered independent of 24 
the velocity of its source, which is in accordance with the astronomers’ observations of the binary 25 
stars [3,4], and the experiment performed at CERN, Geneva, in 1964 [5]. 26 

Section 2 includes a detailed theoretical analysis of the reflection of light as a mechanical 27 
phenomenon. The purpose of this section is to obtain the formula for the speed of a reflected ray of 28 
light in the fixed frame by a mirror in motion. 29 

Section 3 applies the result of Section 2 to a particular Michelson interferometer. The derivation 30 
of the light paths and the fringe shift is achieved in the fixed frame. 31 

2. Reflection of light as a mechanical phenomenon 32 
The drawings in this section present a stationary frame consisting of a mirror and a source of 33 

coherent light belonging to an inertial frame that travels at speed ݒ. For each drawing, the mirror and 34 
source have a different setup. 35 

The speed of light from its source in a fixed frame is the constant ܿ. The velocity vectors are 36 
illustrated for ݒ = 1 m/s and ܿ = 2 m/s at the instance when light collides with the mirror. The 37 
velocity vectors of the reflected rays are red in the fixed frame and blue in the inertial frame. 38 

As per the notations used in this study, points marked by a letter without an index correspond 39 
to the points as seen by an observer in the inertial frame. Points marked by a letter with an index are 40 
instances of inertial frame points in the fixed frame. Points with the same index belong to the same 41 
instance, not necessarily in time–sequential order. 42 
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2.1. Reflection of light when the velocity of light from the source has an opposite direction to the velocity of the 43 
inertial frame 44 

Figure 1 illustrates the initial position of the mirror–source frame. The source emits parallel rays 45 
of light with velocity ܿ perpendicular to the mirror, in the opposite direction of velocity ݒ of the 46 
inertial frame. A ray of light from the source travels with speed ܿ and collides with the mirror at 47 
point ܣଵ. 48 

The velocity of the mirror along the opposite direction of the incident ray ݒ୫୧ and the velocity 49 
of the mirror along the reflected ray direction ݒ୫୰ are concepts used extensively in this study. For the 50 
case of Figure 1, ݒ୫୧ and ݒ୫୰ are the same velocity ݒ that is illustrated by vector ܣଵܤଵ. 51 

 52 
Figure 1. Reflection of light when the velocity of light from the source has an opposite direction to the 53 
velocity of the inertial frame. 54 

In the fixed frame, the relative speed of light with respect to the mirror ܿ୰ is the speed of light 55 
ܿ plus the speed ݒ୫୧, ܿ୰ = ܿ + ୫୧ݒ = ܿ +  It is also the speed of the incident ray with respect to the 56 .ݒ
mirror in the inertial frame ܿ୧୧ = ܿ୰ = ܿ + ୫୧ݒ = ܿ +  57 .ݒ

Considering the reflection of light as a mechanical phenomenon, the speed of the reflected ray 58 
in the inertial frame ܿ୰୧ is equal to the speed of the incident ray ܿ୧୧, ܿ୰୧ = ܿ୧୧ = ܿ + ୫୧ݒ = ܿ +  59  .ݒ

The velocities ܿ୰୧ ,  ଵ, and the velocity 60ܤଵܣ illustrated by vector ݒ ୫୰ that are the velocityݒ ୫୧ andݒ
of the reflected ray in the fixed frame ܿ௥௙ are shown at the instance of collision at point ܣଵ. 61 

In time ݐ from the instance of collision, in the fixed frame, the mirror travels the distance ܣଵܣଶ 62 
with speed ݒ୫୰ = ଶ with speed ܿ௥௙ܨଵܣ and the reflected ray travels the distance ,ݒ ; in the inertial 63 
frame, the reflected ray travels the distance ଶܨଶܣ   with speed  ܿ௥௜ = ܿ + ୫୧ݒ . The distance ଶܨଵܣ  =64 
ଶܣଵܣ + ଶܨଶܣ    ⇒    ܿ௥௙ݐ = ݐ୫୰ݒ +  ܿ௥௜ݐ   ⇒   ܿ௥௙ =  ܿ௥௜ + ୫୰ݒ =  ܿ + ୫୧ݒ + ୫୰ݒ = ܿ + ݒ + ݒ = ܿ +  The 65 .ݒ2
speed ܿ௥௙ = ܿ +  is identical to the elastic collision of a ball with a rigid wall derived in classical 66 ݒ2
mechanics if the ball is massless [6], Appendix A. 67 

