
Abstract. We show that if an extended object moves with not
only a relativistic but even a nonrelativistic speed, an observer at
rest sees the shape of this object distorted, and the distortion
depends on the way the object is observed. This phenomenon is
due to different retardation times of light emitted by various
parts of the object. Moreover, the observer at rest sees the
spatial position and speed of objects in an incorrect way. If an
extended object moves with a relativistic speed, the relativistic
aberration phenomenon occurs, which was analyzed by Einstein.
The essence of the effect is that the observer at rest sees the
image of a moving small body rotated by some angle. The
analysis of these phenomena reported in well-known papers by
Terrell and Penrose fails to correctly address the effects related
to different retardation times of light emitted by various parts of
the extended object but coming to the observer at rest at the

same time. In particular, it follows from their studies that the
observer at rest sees the image of a moving extended object, for
example, a cube or a sphere, not flattened in the direction of
motion (as follows from the Lorentz transformation) but only
`rotated' by the relativistic aberration angle. We report correct
expressions for the images of rods parallel and perpendicular to
the velocity of motion as seen by an observer at rest. In parti-
cular, if a cube moving sufficiently fast passes by a remote
observer at rest, the image of the cube face turned to the
observer is contracted in the direction of motion in accordance
with the Lorentz transformations, but is not `rotated', while the
image of its rear face (with respect to direction of motion)
`rotates' by some angle. The image of the cube is therefore
distorted. A history of theoretical predictions and experimental
observations of this phenomenon is presented. We discuss Ga-
mow's relativistic street car paradox, which shows that Terrell's
and Penrose's results are incorrect in the general case of motion
of objects. Results of our study explain the Gamow street car
paradox in an easily comprehensible way. Physical problems are
presented that can be solved significantly more easily if the
formulas for the relativistic aberration and light retardation
effects are used. We show that assertions made by some astron-
omers regarding the observation of superluminal motion of some
galaxies and supernova jets are incorrect because the effects
discussed here were ignored in their calculations.
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1. Introduction

Amoving body can be observed in different ways. Sensors can
be located in space that would respond when contacting a
body passing by and thus provide information about the
dimensions of the body and details of its motion. Another
approach to observation is that an observer makes a
judgement about the motion of the body by receiving
acoustic, light, or radio signals that the body emits. To be
more specific, we only consider light signals in what follows.
Sometimes, this second method is the only feasible one, as is
the case with astronomical observations. We must take into
account, however, that this observation method can provide
incorrect information about the location of the moving body
and its shape and velocity. Even if an extended object moves
with a nonrelativistic speed, an observer at rest sees the shape
of the object distorted, the distortion being dependent on the
observation method and the distance to the body. The same
phenomenon occurs if a remote observer at rest measures the
speed of a moving body and the rate of a clock on that body:
the observer determines them incorrectly. If the speed of the
body exceeds the light propagation speed (as may be the case
in an optical medium with a certain refractive index), a
number of new effects occur; for example, Vavilov±Cher-
enkov radiation is observed [1±9].

We note that the possibility of superluminal motion has
been analyzed in detail in well-known studies by Ginzburg
(1916±2009) [10] and Bolotovskii and Ginzburg [11] (see also
[12±14]). Some specific features of superluminal motion have
been explored in [15±26].

If a luminous small body moves with a relativistic speed,
the phenomenon of relativistic aberration occurs, as a result
of which an observer at rest sees the image rotated by some
angle that depends on the relative speed ofmotion of the small
body. The concept of relativistic aberration was introduced in
1905 by Einstein (1879±1955) in his seminal work [27] that
laid the foundations of the special relativity theory (SRT).
The development of SRT was completed in the studies by
Minkowski (1864±1909), where the our-dimensional space±
time was discovered. We note that Einstein himself did not
use the term `relativistic aberration'. However, Einstein
closely related this phenomenon to the so-called Doppler
effect, which is due, in turn, to relativistic time dilation on
the moving object. The point is that the source of the
Doppler effect and relativistic aberration is the same: the
wave 4-vector (frequency and wave vector) experiences
changes as a result of motion. Relativistic aberration in the
sense of [27] implies rotation of the light beam emitted by the
moving point that is detected by the observer at rest. The
results in [27] are discussed in detail in Section 4.2.

Because a similar phenomenon, referred to as stellar
aberration, is also observed in classical physics [28, 29], and
the formulas for the stellar and relativistic aberration angle
were different, fierce debates occurred between SRT suppor-
ters and critics [30±34].

If an extended luminous body moves with a relativistic
(and sometime also nonrelativistic) speed, in addition to
relativistic aberration, the effect of different retardations
occurs for light signals that arrive to the observer simulta-
neously but were emitted by different points on the object at
different times. As a result of this effect, the observer at rest
sees the image of the moving body distorted, the length of the
body side facing the observer being contracted in the direction
ofmotion as prescribed by the Lorentz transformation. At the

same time, the rear side, with respect to the body motion
direction, `rotates' by some angle, owing to which it becomes
visible to the observer.

We show below that the effects related to different
retardation times of light signals emitted by different parts
of an extended and rapidly moving body that arrive
simultaneously to an observer at rest affect the image viewed
by the observer no less than the relativistic contraction of its
longitudinal dimensions. We note that some SRT critics (see,
e.g., [35]) erroneously believe that in considering the problem
of the image of a rapidly moving body, the Lorentz
transformations are not needed at all, and light retardation
alone should be taken in account.

More than fifty years after [27] was published, Terrell
(1923±2009) [36] and Penrose (b. 1931) [37] came to the
conclusion that due to the relativistic aberration effect and
light-signal retardation, the observer at rest sees the moving
body not flattened, as follows from SRT, but only `rotated'
by a relativistic-aberration angle: the light quanta that arrive
simultaneously to the observer were emitted by different
points on the body at different times, namely, the points
located farther from the observer emitted quanta earlier than
the points located closer. The authors of [36, 37] asserted
that the effect of complete compensation of the Lorentz
contraction also occurs when the dimensions of the body are
much smaller than the distance to it: the image of the body is
not distorted but only rotated by some angle. This phenom-
enon was named the Terrell effect or the Terrell±Penrose
effect.

The goal of this study is to analyze in detail the issues
described above and some physical problems whose solution
can be significantly simplified by using formulas for relativis-
tic aberration and retardation of light signals. We show that
in exploring this phenomenon, Terrell [36] and Penrose [37]
did not quite correctly take the above effects related to the
differences in light retardation into account. We present
correct formulas for the angle of `rotation' of the image of a
rapidly moving extended object.

Another goal of this paper is to show that the assertions
made by some astronomers that some distant galaxies move
faster than light or that the jets ejected by exploding super-
novae and rapidly expanding radio sources have a super-
luminal speed are incorrect. This apparent optical phenom-
enon can be explained by accounting for the relativistic
aberration effect and different retardation times of light
emitted by different points of the extended light source and
simultaneously arriving at the observer at rest.

Prior to proceeding to the main topic of the paperÐ
observation of the apparent shape and speed of moving
bodiesÐwe review the problem of superluminal motion.

2. Superluminal motion

Because we here consider the cases where a material body or
an image move with a speed v (and both cases v < c and v > c
are possible, where c is the speed of light in the vacuum), we
briefly review the history of the problem. We note that some
important physical problems involve the speed of light in a
medium with a refractive index n, i.e., c=n (chromatic
dispersion of n is disregarded here). The speed of material
objects can be v > c=n, but not v > c. At the same time, the
speed of images, for example, a running spot produced by a
light beam or an electron beam, can be not only v > c but even
v4 c.
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2.1 Vavilov±Cherenkov radiation
Historical research by Kaiser [38], Tyapkin (1926±2003) [39],
and Bolotovskii [40] into studies by O Heaviside (1850±1925)
has shown that as early as 1888±1889, Heaviside analyzed the
case of an electric charge moving with a velocity v in a
medium whose refractive index is n and v > c=n [41]. Heavi-
side showed in [41] that a charge moving faster than the speed
of light c=n in an optical medium emits electromagnetic
radiation. Initially, paper [41] was rather actively referred to
(see, e.g., [42]); however, later it fell into oblivion for a long
time. By the time Vavilov±Cherenkov radiation was discov-
ered in 1934 [1, 2], Tamm (1895±1971) andFrank (1908±1990)
proposed its theoretical description within a classical
approach in 1937 [3], and Ginzburg developed the quantum
theory of this effect in 1940 [43], paper [41] had been fully
forgotten.

2.2 Superluminal electromagnetic `light spots'
In 1900, Heaviside analyzed the problem of an electromag-
netic pulse incident on a mirror at some angle. The planar
front of the pulse runs in this setup along the mirror with a
superluminal speed [44]. Actually explored in [44] was the
motion of a superluminal `light spot'. This study [44],
similarly to [41], fell into oblivion for a long time. Frank
actually re-discovered this effect in 1942 [45].

`Light spots' from rotating light sources were explored in
1972 in the well-known studies by Ginzburg [10] and
Bolotovskii and Ginzburg [11] (see also [12 ± 14]). It was
shown in [10, 11] that in some cases the speed of `light spots'
can exceed the speed of light by many orders of magnitude. It
is of interest that superluminal `light spots' can be used to
experimentally check SRT [20±22]. Superluminal `light spots'
result in the emergence of a virtual charge that runs along the
conducting surface (for example, a metal mirror). This
superluminal virtual charge induces Vavilov±Cherenkov
radiation [10, 11]. This phenomenon has been recently
applied in practice [46, 47]; corresponding references can
also be found in reviews [23, 24].

2.3 Superluminal electron `spots'.
Gyrocons, bermutrons, lasertrons
The speed of a spot from a rotating electron beam or from an
electromagnetic beam at a sufficiently long distance from the
source can be arbitrarily large, also including the case v > c.
This phenomenon has been applied in practice for more than
60 years.

As early as 1940, Neiman proposed a generator in which
an electron beam performs a conical motion and hits the slit
of a ring-shaped super-high-frequency (SHF) waveguide [48].
If the electron beam speed coincides with the speed of
electromagnetic waves in the waveguide, generation can
occur. In 1956, L A Rivlin (1922±2013) (see a publication
about him in [49]) performed the generation of low-power
SHF radiation using a ring-shaped waveguide with a slit into
which the superluminal electron `spot' was directed along a
conical trajectory [50]. Rivlin was employed at that time at the
`classified' research institute Post Office BoxNo. 17, currently
the Istok research and production company [49], and,
unfortunately, his study [50] published as an internal report
remained virtually unknown.

In the late 1970s, Budker (1918±1977) and coauthors used
the samemechanism to develop a gyrocon, a superpower SHF
generatorwith a superluminal `spot' fromabeamof relativistic
electrons [51, 52]. Gyrocons can operate not only in the

generation mode (continuous or pulse) but also in the modes
of signal amplification and signal frequency multiplication.
Gyrocons were improved at the Budker Institute for Nuclear
Physics of the Siberian Branch of the Russian Academy of
Sciences by applying a constant magnetic field that follows the
rotating electron beam [53]. Also developed in the Budker
Institute for Nuclear Physics were so-called lasertrons. In the
device, a ring-shaped photo cathode illuminated by a light
beam circularly running with the signal frequency was used to
generate an electron beam circularly running with the signal
frequency and directed into a wave resonant ring after being
accelerated to relativistic energies [54].

Superluminal `spots' have also been studied in the USA.
In 1946, six years after the submission of application [48],
the so-called bermutron was patented [55], which insignif-
icantly differs from the gyrocon. The bermutron was
produced as late as 1965 [56], nine years later than Rivlin's
experiments [50]. As Tallerico notes in his report [57], there is
some confusion in using the terms `gyrocon' and `bermutron'.
To avoid misunderstanding, the term `gyrocon' is now
applied to amplifiers or SHF radiation generators, while the
term `bermutron' refers to SHF-radiation frequency multi-
pliers [57]. We note that Tallerico and Wilson designed the
lasertron in 1982 [58].

It is of importance for the problem that we discuss here
that superluminal `spots' can be used to create the image of an
object (dot, line, or a two-dimensional or three-dimensional
body) thatmoves with a subluminal or superluminal speed, or
even with a speed that exceeds c=n in an optical medium. This
observation conceptually enables performing a number of
experiments where the shape and `rotation' angles of rapidly
moving images can be observed.

3. Apparent shape and speed of moving bodies

When an observer watches amoving body (with the naked eye
or using a video camera), the body shape and dimensions are
displayed to that observer in a distorted way. The reason is
that the image is formed on the retina of the eye or the light-
sensitive photo camera plane by the light signals that arrive at
the same moment of time, but the signals actually come from
different points of an extended body with retardation. The
farther the part of amoving body is located from the observer,
the longer the light signal travels. Due to the retardation
effect, signals that come simultaneously to the observer were
emitted by different points of the body at differentmoments of
time. This does not cause any distortions in the apparent
shape of the body if the body is at rest with respect to the
observer. But if the body is in motion, the observer sees a
distorted image, whose dimensions and shape can have little in
commonwith the real ones. The apparent image of themoving
body is determined by the difference in retardation times of
the signals that come to the observer from different points of
the body. The Lorentz transformation is also involved in
forming the apparent shape of the body, but Lorentz
contraction is masked by the retardation effect and can be
observed in a pure form in only a few special cases.

3.1 The case where the speed of signal propagation
exceeds the speed of motion of a body
A moving body can be observed in different ways. For
example, sensors can be placed along the path of the moving
body to respond when the body passes by their positions. If
can the sensors are placed sufficiently densely, the observer
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can have detailed information about the motion of the body
and, in particular, its position and speed at any moment of
time.

It is of interest that Mandelstam (1879±1944), in discuss-
ing measurement of length in his remarkable lectures on the
theory of relativity [59], proposed a method that differs from
that considered by Einstein. The method is as follows. A
certain length scale, say a rod one-meter long, is sequentially
placed on a body. An observer moves along the object to be
measured and sequentially places the 1-meter ruler on it. If the
body is at rest, this method yields the same results as the
method for measuring length introduced by Einstein. But if
the body is in motion, the results yielded by the method of
measurement proposed by Mandelstam differ from those
obtained by Einstein's method. The second method for
measuring length proposed by Mandelstam is essentially the
one for measuring the length of a moving body by the remote
observer that was considered above. Measurements are
performed using a light pulse that propagates along the
body. The length of the body is in this case given by the
speed of light times the duration that the light pulse
propagates along the body [59].

The method where length is measured by `applying a
standard ruler' and the measurement is performed by a
remote observer, and the method described above become
even more similar in view of a commentMandelstammade in
passing. He noted that the wavelength of a well-explored
spectral line can be used as such a standard, mentioning the
red line of cadmium as an example (later, after Mandelstam's
death, an international metrology congress adopted the
orange line of krypton as the length standard). 1

If some processes occur on a body in motion, for example,
a mechanical pendulum or electric circuit oscillations, and the
sensors located along the path of the body can determine the
phase and amplitude of those oscillations at each point of the
path, the observer can use sensor readings to determine the
oscillatory process amplitude and phase at any point on the
path and the oscillation frequency. An analysis of sensor
readings enables a sufficiently detailed description of the
motion of the body and the phenomena that occur on that
body.

An alternative method of observation is that the observer
is located at some point and watches the body in motion and
the events occurring on that body from that selected point.
Whenever this observation method is chosen, the observer
can trust neither his/her own eyes nor even the readings of
devices located at the observation point. In other words, to
understand what is going on, adjustment should be made to
the apparent picture of the event. This becomes necessary due
to the finite speed of the signal: the signals emitted by the body
under observation propagate with a finite speed, and hence all
information arrives to the observation point retarded, and the
longer the distance between the body and the observation
point, the larger is this retardation. While the signal travels to
the observer, the body keeps moving; when the signal arrives
at the observer, the body is already located at a quite different
point. However, the observer sees the body in the position
from which the signal arrived. This implies that the observer
does not see the body at the point where it was located at the
moment of observation, and the time shift depends on the

distance to the body, i.e., the time shift also varies with time.
Therefore, if this observationmethod is selected, the apparent
location of the body, its apparent velocity, and the time rate of
the processes occurring on the body differ from those values
that follow from observations made using sensors located
along the path of the body. If the body in motion cannot
regarded as a point-like object, i.e., is an extended object, then
its shape perceived by a remote observer (`apparent shape')
also differs from the real shape [60±66]. The real shape here
means the shape that is determined by a set of sensors that
respond when coming into contact with the body surface.

To clarify these conclusions, we consider the following
example. We assume that an observer located on the x axis at
the point x � 0 watches some body moving uniformly. We
also assume that the dimensions of the body are small and we
can therefore regard it as a luminous and uniformly moving
point. Let the equation of motion of the body be x � vt. We
assume that the speed of the body v is positive. Then, if t < 0,
the body approaches the observer from the x < 0 side, while if
t > 0, the body moves away from the observer along the
positive-x semi-axis. At t � 0, the body passes the point of
reference, i.e., the point x � 0, where the observer is located.
We can assume that the observer is located not at the point
x � 0 but at some rather small distance from it, away from the
x axis. The observation of the moving body then does not
perturb its motion.

We first consider the result of observations as the point
approaches the observer (t < 0). Let at a moment t the
observer receive a light signal from the body in motion. This
signal was apparently emitted earlier, at somemoment of time
t 0 < t. The body was located at the moment of emission at the
point x 0 � vt 0, at a distance jvt 0j from the observer. If the
moment t when the signal was received is a negative quantity,
themoment of emission t 0 is evenmore negative and therefore
jvt 0j � ÿvt 0. The emitted signal passes the distance jvt 0j
during the time jvt 0j=c. Hence, the relation between the
moment of emission t 0 and the moment of arrival t can be
written as

t � t 0 ÿ vt 0

c
; �1�

whence

t 0 � t

1ÿ v=c : �2�

The body is located at the moment t at the point x � vt, while
the observer sees it at the point where it was located at t 0, i.e.,
at the point

x 0�t� � vt 0�t� � vt

1ÿ v=c : �3�

While the signal emitted at the point x 0 � vt 0 was traveling to
the observer, the body moved to the point x � vt. The
apparent position of the body is displaced with respect to
the position at which the body was located at the moment of
observation. At t, the body was located at the point x � vt,
and the apparent position lags behind that point. The
displacement is

x 0�t� ÿ x�t� � v
c

vt

1ÿ v=c : �4�

The apparent position of the body lags behind its real position
if the real position is that determined using the sensors located
along the path of the body.