For the following examples, the derivation of the formula  ܿ୰୤ = ܿ୰୧ + ୫୰ݒ = ܿ + ୫୧ݒ +  ୫୰ 68ݒ
consists of identifying the velocities ݒ୫୧ and ݒ୫୰. 69 

When the reflected ray makes an angle ܾ with the initial position, the schematic shown in Figure 70 
1 can be replaced with that in Figure 2. Point ܧଵ rotates on a circle of radius ݒ shown partially with 71 
a dashed line, when angle ܾ varies from 0° to 360°. 72 

 73 

Figure 2. Reflection of light when the reflected ray makes an angle ܾ with the initial position. 74 

Vector ܣଵܤଵ has a magnitude of ݒ; thus, the speed of the mirror along the opposite direction of 75 
the incident ray ݒ୫୧ =  In the inertial frame, at the instance of collision, the speed of the reflected 76 .ݒ
ray  ܿ୰୧ = ܿ୧୧ = ܿ + ୫୧ݒ = ܿ + ݒ . At the instance of collision, the velocity vector  ܿ୰୧  belongs to the 77 
inertial and fixed frame. 78 
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Vector ܣଵܥଵ has a magnitude of ݒ cos ܾ; thus, the speed of the mirror along the direction of the 79 
reflected ray ݒ୫୰ = ݒ cos ܾ for this non–frontal collision. In the fixed frame, the speed of the reflected 80 
ray ܿ୰୤ = ܿ୰୧ + ୫୰ݒ = ܿ + ୫୧ݒ + ௠௥ݒ = ܿ + ݒ + ݒ cos ܾ. 81 

The formula  ܿ୰୤ = ܿ + ݒ + ݒ cos ܾ  verifies ܿ୰୤ = ܿ + ݒ2  derived for the setup illustrated in 82 
Figure 1, for the case when ܾ = 0°; ܿ୰୤ = ܿ for ܾ = 180°, for the case when there is no collision.  83 

The formula ܿ୰୤ = ܿ + ݒ + ݒ cos ܾ yields ܿ୰୤ = ܿ + ܾ for ݒ = 90°. Figure 3 is a modified version 84 
of Figure 1 when the reflected ray makes an angle ܾ = 90° with the initial position. 85 

 86 
Figure 3. Reflection of light when the reflected ray makes an angle ܾ = 90° with the initial position. 87 

2.2. Reflection of light when the mirror–source frame makes an angle a with the initial position 88 
Figure 4 depicts the mirror–source frame, as illustrated in Figure 1 at the initial position, making 89 

an angle ܽ with this initial position. The rays of light from the source travels perpendicular to the 90 
mirror with speed ܿ. A ray of light from the source collides with the mirror at point ܣଵ. 91 

 92 
Figure 4. Reflection of light when the mirror–source frame makes an angle ܽ with the initial position. 93 

Vector ଵܥଵܣ   has a magnitude of ݒ  cos ܽ ; thus, the speed ୫୧ݒ  = ୫୰ݒ = ݒ cos ܽ  for this frontal 94 
collision. In the inertial frame, at the instance of collision, the speed ܿ୰୧ = ܿ୧୧ = ܿ + ୫୧ݒ = ܿ + ݒ cos ܽ. 95 
At the instance of collision, the velocity vector ܿ୰୧ belong to the inertial and fixed frame. In the fixed 96 
frame, the speed ܿ୰୤ = ܿ୰୧ + ୫୰ݒ = ܿ + ୫୧ݒ + ୫୰ݒ = ܿ + ݒ cos ܽ + ݒ cos ܽ = ܿ + ݒ2 cos ܽ. 97 

The formula  ܿ୰୤ = ܿ + ݒ2 cos ܽ  verifies  ܿ୰୤ = ܿ + ݒ2  derived for the setup in Figure 1, 98 
wherein ܽ = 0°; ܿ୰୤ = ܿ − ܽ for ݒ2 = 180°, which is identical to the elastic collision of a ball with a 99 
rigid wall derived in classical mechanics if the ball is massless [6], Appendix A. 100 

The schematic shown in Figure 4 gets modified when the reflected ray makes an angle ܾ with 101 
the initial position, and can be represented as Figure 5. 102 

Vector ܣଵܥଵ has a magnitude of ݒ cos ܽ; thus, the speed ݒ୫୧ = ݒ cos ܽ. In the inertial frame, at the 103 
instance of collision, the speed ܿ୰୧ = ܿ୧୧ = ܿ + ୫୧ݒ = ܿ + ݒ cos ܽ.  104 

Vector ܣଵܦଵ  has a magnitude of ݒ cos ܾ; thus, the speed ݒ୫୰ = ݒ cos ܾ. In the fixed frame, the 105 
speed ܿ୰୤ = ܿ୰୧ + ୫୰ݒ = ܿ + ୫୧ݒ + ୫୰ݒ = ܿ + ݒ cos ܽ + ݒ cos ܾ that applies for any angle, both ܽ and ܾ. 106 
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 107 
Figure 5. Reflection of light when the reflected ray makes an angle ܾ with the initial position. 108 

The formula ܿ୰୤ = ܿ + ݒ cos ܽ + ݒ cos ܾ verifies  ܿ୰୤ = ܿ + ݒ2 cos ܽ derived for the geometry in 109 
Figure 4, for the case when ܾ = ܽ; ܿ୰୤ = ܿ + ܽ as seen in Figure 3, for ݒ = 0° and ܾ = 90°; ܿ୰୤ = ܿ +110 
ݒ cos ܽ + ݒ cos(ܽ + 180°) = ܿ + ݒ cos ܽ − ݒ cos ܽ = ܿ for ܾ = ܽ + 180° when there is no collision.  111 

The formula  ܿ୰୤ = ܿ + ݒ cos ܽ + ݒ cos ܾ  yields  ܿ୰୤ = ܿ + ݒ cos ܽ + ݒ cos(ܽ + 90°) = ܿ + ݒ cos ܽ −112 
ݒ sin ܽ for ܾ = ܽ + 90°. Figure 6 depicts the modified version of Figure 4 when the reflected ray 113 
makes an angle ܾ = ܽ + 90° with the initial position. 114 

 115 
Figure 6. Reflection of light when the reflected ray makes an angle  ܾ = ܽ + 90°  with the initial 116 
position. 117 

2.3. Discussions 118 
Angle ܽ corresponds to the opposite direction of the incident ray, and angle ܾ to the direction 119 

of the reflected ray. The direction of angles ܽ and ܾ are outward in space from the point of collision. 120 
Angles ܽ and ܾ are measured counterclockwise from the direction of the velocity vector ݒ with its 121 
origin at the point of collision, illustrated by vector ܣଵܤଵ in the above figures. 122 

In the fixed frame, a mirror at rest reflects the rays of light from a source with the constant 123 
speed ܿ. A mirror in motion reflects the rays of light from a source with a speed different from the 124 
constant speed ܿ, and the reflected rays may become the incident rays for another mirror. The final 125 
formula of speed ܿ୰୤  is ܿ୰୤ = ܿୱ + ୫୧ݒ + ୫୰ݒ = ܿୱ + ݒ cos ܽ + ݒ cos ܾ, where speed ܿୱ  is the speed of 126 
light from a source or from a mirror. 127 

If this study starts with the initial position of Figure 1 in which velocity ݒ has the same direction 128 
as velocity ܿ, then ܿ୰୤ = ܿୱ − ୫୧ݒ − ୫୰ݒ = ܿୱ − ݒ cos ܽ − ݒ cos ܾ. 129 

 130 
 131 

3. Reflection of light as a mechanical phenomenon applied to a particular Michelson 132 
interferometer 133 
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3.1. Derivation of the light paths 134 
Figure 7 presents a particular Michelson interferometer rotated counterclockwise by an angle ܽ 135 

from the initial position. At the initial position, angle ܽ = 0°. The beam splitter ܯ makes an angle 136 
of 45° with the direction of the rays from the source, mirror ܯଵ is perpendicular and mirror ܯଶ is 137 
parallel to this direction, respectively. 138 