1 When this article had been completed, the authors became aware that as

early as 1871, Maxwell (1830±1879) proposed to use spectral lines for

metrological purposes.
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We now consider how the remote observer determines the
speed of the body. The apparent position of the body at a
moment t is given by Eqn (3). At t1, the observer sees the body
at the point

x 0�t1� � vt 0 �t1� � vt1
1ÿ v=c : �5�

The difference between Eqns (5) and (3) yields the distance
between apparent positions of the body at moments t and t1.
We thus obtain the apparent speed of the body:

v 0 � v

1ÿ v=c : �6�

Here, v is the speed of the body determined using a clock and a
ruler placed directly on the trajectory, and c is the speed of the
signal that is used to perform observations (in this case, the
speed of light).

We recall that Eqns (3) and (6) were derived in the case
where the body approaches the observer. Then, as follows
fromEqn (6), the apparent speed of the body can significantly
exceed not only the real speed of the body v but also the speed
of light. For example, let the speed of the body be half the
speed of light, v � c=2. It then follows from Eqn (6) that
v 0 � c, i.e., the apparent speed is equal to the speed of light. If
the speed of the body exceeds half the speed of light, the
apparent speed becomes larger than the speed of light. As a
result, the observer sees the body approaching with a super-
luminal speed. However, the observer should not trust his/her
eyes in this case. If a body approaches the observer with the
speed of light or a higher speed, it only becomes visible after it
has passed by the observer. The body overtakes all the signals
it emits.

The arguments presented above show that if a remote
observer watches amoving body, he/she does not see the body
at the point where it is located at the moment of observation,
and the speed determined by the observer differs from the
speed of the body at the moment of observation. These
differences originate from the retardation effect.

There is another specific feature in observing a moving
body from a remote point: the passage of time on the moving
body, as perceived by the observer, differs from that on the
observer's clock. This follows fromEqn (2).We assume that a
body is approaching the observer and some event whose
duration is Dt occurs on that body. We let Dt 0 denote the
duration of the same event measured by the observer.
Equation (2) then yields

Dt 0 � Dt
�
1ÿ v

c

�
: �7�

This change in duration is in no way related to the Lorentz
transformation, because both time intervals, Dt 0 and Dt, are
measured in the same reference frame. The reason for this
change is purely kinematical.

Equation (7) has an important implication. We assume
that an oscillatory process with a period T0 occurs on the
moving body; for example, the brightness of the moving body
varies according to a harmonic law with the period T0. It then
follows from Eqn (7) that the period T 00 for the observer has
the form

T 00 � T0

�
1ÿ v

c

�
: �8�

Therefore, the process frequency for the observer is o 00 and

o 00 �
o0

1ÿ v=c ; �9�

where o0 is the frequency of the periodic process that occurs
on the moving body.

Equation (9) describes the Doppler change in the
frequency of radiation emitted forward with respect to the
direction of motion of the body. The problem under
consideration does not enable deriving the Doppler formula
in the case where the direction of radiation makes some non-
zero angle with the velocity of the body, because the observer
is located on the straight line along which the body moves. 2

But if the observation point is located away from the
trajectory, it is easy to show that the frequency of the signal
emitted by the moving body and propagating at an angle #
with respect to the velocity is

o0�#� � o 00
1ÿ �v=c� cos# : �10�

Thus, if a remote observerwatches amoving body, he/she sees
the body not in the place where it was located at the moment
of observation and, moreover, the speed of the body
determined by the observer differs from the real speed (real
speed means the distance the body passes during a unit of
time). And, finally, the duration of the events occurring on the
moving body differs from the real one for the observer. The
real duration of events here has the following meaning. We
assume that synchronized clocks are placed along the
trajectory of the body. The start and end of an event is then
determined using the clocks that the body passes by at the
corresponding moments of time.

Observation of the moving body from a remote point
yields the apparent position of the body (we do not see the
body in the place where it was at the moment of observation),
the apparent speed, and the apparent time rate of the events
that occur on the body.

In the foregoing, we considered the case where the body is
approaching the observer. If the body is moving away from
the observation point, the relation between the moment t 0

when radiation from the signal started and the moment t
when it was received and the formulas for the apparent
location of the body x 0�t�, the apparent velocity v 0, and the
apparent duration of events Dt 0 are

t 0 � t

1� v=c ; �11�

x 0�t� � vt 0 �t� � vt

1� v=c ; �12�

v 0 � v

1� v=c ; �13�

Dt � Dt 0
�
1� v

c

�
: �14�

2 There is a simple physical explanation of why Eqn (6) for the apparent

speed v 0 of the moving body and Eqn (9) for the frequency of radiation

from the moving body o 0 altered due to the Doppler effect depend on

the speed of the body v in the same way. We assume that the body

moves along the x axis with the speed v, and, after some spatial interval is

passed, a bulb flashes for a short time and the observer measures the

frequency of those flashes. The frequency of the flashes then increases by

the factor v 0=v.

1016 B M Bolotovskii, G B Malykin Physics ±Uspekhi 62 (10)



Consequently, the frequencyo 00 of the oscillatory process that
occurs on a body moving away is related to the apparent
frequency o0 as

o0 � o 00
1� v=c ; �15�

in accordance with the formula for the Doppler effect when
the source is moving away from the observer.

The analysis presented above disregards the dimensions of
the moving object. In essence, it was assumed by default that
the body under observation is a luminous point. If themoving
object is an extended body that has a specific shape, the
remote observer sees a body whose shape is distorted. The
reason for the distortion is the same as in the observation of a
luminous point: retardation of light signals. We assume that
the extended body in motion emits light, i.e., that its surface
consists of many luminous points. Signals arrive from
different points of the body with different retardation times,
as a result of which the apparent shape of the body is distorted
with respect to its real shape.

We begin with a simple case that explains how apparent
orientation and dimensions of a moving body change as the
body moves past the observer. We consider a rectangular
coordinate system �x; y� and a thin rod ab (of length d )
parallel to the y axis (Fig. 1). The rod moves along the x axis
with a velocity v. End a of the rodmoves along the x axis, and
hence the equation of motion of point a can be represented as
xa � vt, ya � 0. The equation of motion of the other end of
the rod, point b, has the form xb � vt, yb � d. This end of the
rod moves along a straight line parallel to the x axis at a
distance d from the rod. Thus, the rod moves along the x
axis with the velocity v and is oriented perpendicular to the
velocity (i.e., parallel to the y axis). However, as shown below,
the observer sees the rod not parallel to the y axis but tilted
with respect to it at some angle a. The observer makes a
conclusion about the orientation of the rod by viewing
positions of its ends a and b.

The observer is located at point P at a distance L from the
origin (point O). We let y denote the angle between the x axis
and line OP that connects the point of observation with the
origin (see Fig. 1). We assume that the moving rod is watched
using parallel beams that make an angle ywith the x axis (and
hence with the velocity v of the rod).

At a moment t, the observer receives a signal emitted by a
point of the moving body at an earlier moment t 0. The

relation between t and t 0 has the form

t � t 0 � R �t 0�
c

; �16�
whereR �t 0� is the distance between this point of the body and
the observation point at the moment t 0. We refer to Eqn (16)
as the retardation equation. In receiving the signal from the
moving body at the moment t, the observer sees this body at
the position where it was located at an earlier moment t 0. The
retardation equation relates these two moments of time.

We can now derive the retardation equations for points a
and b, i.e., for the ends of the moving rod:

t � t 0a �
1

c
�Lÿ vt 0a cos y� ; �17�

t � t 0b �
1

c
�Lÿ vt 0b cos y� d sin y� : �18�

At the moment t, a signal from point a of the moving rod
comes to the observer. This signal was sent at the moment t 0a
that is defined by Eqn (17). The coordinate of point a of the
rod at the moment of emission was x 0a � vt 0a. Therefore, the
observer sees point a of the rod not at the point with the
coordinates x � vt; y � 0, where it is located at the moment
of observation, but at the point from which the signal came,
i.e., at the point x 0a � vt 0a; y � 0. At the same moment t, a
signal from point b of the moving rod also arrives at the
observer. This signal was emitted at the moment t 0b that is
determined by Eqn (18). Consequently, the observer sees
point b of the rod not at the point with coordinates
x � vt; y � d, where it is located at the moment of observa-
tion, but at the point from which the signal came, i.e., at the
point with coordinates x 0b � vt0b; y � d. Because t 0a 6� t 0b in
general, we have x 0a 6� x 0b. If the observer is positioned as
shown in Fig. 1, we have x 0a > x 0b. The observer sees that the
rod is not parallel to the y axis, although in reality the rod,
whenmoving, remains parallel to the y axis. The observer sees
that the rod is `tilted': end b of the rod lags behind end a.
Equations (17) and (18) can be used to determine the lag
x 0a ÿ x 0b:

x 0a ÿ x 0b � v �t 0a ÿ t 0b� �
v

c

d sin y
1ÿ �v=c� cos y : �19�

The observer sees that the rod ab is tilted with respect to the
y axis at some angle a such that

tan a � x 0a ÿ x 0b
d

� v
c

sin y
1ÿ �v=c� cos y : �20�

However, in the picture that the observer sees, the rod ab is
not only `tilted' by the angle a, as is asserted in some studies
(see, e.g., [67, 68]), but is also stretched. Indeed, one end of the
rod is always located on the line y � 0, while the other end is
located on the line y � d. Therefore, any change in the
orientation of the rod implies a change in its length.