The transmitted rays from the coherent source of light travel through ܯ to ܯଵ, and the reflected 139 
rays from the source are directed by ܯ to ܯଶ; both rays travel back to ܯ where they interfere. From 140 
the multitude of transmitted and reflected rays, there is one pair of rays that continuously intercepts 141 
at a point ܣ of ܯ; this is true for all points on ܯ. Figure 7 depicts the pair of the transmitted ray from 142 

ଵܺ in red and the reflected ray from ଵܻ in blue that interferes at point ܣ, for angle ܽ. 143 
The initial instance of the light paths derivation is considered when the ray from ଵܻ is reflected 144 

at point ܧଵ of ܯ. At the initial instance, the transmitted ray from ଵܺ is at point ܦଵ on line ܧଵܭଵ. 145 
The length of the interferometer arms ܤܣ  = ଵܤଵܣ  and ܥܣ  = ଵܥଵܣ  are equal to ܮ  , and the 146 

distances ܣଵܨଵ and ܧଵܨଵ are equal to ݈. Thus, the distance ܦଵܫଵ = ଵܭଵܧ = ܮ + ݈. 147 

 148 
Figure 7. Reflection of light as a mechanical phenomenon applied to a particular Michelson 149 
interferometer. 150 

The reflected ray travels from ଵܧ   to ଷܬ   with speed  ܿ୰୤ = ܿଶଵ = ܿ௦ଶଵ + ݒ cos ܽଶଵ + ݒ cos ܾଶଵ , in 151 
time ݐଶଵ. The speed from the source ܿ௦ଶଵ = ܿ. Imagine a velocity vector ݒ with its origin at ܧଵ. The 152 
angle measured counterclockwise from the direction of the velocity vector ݒ to the opposite direction 153 
of the incident ray is ܽଶଵ = ܽ. The angle measured counterclockwise from the direction of the velocity 154 
vector ݒ   to the reflected ray direction is  ܾଶଵ = ܽ + 90° . Thus, the speed  ܿଶଵ = ܿ + ݒ cos ܽ +155 
ݒ cos(ܽ + 90°) = ܿ + ݒ cos ܽ − ݒ sin ܽ.  156 

In time ଶଵݐ  , mirror ଶܯ   travels from ଵܬ   to ଷܬ   with speed ݒ  , and ܭଵ  travels to ଷܬ   with 157 
speed ݒ sin ܽ. 158 

ଵܭଵܧ = ଷܬଵܧ + ଵܭଷܬ    ⇒ ܮ    + ݈ = ܿଶଵݐଶଵ + ଶଵݐݒ sin ܽ    ⇒ ܮ    + ݈159 
= (ܿ + ݒ cos ܽ − ݒ sin ଶଵݐ(ܽ + ଶଵݐݒ sin ܽ    ⇒ ଶଵݐ    =

ܮ + ݈
ܿ + ݒ cos ܽ

 160 
The ray reflected by ܯଶ travels from ܬଷ toward ܣହ and the screen with speed ܿ୰୤ = ܿଶଶ = ܿ௦ଶଶ +161 

ݒ cos ܽଶଶ + ݒ cos ܾଶଶ, in time ݐଶଶ. The speed of the incident ray at ܬଷ is ܿ௦ଶଶ = ܿଶଵ. Consider a velocity 162 
vector ݒ with its origin at ܬଷ, then the measured angle ܽଶଶ = ܾଶଶ = ܽ + 270°. Thus, the speed ܿଶଶ  =163 
 ܿଶଵ + ݒ2  cos(ܽ + 270°) = (ܿ + ݒ cos ܽ − ݒ sin ܽ)  + ݒ2  sin ܽ  =  ܿ + ݒ cos ܽ  + ݒ sin ܽ. 164 

In time ଶଶݐ  , mirror ଶܯ   travels from ଷܥ   to ହܥ   with speed ݒ  , and ܬଷ  travels to ହܥ    with 165 
speed ݒ sin ܽ. The distance ܣହܥହ =  166 .ܮ
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ଷܬହܣ = ହܥହܣ + ଷܬହܥ    ⇒    ܿଶଶݐଶଶ = ܮ + ଶଶݐݒ sin ܽ    ⇒    (ܿ + ݒ cos ܽ + ݒ sin ଶଶݐ(ܽ = ܮ + ଶଶݐݒ sin ܽ    167 
⇒ ଶଶݐ    =