It was assumed in the example above that the observer is
located sufficiently far from the region where the bodymoves,
and the dimensions of the rod are rather small. A more
detailed analysis [66] shows that the observer sees the rod
oriented perpendicular to the velocity as bent. However, this
bending can be disregarded if the rod is rather short.

We now consider the case where the moving rod is
oriented parallel to the velocity. Let ends a and b of a straight
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Figure 1. Apparent shape of a rapidly moving rod oriented perpendicular

to its velocity.
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rod of length l be placed on the x axis. The rod moves along
the x axis with a velocity v. The coordinates xa and xb of rod
ends a and b can be represented as functions of time:

xa � vt; xb � vtÿ l : �21�
Evidently, l is the rod length in the reference frame in which
the observer is located.

We assume that the observer is located at a sufficiently
long distance L from the region where the rod moves and
watches the motion of the rod in such a way that the lines of
sight make an angle ywith the x axis (and with the velocity of
the rod v). The corresponding setup is shown in Fig. 2.

If the observer looks at the rod at a moment t, he/she sees
the front end of the rod (point a) and its rear end (point b) at
positions that correspond to respective earlier moments of
time t 0a and t 0b. The values of these earlier moments of time
follow from the retardation equations:

t � t 0a �
Lÿ vt 0a cos y

c
; �22�

t � t 0b �
Lÿ �vt 0b ÿ l � cos y

c
: �23�

In looking at the rod in motion at a moment t, the observer
sees the front end of the rod (point a) at x 0a � vt 0a, and its rear
end (point b) at x 0b � vt 0b ÿ l. This shift is caused by
retardation.

Because the observer does not see the rod ends at the
positions where they were located at the moment of observa-
tion, the rod length as seen by the observer is no longer l. We
let l 0 denote the apparent length of the rod. Obviously,

l 0 � x 0a ÿ x 0b � vt 0a ÿ vt 0b � l : �24�
Substituting the values t 0a and t 0b found from retardation
equations (22) and (23) in this formula, we arrive at

l 0 � l

1ÿ �v=c� cos y : �25�

If retardation is taken into account, the rod length l 0 seen by
the observer does not coincide with the real length l. If the

angle y at which observation is performed does not exceed 90�

(just this setup is displayed in Fig. 2), then the apparent length
is larger than the real one. If the observation is made at 90�,
l 0 � l. The apparent length of the rod coincides in this case
with its real length.

It should be kept in mind that all the quantities in Eqn (9)
are measured in the same reference frame, namely, in the one
where the rod with the length lmoves with the velocity v. The
rod length l can be expressed in terms of its length l0 in the
reference frame in which it is at rest:

l � l0

��������������
1ÿ v

2

c 2

r
� l0

��������������
1ÿ b 2

q
; �26�

where b � v=c. Substituting Eqn (26) in Eqn (25) for the
apparent length of the rod, we arrive at

l 0 �
l0

��������������
1ÿ b 2

q
1ÿ b cos y

: �27�

(Figure 2 only shows the length l 0 that is seen by the observer
at rest. The rod length l is not displayed because its image
partially overlaps with the image of l 0.)

We now compare Eqns (26) and (27). Both formulas
contain the rod length l0 in the rest frame. Equation (26)
yields the rod length in the reference frame in which the rod
moves with the velocity v. Equation (27) presents the
apparent length of the same rod as seen by the observer. If
the observation angle is 90�, both quantities are the same.
However, for other observation angles, they are significantly
different. For an observer who uses the described way of
observation, the Lorentz contraction is obscured due to
retardation; at some observation angles, the apparent length
of the rod does not contract but, quite the opposite, increases
as the speed increases. For example, let y � 0 (see Fig. 2). This
implies that the observer is located on the x axis in front of the
approaching rod. We can say that the measurement is made
`head-on'. Equation (27) then takes the form

l 0 � l0
�����������
1� b
p�����������
1ÿ b
p : �28�

The faster the rod approaches the observer, the longer it looks
(rather than shorter). Some authors refer to this result as
``invisibility of the Lorentz contraction.''

The reason for this difference is the finite speed of light
and retardation of signals related to it, in conjunction with the
selected method of observation. The length of the rod is
defined in SRT as the distance between its ends a and b when
the coordinates of points a and b are measured at the same
time. If a remote observer watches the motion of the rod,
he=she sees different points of the rod at the positions that
correspond to different moments of time. For example, in the
problem of motion of rod ab oriented parallel to the velocity,
which we consider here, at a moment t the observer sees the
front rod end, point a, at the position x 0a that corresponds to a
moment of time t 0a. At the same moment t, the observer sees
the rear rod end, point b, at the position x 0b that corresponds
to the moment of time t 0b; in the setup displayed in Fig. 2, we
have t 0b 6� t 0a.

As was noted above, if the moving rod is observed at an
angle of 90�, Eqns (26) and (27) coincide, i.e., the observer
`sees' the rod as Lorentz-contracted. In this case, t 0b � t 0a, i.e.,
the observer sees the rod ends at the positions that correspond
to the same moment of time.

P

L

y

y y y

x 0a � vt 0ax 0b � vt 0b ÿ l

x

y

l 0

Figure 2. Apparent shape of a rapidly moving rod oriented parallel to its

velocity.
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We have considered the apparent shape of the moving rod
in two cases: the rod oriented parallel or perpendicular to the
velocity of motion. Results of this analysis enable us to
determine the apparent shape of a moving body that has
edges both parallel and perpendicular to the velocity vector of
motion; for example, the apparent shape of a cube in motion
oriented in the corresponding way. The issue of the apparent
shape of the cube is discussed in Section 3.3; here, we consider
a simpler example.

Let a shape that is a square in the rest frame move along
the x axis of a rectangular reference frame. Let one side of this
figure be located on the x axis. We let v denote the velocity of
the motion of the figure. Let the square side length in the rest
frame be l0. The two sides of the square that are parallel to the
x axis, i.e., parallel to the velocity, then have the length
l � l0�1ÿ b 2�1=2. This is a consequence of the Lorentz
contraction. The length of the square sides that are perpendi-
cular to the velocity does not change. Thus, in our reference
frame, it is not a square that moves but a rectangle, and the
ratio of its sides depends on the velocity of motion.

We now assume that the motion of this rectangle is
watched by a remote observer located in the same plane with
the square and positioned such that the line of sight makes an
angle ywith the x axis (as shown in Figs 1 and 2). The observer
sees amoving parallelogram because the sides of the rectangle
perpendicular to the x axis are `tilted', i.e., the ends that are
located farther from the observer appear to be lagging. This
conclusion can be formulated differently by saying that the
side parallel to the x axis, which is located farther from the
observer, is perceived as lagging behind and hence the lines
that connect both these sides are no longer perpendicular to
the x axis. The angle a of deviation from their real direction
follows from Eqn (20):

tan a � v
c

sin y
1ÿ �v=c� cos y :

The length of these line segments also changes (increases)
because the heights of the visible shape (parallelogram) and
the initial rectangle are the same. The apparent length l 0 of
those sides that are parallel to the x axis are determined by
Eqn (27):

l 0 �
l0

��������������
1ÿ b 2

q
1ÿ b cos y

; �29�

where b � v=c.
If the observation angle is y � 90�, the last two formulas

can be simplified. The apparent length l 0 of those sides of the
square that are parallel to the velocity is nothing but their
Lorentz-contracted length in the rest frame. The deviation
angle a (apparent deviation angle) of those sides that are
perpendicular to the velocity is given by the formula

tan a � v
c
: �30�

If b � v=c is sufficiently small, we can set tan a �
sin a � a � v=c. In this very particular case, the moving
square looks as if it remains a square; the length of its sides
does not change, but it is `rotated' as a whole by a small angle
a � v=c. This very particular case is a basis for the incorrect
assertion that the observer sees a moving body `rotated' by a
velocity-dependent angle. There is nothing like this in the
general case. The change in the apparent shape of a moving

body does not reduce to its `rotation'. We have shown that if
there are edges on the outer surface, some of which are
parallel to the velocity of motion and some perpendicular to
it, the edges of these two types change in different ways. The
length of the edges parallel to the velocity changes in an
involved way that is affected by both Lorentz contraction and
retardation. They do not change their direction, however, and
remain parallel to the velocity of motion, while the edges
perpendicular to the velocity of motion change both their
length and orientation.

3.2 The case where the signal propagation speed
is less than the speed of a body
The analysis presented in Section 3.1 applies when the speed
of the body v does not exceed the speed c with which the
signal propagates. If c is the speed of light in the vacuum,
this requirement is always satisfied because the speed of a
material body cannot be faster than the speed of light. But if
the body moves in a refracting medium whose refractive
index is greater than unity, the speed of light in such a
medium is less than the speed of light in the vacuum, and the
body can move with a speed that exceeds the speed of light in
that medium. An electron emitting Vavilov±Cherenkov
radiation [1±9] is an example of such a superluminal body.
A case can be considered where a supersonic jet is observed,
and the observer uses detectors of acoustic signals. The speed
of the body then exceeds the speed of the signal used for
observations. The observation of a moving body has in this
case a number of specific features, which we now discuss.

As previously, we consider the uniform motion of a body
along the x axis. The equation of motion of the body, as in
Section 3.1, is x � vt, but this time the speed of the body v
exceeds the speed of the signal c that is used for observations.
Here, c can denote either the speed of light in a refracting
medium or the speed of sound in air if acoustic devices are
used for observations. The observer is located, similarly to the
previous problem, at the point x � 0.