ܮ
ܿ + ݒ cos ܽ

. 168 

ଶݐ = ଶଵݐ + ଶଶݐ =
ܮ + ݈

ܿ + ݒ cos ܽ
+

ܮ
ܿ + ݒ cos ܽ

=
ܮ2 + ݈

ܿ + ݒ cos ܽ
. 169 

The distance ݈ = ଵܨଵܣ = ହܣଵܣ cos ܽ = ଶݐݒ cos ܽ    ⇒ ଶݐ    = ݒ)/݈ cos ܽ). 170 
The equality of the two formulas of time ݐଶ yields the distance ݈. 171 

ܮ2 + ݈
ܿ + ݒ cos ܽ

=
݈

ݒ cos ܽ
  ⇒   ݈ ൬

1
ݒ cos ܽ

−
1

ܿ + ݒ cos ܽ
൰ =

ܮ2
ܿ + ݒ cos ܽ

  ⇒   ݈ =
ݒܮ2 cos ܽ

ܿ
. 172 

With the formula of distance ݈, the formula of time ݐଶ becomes 173 

ଶݐ =
ܮ2 + ݈

ܿ + ݒ cos ܽ
=

ܮ2 + ݒܮ2 cos ܽ
ܿ

ܿ + ݒ cos ܽ
=

ܮ2
ܿ

. 174 
The transmitted ray travels from ଵܦ   to ଶܪ   with speed  ܿୱଵଵ = ܿଵଵ = ܿ , in time ଵଵݐ  . 175 

Simultaneously, mirror ܯଵ  travels from ଵܪ   to ଶܪ   with speed ݒ  , and ܫଵ  travels to ଶܪ   with 176 
speed ݒ cos ܽ. 177 

ଵܫଵܦ = ଶܪଵܦ + ଵܫଶܪ    ⇒ ܮ   + ݈ = ܿଵଵݐଵଵ + ଵଵݐݒ cos ܽ   ⇒ ଵଵݐ   =
ܮ + ݈

ܿ + ݒ cos ܽ
. 178 

The ray reflected by ܯଵ travels from ܪଶ to ܣସ with speed ܿ୰୤ = ܿଵଶ = ܿୱଵଶ + ݒ cos ܽଵଶ + ݒ cos ܾଵଶ, 179 
in time ଵଶݐ  . The speed  ܿ௦ଵଶ = ܿଵଵ = ܿ . Imagine a velocity vector ݒ   with its origin at ଶܪ  , then the 180 
measured angle ܽଵଶ = ܾଵଶ = ܽ. Thus, ܿଵଶ = ܿଵଵ + ݒ cos ܽ + ݒ cos ܽ = ܿ + ݒ2 cos ܽ.  181 

In time ଵଶݐ  , mirror ଵܯ   travels from ଶܤ   to ସܤ   with speed ݒ  , and ܪଶ  travels to ସܤ   with 182 
speed ݒ cos ܽ. The distance ܣସܤସ =  183 .ܮ

ଶܪସܣ = ସܤସܣ + ଶܪସܤ    ⇒    ܿଵଶݐଵଶ = ܮ + ଵଶݐݒ cos ܽ    ⇒    (ܿ + ݒ2 cos ଵଶݐ(ܽ = ܮ + ଵଶݐݒ cos ܽ    184 
⇒ ଵଶݐ    =

ܮ
ܿ + ݒ cos ܽ

. 185 

ଵݐ = ଵଵݐ + ଵଶݐ =
ܮ + ݈

ܿ + ݒ cos ܽ
+

ܮ
ܿ + ݒ cos ܽ

=
ܮ2 + ݈

ܿ + ݒ cos ܽ
=

ܮ2
ܿ

. 186 
The ray reflected by ܯ travels from ܣସ  to the screen with speed ܿ୰୤ = ܿଵଷ = ܿ௦ଵଷ + ݒ cos ܽଵଷ +187 