The body in motion continuously emits signals (light,
radio waves, or sound). If the speed of the body exceeds the
speed of the signal, the body overtakes all the waves it
emitted. All the signals lag behind the body. The observer
`only' sees the body when it moves past him. The first signals
arrive to the observer at t � 0. The observer first sees the
body that flew past him/her and then starts receiving the
signals that the body had emitted in approaching the
observer. Signals arrive first from the nearest points on the
path, followed by the signals from more distant points. The
observer sees (or hears, if acoustic signals are detected) that
the source of the signals moves along the x axis in the
negative direction. The moment t 0 when the signal was
emitted and the moment t when it was received are related
by the formula

t 0 � ÿ t

v=cÿ 1
; t > 0 : �31�

This formula shows that the signal, no matter how it was
emitted, only arrives to the observer at t > 0, i.e., after the
bodymoved past the observation point.We also note that as t
increases, the moment t 0 when the signal was emitted shifts to
the past. If the observer watches the sequence of events on the
moving body, he/she sees those events in the reversed time
sequence: from later events to increasingly earlier ones.
Consequently, the body was located at the moment of
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emission at the point

x 0 � vt 0 � ÿ vt

v=cÿ 1
; t > 0 : �32�

The body moves past the observer and goes away in the
positive direction of the x axis, while the observer sees that the
body is located on the negative segment of the x axis and,
moreover, moves in the opposite direction. The speed of
motion is given by the formula

v 0 � dx 0

dt
� ÿ v

v=cÿ 1
: �33�

This moving source of sound (in the problem of supersonic
motion) or light (in the problem of superluminal motion)
shapes the image of the body on the path segment where it
moved toward the observer.

Concurrently with these signals, the observer receives
signals from the points located on the positive semiaxis
x > 0. The body was located at a moment t 0 > 0 at the point
vt 0, and a signal is sent from that point to the observer. This
signal arrives to the observer at amoment t, the values t and t 0

being related by the formula

t � t 0 � vt
0

c
; �34�

whence

t 0 � t

1� v=c : �35�

The relation between t and t 0 at the receding stage, which
proves to be the same for both the subluminal and super-
luminal cases, is described by Eqn (11).

Thus, if the observer watches the motion of an object
whose speed exceeds the speed of the signal, he/she sees the
following picture. Until the moment when the object moves
past the observation point (moment t � 0), the observer
receives no signals and therefore does not see the object. The
reason for this situation is that the object of observation
overtakes all the signals it emits. At t � 0, the moving body
flies past the observer, and from thatmoment on, the observer
starts receiving signals from two radiation sources. Both
sources recede from the observer: one in the positive
direction of the x axis and the other in the negative
direction. The position of these sources is given by Eqns (32)
and (33). These sources are images of the moving body. We
can say that if the speed of a uniformly moving body exceeds
the speed of the signal, the observer sees no image until some
moment, and two images after that moment.

We note that a method closely related to the analysis
presented above is used in classical electrodynamics to
describe fields of a charged particle in motion. We mean the
description of the moving-charge field based on the Li�enard±
Wiechert potentials. It is known that an electromagnetic field
can be expressed in terms of potentials: a vector potential
A�x; y; z; t� and a scalar potential j�x; y; z; t�. The electric
fieldE and themagnetic fieldH are expressed in terms of these
potentials as

E � ÿgradjÿ 1

c

qA
qt

; H � rotA : �36�

The Li�enard±Wiechert potentials provide a description of the
fields created by a moving charge. We assume that the

equation of motion of a moving charge is

rq � rq�t� : �37�

The charge of the particle is denoted as q. The Li�enard±
Wiechert potentials can then be represented in the form

A�x; y; z; t� � qv

jRÿ vR=cj
����
t 0
; �38�

j�x; y; z; t� � q

jRÿ vR=cj
����
t 0
; �39�

where r � �x; y; z� are coordinates of the observation point,
R � rÿ rq�t� is the vector directed from the charge to the
observation point, R � jRj is the distance between the charge
and the observation point, and v�t� � drq�t�=dt is the velocity
of the charge at a moment t. The right-hand sides of Eqns (38)
and (39) are evaluated at themoment t 0. The value of t 0 can be
found from the formula

t � t 0 � 1

c

�� rÿ rq�t 0�
�� : �40�

Equation (40) is fully equivalent to relation (1) that was our
starting point in analyzing specific features of distant
observation of moving bodies. A difference between Eqns (1)
and (40) (of no significance for us) is that the first formula
refers to the particular case of uniform motion, and the
second pertains to the general case (37). If the observer
determines the field of a moving charge, Eqns (37) and (38)
for the Li�enard±Wiechert potentials can be used; however,
the time in these formulas is not the moment of observation t
but an earlier moment t 0. At the moment t 0, the charged
particle at the point rq�t 0� emits a signal that arrives at the
point of observation at the moment t. The field at the moment
t is determined by the position of the particle at the earlier
moment t 0.

Regarding the retardation equation (40), it is asserted in
Landau and Lifshitz's textbook The Classical Theory of
Fields [69] that if the speed of the charge does not exceed
the speed of light, Eqn (40) has only one root. As we have
seen, in the case of superluminal speed, this equation can
have two (as in the observation of a superluminal body
described above) or more roots. If this is the case, the sum
over all roots should be taken in Eqns (38) and (39) for the
potentials in the right-hand side.

3.3 Observed shape of a moving cube
We now use the apparent `rotation' of a rapidly moving cube
as an example to discuss the implications of Sections 3.1
and 3.2. This is an easily comprehensible illustration of the
large number of formulas quoted in Sections 3.1 and 3.2.
Following our studies [70, 71], we take the cube to be a die
with unit edge. This enables us to distinguish different faces
of the cube. We assume further that an observer at rest sees
the die at a very small angle or, in other words, is located at a
rather long distance from it. We also assume that the
observer lacks stereoscopic vision and only uses one eye.
The image he/she sees does not differ from that obtained
using a photo camera (on a film or a charge coupled device
matrix).

Figure 3a shows a die that faces the observer at rest with
its `six' face andmoves past the observer with a velocity v5 c.
The velocity v is perpendicular to the line that connects the die
and the observer, and the observer is located on this line, i.e.,
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y � 90 �. The image of the die for the observer at rest
obviously coincides with its real location in space.

Figure 3b shows the same die that is actually oriented in
space in absolutely the same way as in Fig. 3a, i.e., it faces the
observer with the `six' and moves in the same direction but
this time with a relativistic speed v � 0:786 c. As follows from
Eqn (26), the image of the side with the `six' face contracts for
the observer by the factor g � 1=�1ÿ v 2=c 2�1=2 ' 1:62, to
make 0.616, but is not `rotated'. The image of the `three' face,
which was not visible to the observer in the setup of Fig. 3a is
now `rotated', as follows from Eqn (20), by an angle a
(tan a � v=c). The projection of the image of the `three' face,
which is parallel to the line connecting the die and the
observer, is

sin a � sin

�
arctan

v

c

�
� v=c

1� �v=c�2 � 0:616 : �41�

Thus, if v � 0:786 c, the observer sees the `six' and `three' faces
as two identical rectangles. The ratio of the vertical and
horizontal dimensions of the image of each face is 1 : 0:616.
Although the image of the `six' face is not `rotated' with
respect to the observer and the image of the `three' face is
`rotated' by the angle a � arctan �v=c� � arctan 0:786 ' 38 �,
if y � 90 �, the observer does not notice that the die's shape is
distorted. The reason is that the remote observer sees the die
at a very small angle and cannot discern its 3D shape.

If the observer could see the upper face (with the `one') or
the lower face (with the `five') of the die, he/she would find
that they are distorted in accordance with Eqns (20), (29),
and (30), and the rectangles have transformed into parallele-
pipeds. However, the upper and lower sides are obscured for
the observer by the `six' and `three' faces. In a similar way, a
person standing cannot see the upper and lower sides of a
wardrobe that is higher than the person's height. However, if
a rapidly moving empty cube with wire edges is watched
instead of a die, all distortions of its shape become visible.

We now consider the maximum possible extent to which
the shape of a rapidly moving die can be distorted as v! c.
We then have tan a � 1 and hence a � 45�. Thus, the image of
the `three' face cannot `rotate' by more than 45�. Terrell's [36]
and Penrose's [37] studies show, however, that the image of
the cube can `rotate' by 90�. This error in [36, 37] is related to
the fact that as is shown in Section 3.1, these studies failed to
correctly incorporate the effect of different retardation of
light emitted by different parts of the die (cube). As a result of
this flaw, as v! c, the `rotation' of the image of the `three'
face should be sin a � 1, i.e., a � 90� according to [36, 37]. It
might be expected that for v5 c, a5 90� and sin a ' tan a,
the results in [36, 37] and this paper should coincide. But this
is so only as regards the `rotation' by the angle a of the image
of the `three' face (Fig. 3b). As follows from [36, 37], the image
of the `six' face should also rotate by the angle a, while,
according to our study, it does not `rotate' at all and only
experiences relativistic contraction. In other words, as shown
in Section 3.1, the results in [36, 37] do not imply that the

three-dimensional image of a die (cube) is seen by the observer
at rest as deformed.

The optical phenomena we have considered are helpful in
understanding the fallacy of a paradox proposed by Gamow
regardingtheimageofarapidlymovingstreetcar(seeSection5)
based on application of the ``Terrell±Penrose effect.''