ݒ cos ܾଵଷ. The speed ܿ௦ଵଷ = ܿଵଶ. Consider a velocity vector ݒ with its origin at ܣସ, then the measured 188 
angle  ܽଵଷ = ܽ + 180°  and  ܾଵଷ = ܽ + 270° . Thus, the speed  ܿଵଷ  is  ܿଵଷ = ܿଵଶ + ݒ cos(ܽ + 180°) +189 
ݒ cos(ܽ + 270°) = (ܿ + ݒ2 cos ܽ) − ݒ cos ܽ + ݒ sin ܽ = ܿ + ݒ cos ܽ + ݒ sin ܽ. 190 

As time ݐଵ =  ଵ. 191ܨ ଵ coincides with pointܩ ହ and pointܣ ଵ coincide with pointܦ ସ andܣ ଶ, pointsݐ
The difference of time ∆t = ଶݐ − ଵݐ = 0. Thus, the predicted fringe shift is zero. 192 
The classical derivation, based on the hypothesis that the speed of light does not change after 193 

reflection, predicts an observable fringe shift of 0.40, when this particular interferometer is rotated in 194 
increments of  90° starting from the initial position, Appendix B. 195 

3.2. Discussions 196 
The pair of rays that interfere at point ܣ  , and any point on ܯ  , change continuously with 197 

interferometer rotation. 198 
Along the path to the screen, the transmitted and reflected rays are parallel, and their speeds are 199 

equal for any angle  ܽ, ܿଵଷ = ܿଶଶ = ܿ + ݒ cos ܽ + ݒ sin ܽ . Thus, the transmitted and reflected rays 200 
interfere. 201 

The difference in time for any angle ܽ and at any point on ܯ is given by ∆ݐ = ଶݐ − ଵݐ = 0. Thus, 202 
the interference image is an illuminated area at maximum brightness that does not change by the 203 
rotation of the interferometer. For this particular interferometer, the fringe shift is displayed by the 204 
changes in the brightness of the illuminated area. 205 

If the length of the interferometer arms is not equal, i.e.,  ܤܣ = ଵܤଵܣ = ܥܣ ଵ andܮ = ଵܥଵܣ =  ଶ, 206ܮ
then ∆ݐ = ଶݐ − ଵݐ = ଶܮ)2 − ଶܮ ଵ)/ܿ. The difference in the arm’s lengthܮ −  ଵ is the same constant for 207ܮ
any angle ܽ and at any point on ܯ. In conclusion, the interference is not in phase, and the illuminated 208 
area has less brightness than that of the maximum. The rotation of the interferometer does not display 209 
a change in the brightness of the illuminated area. 210 
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In the fixed frame, the pairs of the transmitted and reflected rays travel the same path length 2211 ܮ 
with the same speed ܿ in the same time 2ܮ/ܿ, in any inertial frame, independent of angle ܽ and the 212 
speed of the inertial frame 213  .ݒ 

The same image without any fringe shift is observed in the inertial frame as in the fixed frame. 214 
Apparently in any inertial frame, the pairs of the transmitted and reflected rays travel the same path 215 
length 2ܮ with the same speed ܿ in the same time 2ܮ/ܿ, for any angle ܽ, as if the interferometer 216 
belongs to the fixed frame. 217 
Conflicts of Interest: The authors declare no conflict of interest. 218 

Appendix A. The speed of a ball after an elastic collision with a rigid wall 219 
In Figure 1, consider that the mirror is replaced with a rigid wall and the ray of light or photon 220 

with a ball. The speed of the wall and ball after an elastic collision are derived here. 221 
The wall of mass ݉ଵ travels at speed ݒଵ = ଶݒ and the ball of mass ݉ଶ travels at speed ݒ = ܿ in 222 

the opposite direction to ݒଵ. The speed of the wall and the speed of the ball after the elastic frontal 223 
collision are ݒଵ

ᇱ  and ݒଶ
ᇱ , respectively. The equation for the law of conservation of momentum and 224 

kinetic energy yield the solution for speed ݒଵ
ᇱ  and speed ݒଶ

ᇱ . 225 
݉ଵݒଵ + ݉ଶݒଶ = ݉ଵݒଵ

ᇱ + ݉ଶݒଶ
ᇱ . (1)

ଵ
ଶ

݉ଵݒଵ
ଶ + ଵ

ଶ
݉ଶݒଶ

ଶ = ଵ
ଶ

݉ଵݒ′ଵଶ + ଵ
ଶ

݉ଶݒ′ଶ
ଶ. (2)

The two equations yield the following solutions: 226 

ଵݒ
ᇱ =

݉ଵ − ݉ଶ

݉ଵ + ݉ଶ
ଵݒ +

2݉ଶ

݉ଵ + ݉ଶ
 ଶ   and 227ݒ

ଶݒ
ᇱ =

2݉ଵ

݉ଵ + ݉ଶ
ଵݒ +

݉ଶ − ݉ଵ

݉ଵ + ݉ଶ
 ଶ. 228ݒ

For ray of light or photon, ݉ଶ = 0 and the simplified solutions are ݒଵ
ᇱ = ଶݒ ଵ andݒ

ᇱ = ଵݒ2 −  ଶ. 229ݒ
The solutions are derived in mechanics without knowing the direction of the speeds ݒଵ

ᇱ  and ݒଶ
ᇱ  230 

after the collision. For mirror and light, the direction of the speeds ݒଵ
ᇱ  and ݒଶ

ᇱ  are known. 231 
If the direction of ݒଵ as reference is considered to be positive, then the direction of ݒଶ is negative 232 

and the direction of ݒଵ
ᇱ  and ݒଶ

ᇱ  are positive. The simplified solutions turn out to be ݒଵ
ᇱ = ଶݒ ଵ andݒ

ᇱ =233 
ଵݒ2 − (ଶݒ−) = ଶݒ + ,ଵ. For the case of mirror and lightݒ2 ଶݒ ଶ is ܿ, andݒ  ,ݒ ଵ isݒ

ᇱ  is ܿ୰୤. Thus, ଵݒ
ᇱ =  234 ݒ

and ܿ୰୤ = ܿ +  235 .ݒ2
If ݒଵ has an opposite direction to that illustrated in Figure 1, and this direction as reference is 236 

considered to be negative, then the direction of ݒଶ and ݒଵ
ᇱ  are negative, and the direction of ݒଶ

ᇱ  is 237 
positive. The simplified solutions turn out to be ଵݒ−  

ᇱ = ଵݒ−  or ݒଵ
ᇱ = ଵݒ  and ଶݒ 

ᇱ = (ଵݒ−)2 −  238 (ଶݒ−)
or ݒଶ

ᇱ = ଶݒ − ,ଵ. For the case of mirror and lightݒ2 ଶݒ ଶ is ܿ, andݒ  ,ݒ ଵ isݒ
ᇱ  is ܿ୰୤. Thus, ݒଵ

ᇱ = and ܿ୰୤ ݒ =239 
ܿ −  240 .ݒ2

Appendix B. Classical derivation of the fringe shift for the particular Michelson interferometer 241 
The derivation here follows Figure 7; it adopt the same steps as in Section 3, but the speed of 242 

light before and after reflection is taken to be the constant ܿ. 243 
For the reflected ray: 244 
ଵܭଵܧ = ଷܬଵܧ + ଵܭଷܬ    ⇒ ܮ    + ݈ = ଶଵݐܿ + ଶଵݐݒ sin ܽ    ⇒ ଶଵݐ    =

ܮ + ݈
ܿ + ݒ sin ܽ

. 245 

ଷܬହܣ = ହܥହܣ + ଷܬହܥ    ⇒    cݐଶଶ = ܮ + ଶଶݐݒ sin ܽ    ⇒ ଶଶݐ    =
ܮ

ܿ − ݒ sin ܽ
. 246 

ଶݐ = ଶଵݐ + ଶଶݐ =
ܮ + ݈

ܿ + ݒ sin ܽ
+

ܮ
ܿ − ݒ sin ܽ

. 247 
݈ = ଵܨଵܣ = ହܣଵܣ cos ܽ = ଶݐݒ cos ܽ    ⇒ ଶݐ    = ݒ/݈ cos ܽ. 248 
The equality of the two formulas of time ݐଶ yields the distance ݈. 249 