Many unjustified assertions have been published in
relation to the ``Terrell±Penrose effect.'' For example, a
conclusion was made by Weisskopf [67, 68] that a moving
square (oriented in space as the square considered in
Section 3.1 [see Eqns (20), (29), and (30)]) can rotate by an
angle a � 180 �, which is not possible.

As regards the analysis of the rotation and deformation of
the moving sphere image, this problem is significantly more
complicated than determining the shape of a moving cube
image, and it should be considered separately.

Material objects cannot move in the vacuum with a
superluminal speed. However, superluminal (light or elec-
tron) `spots' can be used to simulate motion of such an object.
For example, superluminal `spots' can be used to visualize the
motion of eight faces of a cube with a speed v > c. Rather
complex effects involving the distortion of dimensions, shape,
and speed of the images of moving objects, which were
discussed in Section 3.1, can manifest themselves in these
cases. This problem requires a separate detailed analysis,
which is beyond the scope of this paper.

4. Discovery and exploration of optical
phenomena related to the finiteness
of the speed of light: a brief history

Optical phenomena related to the finite speed of light
propagation were observed for the first time almost
350 years ago, and the history of how this effect has been
explored, being very exciting and instructive, involves the
names of famous physicists and astronomers. Observation
of these phenomena in laboratory only became feasible with
the invention of lasers. Astronomers were the first to study
these phenomena: the time that light takes to arrive to a
terrestrial observer over immense distances is rather large.
During that time, the emitting star moves a long distance
away from the position where light was emitted.

4.1 Stellar aberration in classical physics
The stellar aberration phenomenon was discovered more
than 400 years ago [32, 34, 72, 73]. In the last quarter of
the 17th century, R Hooke (1635±1703) and astronomers
J-F Picard (1620±1682) and J Flamsteed (1646±1719) dis-
covered a deviation in the positions of stars with a yearly
period [29]. An explanation for this mysterious phenomenon
was found by J Bradley (1693±1772), an Oxford astronomer,
who conducted observations beginning in 1725 [29]. Bradley
concluded that while light travels from a star, Earth has time
to displace in orbiting the Sun, and the direction of its
displacement varies during a year. Bradley published his
results [74] in 1728. In particular, as was noted in [29],
Bradley actually showed that in a particular case where the
direction of light propagation from the star is orthogonal to
the direction of Earth's orbital velocity v, the stellar aberra-
tion angle (the angle of apparent variation in the direction to
the star) can be represented as

sin y � v
c
: �42�

a b

Figure 3.Apparent shape of a rapidlymoving die: (a) v5 c, (b) v � 0:786 c.
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Apart from this, in [74] Bradley used observational data to
calculate that the speed of light is 10,210 times greater than
Earth's orbital speed, a value that virtually coincides with the
modern value of c. The experiments in [74] have been
considered in monographs on the history of physics [29, 75].
Generically, if the direction of light propagation from a star
makes an angle j with v, the stellar aberration angle [29] is
expressed as

sin y � v
c
sinj : �43�

The terms `aberration' and `Bradley's new theory of aberra-
tion' were introduced in 1730 by Bologna astronomer and
mathematician E Manfredi (1674±1739) [76].

It is known [28, 77] that the corpuscular (emission) theory
of light proposed by Newton (1643±1727) was generally
adopted in the 18th century [78], while the wave theory of
light proposed by Hooke [79] and Huygens (1629±1695) [80]
was not very popular due to Newton's high authority.
However, in the late 18th century and early 19th century,
when the wave theory of light was developed [28, 77] by
Young (1773±1829) and Fresnel (1788±1827), the emission
theory, which had difficulties in explaining light diffraction
and interference phenomena, fell into deep crisis. Physicists
concluded that a special optical medium should exist, the so-
called luminiferous aether, in which light waves can propa-
gate both in normal optical media and in a void. Because
Eqn (43) is valid for the propagation of photons (light
corpuscles in the terminology of that time), many expres-
sions for stellar aberration have been proposed. The aberra-
tion angle depended on whether the radiation source or the
receiver move with respect to the aether and what the
properties of the aether itself are; there were many various
models of the `luminiferous aether' [81]. But because this
problem is of interest only to researchers exploring the history
of `luminiferous aether', we abandon this subject.

4.2 Einstein's aberration theory
As was noted in the Introduction, in his paper ``On the
Electrodynamics of Moving Bodies'' (Zur Electrodynamik
bewegten K�orper) [27], which was foundational for SRT,
Einstein considered the phenomenon of relativistic aberra-
tion. The title of paragraph 7 in [27] is ``Theory of Doppler's
Principle and of Aberration'' (Theorie des Dopplerschen
Prinzips und der Aberration) [27, 82, 83]. Einstein first
derives a formula for the relativistic Doppler effect:

n 0 � n
1ÿ v=c cosj���������������������

1ÿ v 2=c 2
p ; �44�

where n and n 0 are the respective optical radiation
frequencies in the inertial reference frames (IRFs) at rest K
and in motion K 0. 3 Next Einstein derives a formula for

relativistic aberration: 4

cosj 0 � cosjÿ v=c
1ÿ �v=c� cosj : �45�

As shown in [27], if j � 90 �

cosj 0 � ÿ v
c
: �46�

We note that the sign in the right-hand side of Eqn (46)
depends on the direction in which the body moves, which is
why signs in the corresponding formulas quoted in different
publications are different. Here (see Section 3 and below), we
consider the corresponding equation with the plus sign:

cosj 0 � v
c
: �47�

Consequently, the relativistic aberration angle is y � jÿ j 0.
Because the values of y obtained from Eqns (43) and (45)
mismatch, fierce discussions arose in relation to this issue
between proponents and critics of SRT [32]. An especially
irreconcilable stance was taken by R Tomaschek (1895±1966)
and his research advisor P Lenard (1862±1947), who asserted
that the relativistic aberration phenomenon is in contra-
diction to the SRT basic concepts and therefore disproves
the SRT. This discussion also involved Einstein [88] and
Thirring (1888±1976) [89].

Although Einstein derived formula (45) for relativistic
aberration in [27], he drew no further conclusions regarding
the apparent image of an object inmotion. Einstein writes [27,
æ 4]: We envisage a rigid sphere of radius R . . . . A rigid body
which, measured in a state of rest, has the shape of a sphere, and
therefore in a state of motionÐviewed from the stationary
systemÐhas the shape of an ellipsoid of revolution with the
axes R �1ÿ v 2=c 2�1=2, R, R . . . . For v � c all moving
objectsÐviewed from the `stationary' systemÐshrivel up
into plane shapes.

The physics community needed 55 years to comprehend
that the observer at rest sees the image of a body inmotion not
flattened in the direction of motion (as follows from the
Lorentz transformations) but rather heavily distorted; this
issue was considered for the first time by Weisskopf [67], who
indicated that the shape of the body in a state of motion is
distorted. Exact solutions are obtained in this paper.

However, neither this circumstance nor the misprint
specified above in any way deduct from the immense
significance of Einstein's work [27] on SRT in particular and
modern physics as a whole. Paper [27] is arguably the
publication most quoted over the last 100 years.

4.3 Distortion of the image of a body
in motion viewed by an observer at rest
Aksenov [90] (born in the second quarter of the 19th century,
died after 1918; according to unconfirmed data, he graduated
from the First Kharkov Gymnasium in 1866 (see more about
him in [91, 92])), a little-known Russian philosopher, was

4 We recall that Einstein defined relativistic aberration as a tilt of a light

beam emitted by a point in motion and detected by an observer at rest. We

note that Gerasimovich (1889±1937) [85], a second-year student of

Kharkiv University and the director-to-be of the Pulkovo observatory,

was the first astronomer to analyze the effect of relativistic aberration on

the apparent location of stars. Gerasimovich won the Pavlovskii prize for

his study [85]. The problem of rotation of a moving body image was

considered more than 50 years later by Terrell [36] and Penrose [37].

3 We note that a regretful misprint was made in [27] in the important

particular case j � 0 (see [84]): ``We see that in contrast to the universal

opinion, at v � ÿ1, n � 1.'' Apparently, the following was meant: ``at

v � ÿc, n � 1''. This misprint was reproduced in two translations into

Russian ([27] and [82]) and it was as late as 1967 that it was found by

astronomer Gimmelfarb (b. 1919) [84]. Einstein's work [27] was so highly

respected that even in its translation [83] that appeared five years later than

publication [84], this misprint was again reproduced. However, it was

delicately noted in the footnote on page 111 [83]: ``The author presumably

meant v � ÿc here.''
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apparently the first to have considered, albeit on a qualitative
and purely intuitive level, how the shape of a body inmotion is
distorted for an observer at rest. The most interesting result in
[90] is that Aksenov, long before the development of SRT,
hypothesized that the dimensions, shape, and angular position
of bodies in motion are subject to changes. It seems at first
glance that Aksenov made a gross error asserting that bodies
elongate in the direction of motion, since by 1896 the
Fitzgerald±Lorentz contraction had already been discovered.
However, as shown in [62±64, 66, 93, 94] and Section 3 of this
paper, in the most general case, the body should look
elongated due to retardation of light emitted by different
areas of the body inmotion; it is only if the body is observed at
a small angle that the relativistic Lorentz±Fitzgerald contrac-
tion exactly compensates this elongation [62±64, 66, 93, 94].