ܮ + ݈
ܿ + ݒ sin ܽ

+
ܮ

ܿ − ݒ sin ܽ
=

݈
ݒ cos ܽ

   ⇒   ݈ =
ݒܿܮ2 cos ܽ

(ܿ − ݒ sin ܽ)(ܿ + ݒ sin ܽ − ݒ cos ܽ). 250 
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For the transmitted ray: 251 
ଵܫଵܦ = ଶܪଵܦ + ଵܫଶܪ     ⇒ ܮ    + ݈ = ܿଵଵݐଵଵ + ଵଵݐݒ cos ܽ    ⇒ ଵଵݐ    =

ܮ + ݈
ܿ + ݒ cos ܽ

. 252 

ଶܪସܣ = ସܤସܣ + ଶܪସܤ    ⇒ ଵଶݐܿ    = ܮ + ଵଶݐݒ cos ܽ    ⇒ ଵଶݐ    =
ܮ

ܿ − ݒ cos ܽ
. 253 

ଵݐ = ଵଵݐ + ଵଶݐ =
ܮ + ݈

ܿ + ݒ cos ܽ
+

ܮ
ܿ − ݒ cos ܽ

. 254 
The distance ݈ can be calculated for any angle ܽ, followed by the calculations of times ݐଵ and ݐଶ. 255 

The difference of time ∆ݐ௔భ = ଶݐ − ଵݐ . The period of the light wave is given by ܶ =  thus, the 256 ;ܿ/ߣ
number of periods or wavelengths in ∆ݐ௔భ  is ௔ܰభ = ܶ/௔భݐ∆ =  for any angle ܽ. 257 ߣ/௔భݐ∆ܿ

If the number of wavelengths for another angle ܽ is ௔ܰమ , then the fringe shift by rotating the 258 
interferometer from one angle to another is ∆ ௔ܰభ,௔మ = ௔ܰమ − ௔ܰభ . 259 

Figure 8 illustrates the schematic of the light paths for angle ܽ at 0°, 90°, 180°, and 270°. 260 

 261 
Figure 8. Schematic of the light paths for angle ܽ at 0°, 90°, 180°, and 270°. 262 

For calculations, the length of the interferometer’s arms ܮ = 11 m, the speed ݒ = ܧ3.0 + 04 m/s, 263 
the speed ܿ = ܧ3.0 + 08 m/s, and the wavelength of the light ߣ = ܧ550 − 09 m, which is the same 264 
data used by Michelson and Morley for their experiment. 265 

Table 1 gives the numerical calculation, performed in Excel, of the fringe shift in steps of 90° 266 
starting from the initial position, for the cases presented in Figure 8. 267 

Table 1. Numerical calculation of the fringe shift for four positions 268 

ܽ [rad] 0 π/2 
݈ [m] 2.2002200220022000E–03 1.3476633138761200E–19 
 ଶ [s] 7.3340667400073300E–08 7.3333334066666700E–08ݐ
 ଵ [s] 7.3340667400073300E–08 7.3333333333333300E–08ݐ
,଴ݐ∆  గ/ଶ [s] 0.0000000000000000E+00 7.3333334569908100E–16ݐ∆

଴ܰ, గܰ/ଶ  0.0000000000000000E+00 4.0000000674495300E–01 
∆ ଷܰగ/ଶ,଴, ∆ ଴ܰ,గ/ଶ –4.0000000674495300E–01 4.0000000674495300E–01 

 269 
ܽ [rad] π 3π/2 
݈ [m] –2.1997800219978000E–03 –4.0429899416283500E–19 
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 ଶ [s] 7.3326000733260000E–08 7.3333334066666700E–08ݐ
 ଵ [s] 7.3326000733260000E–08 7.3333333333333300E–08ݐ
,గݐ∆  ଷగ/ଶ[s] 0.0000000000000000E+00 7.3333334569908100E–16ݐ∆

గܰ, ଷܰగ/ଶ  0.0000000000000000E+00 4.0000000674495300E–01 
∆ గܰ/ଶ,గ, ∆ గܰ,ଷగ/ଶ  –4.0000000674495300E–01 4.0000000674495300E–01 

 270 
The geometry of the light paths as described by Michelson and Morley in their experiment also 271 

predicts a fringe shift of 0.40 [1]. 272 
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