We note that Aksenov was rather knowledgeable about
mathematics and geometry: in 1883, he translated into
Russian a textbook on geometry [95] by J Petersen (1839±
1910), a Danish mathematician; however, study [90] does not
contain a single formula.

The problem was quantitatively considered in 1924 by
Lampa (1868±1938) [96]. 5 Lampa showed that the image of a
moving rod in an IRF at rest is seen as rotated by the
relativistic aberration angle [96]. We note that Einstein only
indicated that a light beam emitted by a moving pointlike
source must be observed in an IRF at rest rotated by the
relativistic aberration angle [27]. However, Lampa did not
show that the shape of the body in motion is distorted.
Unfortunately, Lampa's results [96] were not noticed at that
time and actually had no impact on progress in under-
standing the issue of the apparent image of a body in
motion. We note that as shown in Fig. 3, Lampa was
inaccurate in [96]: the image of the moving rod is rotated by
the angle that follows not from Eqn (47) but from Eqns (20)
and (27); Lampa did not take into account that the rotation
angle of the rod image depends on its orientation with respect
to its velocity.

Some authors argue that McCrea (1904±1995), an Irish
astrophysicist, was the first to consider the phenomenon of
relativistic aberration and retardation of light signals in 1952
[107] (see [108] for more about him). However, an analysis of
[107] shows that it only contains an examination of whether
the Lorentz±Fitzgerald contraction is real. It is of interest that
in his younger years McCrea actively studied the effect of
stellar aberration on astronomical observations of solar and
stellar atmospheres [109±113].

Finally, this issue was addressed in 1957 by Terrell, a
researcher at the LosAlamosNational Laboratory [114]. This
study was unpublished, and physicists only became aware of
its results in 1959 [36, 115]. Terrell found that due to
relativistic aberration and the differences in retardation of

light emitted by different parts of an object in motion, the
shape of that object remains unchanged for an observer at
rest, while the object is seen as rotated by the relativistic
aberration angle [36, 114, 115]. The same results were
independently obtained by Penrose [37]. This phenomenon
was named the Terrell effect or the Terrell±Penrose effect.

However, as shown in Section 3, Terrell's [36, 114, 115]
and Penrose's [37] results are not universal and are only valid
for a particular case of so-called orthogonal projection (or if
the body in motion is viewed within a small solid angle). It is
also shown in Section 3 that in the general case of viewing a
body inmotion, the results in [36, 37, 114, 115] are only valid if
tan �v=c� ' sin �v=c�.

This issue was subsequently explored in a large number of
works [61, 66±68, 93, 94, 116±159] and presented in a number
of educational courses (see, e.g., [160]).

Studies [144, 161] examined the relativistic transforma-
tion of the light beam power, and [162] explored the visual
observation of objects moving with a superluminal speed.
Problems related to superluminalmotion are discussed in [23±
25] and in Section 2.

5. Gamow paradox. Relativistic streetcar

We show in this section that the limited validity of Terrell's
[36, 114, 115] and Penrose's [37] results for relativistic
aberration effects and the absence in [36, 37, 114, 115] of
effects related to the difference between the retardation time
of light emitted by different parts of an extended body give
rise to a rather impressive paradox formulated in 1961 by
Gamow (1904±1968) [122]. Like any other paradox, the
Gamow paradox sooner or later was to be resolved in a
rational way. We offer an explanation based on the results in
Section 3.

In 1940 Gamow published a popular-science book [163],
the main character of which, Mr. Tompkins, a minor bank
clerk, similarly to Alice in Lewis Carroll's book, gets into
Wonderland.However, while Alice fell asleep on a river bank,
Mr. Tompkins (grown bald, judging by the illustrations by
Gamow and Hookham) fell asleep at a university lecture on
the theory of relativity, to which he had accidentally dropped
in. Mr. Tompkins awakes at a bus stop in Wonderland, an
ancient English town, where, for unknown reasons, the speed
of light is very small in comparison to the regular case, owing
to which relativistic effects can be observed in everyday life.
Mr. Tompkins, who gained some basic knowledge of SRT at
the lecture, observes and fairly correctly (in line with the
understanding in 1940) interprets relativistic effects. In
particular, he sees a bicycle rider passing him by and his
bicycle contracted in the direction of motion, and bicycle
wheels transformed into ellipses with a ratio � 2 : 1 (judging
by a picture in [163]).

Gamow's book [163] enjoyed great popularity; it was
reprinted many times and translated into a number of
languages. But then the year 1959 came, when the papers by
Terrell [36] and Penrose [37] were published, and Gamow
came to the conclusion that there was an error in his picture
rendering the bicycle and bicycle rider in [163]. Gamow then
published a new and very brief article [122] in which he took
the results in [36, 37] into consideration and rendered a bicycle
rotated due to the Terrell±Penrose effect, but this time
without a bicycle rider rendered.

Gamow, one of the major physicists of the 20th century,
who exhibited a highly developed physical intuition, noticed

5 Anton Lampa was an Austrian experimentalist physicist and Mach's

student (1838±1916). Rather scant and controversial data about his life

and scientific research can be found in [97±104]. An ethnic Czech, he was a

champion of the Germanization of Czechs. A fact that is best known in

Lampa's biography is that he, from 1909 being a secretary of the Scientific

Council of German Karl-Ferdinand University in Prague, actively

participated in 1910 in inviting Einstein to the position of full professor.

Less known is that Lampa and well-known mathematician G Pick (1859±

1942) (Mach's student and colleague) were in a sense Einstein's co-

authors: they issued a joint report [105] on research and teaching activities

at the University (it is quoted in [106]). The fate of Einstein's co-authors of

the report [105] was tragic: Germanophile Lampa, shocked by events in

Germany andAustria, died in Vienna onemonth prior to theAnschluss by

Germany, and Pick died in the Theresienstadt concentration camp.
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and qualitatively described the paradoxical implications of
the Terrell±Penrose effect [36, 37], which disagree with
sound sense. Considering the motion of a streetcar in
Wonderland in [122], Gamow noted: In the case of a
streetcar running along a straight track, the situation is
more difficult, and the fact that the rear of the car can easily
be seen while all the wheels follow the track cannot be
explained in any normal way except by assuming that the
entire car suffered an unusual sheer deformation. In other
words, two pairs of streetcar wheels `rotated' due to the
Terrell±Penrose effect cannot be placed on rails simulta-
neously. The rails do not move with respect to the observer
at rest and therefore their image is not deformed. However,
the `rotated' images of the streetcar wheels are at different
distances from the observer. Thus, the image of either (front
or rear) pair of wheels can be placed on rails, but the image
of the other pair then `hangs in the air'. This is the essence
of the Gamow paradox, showing that the Terrell±Penrose
effect does not comply with reality.

This paradox had arguably impressed Gamow to the
extent that he referred to one of the latest poems by Nikolai
Gumilev (1886±1921) [164], where the passenger (the poem's
main character) watchesmystical scenes of the past and future
of various countries through the window of a crazily racing
Petrograd streetcar. Gamow's detailed biography [165] does
not contain anymention of his work on relativistic aberration
[122] published during his life in the USA (1934±1968). In
principle, another paradox can be suggested that is close to
Gamow's: in what way can the image of a streetcar wheel
`rotated' by an angle roll along a straight rail?

A resolution of Gamow's paradox is offered by the results
in Section 3. The image of the streetcar side (for example, the
right-hand one) that faces an observer at rest is seen
shortened as a result of the Lorentz transformations, but
not rotated. Consequently, the images of both pairs of wheels
(front and rear) can simultaneously `stand on rails'. At the
same time, images of wheel axes look `rotated', i.e., for an
observer at rest, images of both the right-hand side wheels are
somewhat ahead of the images of both left-hand wheels. The
images of the wheels themselves, although seen as contracted
in the direction of motion, do not look rotated and can
therefore roll on rails. Apart from this, the observer sees the
streetcar rear side and the rear rims of all four wheels. Hence,
it follows from the results in Section 3 that there is no need
``to subject the Gamow streetcar to an unusual sheer
deformation.''

6. Detecting the relativistic aberration effect
and differences between retardation of light
emitted by different parts of an extended body

Duguay, a researcher at Bell Laboratories, in 1971 used a fast
Kerr shutter to take an image of the so-called light dumbbell,
two short light pulses propagating in water [166]. A rotation
of the `light dumbbell' was observed in [166]. The results in
[166] were discussed in [61, 167±172] and reported in more
detail by Duguay in [173]. Ugarov (1922±1977), executive
editor of Physics ±Uspekhi and an associate professor at
Moscow State Pedagogical University (see publication
about him [174]), proposed the following experiment [168]:
Maybe it will be possible to create a light object consisting of
eight points (eight pulses) occupying all of the vertices of a
moving cube. A photo of this object could then illustrate rotation
of the cube as a whole.

Still, is there any chance to make a photo of the Lorentz
contraction itself?

To take an image of the body that experiences the Lorentz
contraction, one should know for comparison, in addition to the
distance between two points that belong to the body in motion,
its proper length at rest, i.e. to know the distance between those
points when they are at rest or move with a nonrelativistic speed.
How can this be done? Is it possible at all to make the required
image by working only with light pulses? There are no answers
as yet to these questions.

7. Applying formulas for relativistic aberration
and difference between retardation of light
emitted by different parts of an extended body
to the calculation and interpretation of some
physical phenomena

7.1 Thomas precession
Thomas precession (TP) [175] is a relativistic kinematic
phenomenon: the direction of the spin of an elementary
particle or the rotation axis of a macroscopic mechanical
gyroscope, as well as the coordinate axis of a reference frame
moving along a curvilinear trajectory rotate (experience
precession) with respect to the axes of the laboratory IRF.
This method of calculating TP was proposed in [70, 71, 176,
177] by one of the authors of this paper. The method is based
on the solid angle theorem [178, 179] proved in the early 1950s
by A Yu Ishlinskii, which can be formulated as follows [180]
(see also [181]): if a preferred axis in a solid body that has three
degrees of freedom describes a closed conical surface in the
process of motion and the projection of the body's angular
velocity on that axis is zero, then, after the axis returns to its
initial state, the body turns out to be rotated with respect to
this axis by an angle that is numerically equal to the solid
angle of the described cone. Translational motion of the axis
does not matter.

We consider a body that moves along a circular trajectory
in a plane orthogonal to the line connecting the object
rotation center and the observer. Because the observer is
located rather far from the circular trajectory, the angle at
which the object is viewed at any point of its trajectory is
y ' 90 �. Figure 4 shows a die that moves along a circular
trajectory. According to the results in Section 3, the die image
displayed in Fig. 4 corresponds to v � 0:786 c (the Lorentz
factor g ' 1:62). We note that because the results in Section 3
were not known at the time of writing [70, 71], the values of v
and g were calculated using the results in [36, 37] and were
therefore incorrect. An observer at rest sees the image of a
specific die face (the rear one in relation to the velocity of the
die, for example, between the `three' and `two' faces) at an
angle a [see Eqn (20)]. As the die moves along the circular
trajectory, the direction of its velocity changes, and the angle
a describes a cone with the vertex angle 2a. The solid angle
contained within the cone is numerically equal to the area that
is bounded on the unit-radius sphere by the generator of the
cone whose vertex is located in the center of the sphere [182].
We can then easily derive the formula that relates the solid
angle to the cone vertex angle:

x � 4p sin2
a
2
� 2p�1ÿ cos a� � 2p

�
1ÿ 1

g

�
; �48�

where g � 1=�1ÿ v 2=c 2�1=2 is the Lorentz factor. As follows
from [70, 71, 177], the body rotation angle due to TP after one
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revolution around the circle is

z � 2p
OT

o
� 2p

�
1ÿ 1

g

�
: �49�

A comparison of Eqns (48) and (49) shows that z � x, i.e., the
angle of body rotation due to TP is equal to the solid angle
that describes the image of the axis comoving with the body
along the circular trajectory according to the Ishlinskii
theorem. This conclusion holds when the actual change in
the body orientation angle is equal to the change in the
rotation angle of the image of the body moving relativisti-
cally along a curvilinear trajectory, which is viewed in the
laboratory IRF. Thus, TP can be interpreted as resulting from
a formal application of the Ishlinskii theorem to the solid
angle that corresponds to the observed rotation of the solid
body image in the process of body motion relative to an
observer at rest. This seems to be the simplest and most easily
comprehensible method of calculating TP [177].

7.2 Transverse Doppler effect
The transverse Doppler effect (TDE) was predicted by
Einstein [27] and experimentally observed more than three
decades later [183±185]. TDE has been measured by nowwith
a very high accuracy, because due to this effect, absorbing-gas
molecules in a laser containing a nonlinearly absorbing cell
(NAC) whose velocity is orthogonal to the optical axis of the
NAC cause a shift of the power peak frequency in the laser;
despite being very small, this shift can nevertheless be
measured with a very high accuracy [186].

Many studies have been published where attempts were
made to derive TDE in a purely classical approach not
involving Lorentz transformations (see, e.g., [187, 188]).
TDE is detected when a receiver of radiation (an observer at
rest) is located on the line that is perpendicular to the velocity
of the source and connects the observer with the source. The
main argument of SRT critics is that if a moving source is
located in front of a receiver, the radiation emitted by the
source at an angle of 90 � to its velocity would never reach the
receiver [187, 188]. SRT critics assert that radiation can reach
the receiver only if it was emitted by the source not at an angle
of 90 � but at a somewhat larger angle (measured with respect
to the direction of the source velocity). Then, in the special

case v5 c, a small regular Doppler effect occurs that
diminishes the radiation wavelength by a factor of
� 0:5v 2=c 2. An illusion occurs in this way that TDE can be
explained in not only a qualitative but also a quantitative way
without involving SRT. However, it should be taken into
account that even in this particular case, the radiation
frequency diminishes not by a factor of � 0:5v 2=c 2 but by
� v 2=c 2, an observation that clearly demonstrates the fallacy
of the explanation of TDE proposed in [187].

However, in what way does radiation from a moving
source emitted at an angle of 90 � to its velocity reach the
receiver? An explanation is provided in [189]: radiation is
emitted before the source is located in front of the receiver.
Another, more physical explanation can also be suggested.
Due to the relativistic aberration effect, the radiation
emitted by the source at an angle of 90 � is viewed by an
observer at rest, in accordance with Eqn (46), at the angle
arccos �ÿv=c� � 0:5v 2=c 2, and, from the observer's stand-
point, the source is located just in front of him/her.

7.3 Transverse Fizeau effect
As was shown by one of the authors [190], if an optical
medium moving with a velocity v is hit from the vacuum by a
plane wave whose wave vector is perpendicular to the
interface (or, equivalently, is directed along the normal to
the interface), the wave vector does not alter its direction in
the moving optical medium. Therefore, radiation does not
undergo a transverse shift. However, if the radiation aperture
is finite, as, for example, is the case with a laser beam, the
beam can be decomposed according to the Huygens principle
[80] into a sum of waves whose wave vectors are oriented in
different directions. Calculation of the transverse shift of the
beam is in this case a challenging problem. However, if
Eqn (46) is used, an observer at rest would come to the
conclusion that at v5 c the beam propagates in the moving
optical medium at the angle � 0:5v 2=c 2 to the normal and, if
the thickness of the moving medium is d, the shift of the beam
exiting the medium is 0:5dv 2=c 2.

7.4 Observation of rapidly moving space objects (quasars)
A number of astronomical observations, if analyzed in a
superficial manner, indicate that some space objects move
with a superluminal speed. This applies primarily to sensa-
tional observations, dating back to the late 1960s through
early 1980s, of the quasar 3C279 located at a distance of 3 bn
light years from Earth [191±202]. Observations in [191±202]
showed that the quasar 3C279 consists of two sources of radio
waves of different brightness flying away from each other,
and the speed of their separation, as estimated in [194, 195,
201, 202], exceeds the speed of light by an order of magnitude.
A number of explanations have been proposed to explain this
phenomenon. It was hypothesized, for example, in [193, 202]
(see also review [203]) that the motion of objects consisting of
real tachyons had been observed. (We note that such
hypotheses are still being discussed [204±207].) Developed in
[199] was even a theory of superluminal magnetic dipole
radiation generated by charged particles that move with
ultrarelativistic velocities in the magnetic field of a quasar. It
was hypothesized recently [208] that the observed super-
luminal speed is a consequence of light echo.

However, already in studies [194, 195, 201, 209], concep-
tually correct conjectures were formulated that the observed
phenomenon is an effect of a relativistic illusion rather than
real superluminal motion. The phenomenon has been
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Figure 4. Apparent shape of a die rapidly moving along a circular

trajectory. The orbital speed of the die is v � 0:786 c.
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explained in a comprehensive way by Bolotovskii [64, 66] (see
also Section 3). It was shown in [64, 66] that if an object moves
with a relativistic speed relative to an observer, and its
velocity is perpendicular or at least approximately perpendi-
cular to the line connecting the object and the observer, the
speed of the object is perceived by the observer in a quite
realistic way. But if the velocity makes an acute angle with
that line and the object approaches the observer, both
longitudinal and transverse components of the velocity are
perceived by the observer as superluminal; this phenomenon
is referred to in [64, 66] as the `apparent velocity'. This
phenomenon results from the relativistic aberration effect
and the difference between retardation times of light emitted
by different parts of an extended body [64, 66, 209], which
emerges due to relativistic contraction of linear dimensions of
the moving object along the direction of its motion.

We note that the illusion of superluminal expansion is
produced in absolutely the same way by an object with
variable dimensions (a pulsar or supernova) that rapidly
approaches at an acute angle to the direction of the observer.

7.5 Relativistic aberration and difference between
retardation of light emitted by different parts
of an extended moving object illuminated
by an external source
We have considered moving self-luminous objects. However,
objects are illuminated (irradiated) in some cases by an
external source. A situation like this occurs, for example, if
the position of an object is localized using laser ranging or
spacecraft telemetry [210±212]. It was shown in [212] that if a
laser beam is reflected directly from the spacecraft surface, the
reflection angle changes due to themotion of the spacecraft. If
a corner reflector or a `cat's eye' is installed on the spacecraft,
the beam reflection angle is the same as the incidence angle
regardless of the spacecraft motion [212].

Such an aberration can be detected in the laboratory in
making holograms of rapidly moving bodies [147, 148, 213±
215]. If monochromatic radiation is used for this, the
reconstructed image of the body is blurred. Therefore,
radiation with a very small coherence length is used to make
such holograms. Holograms of rotating fan blades were made
in [147, 148, 213±215]. A specific feature of a holographic
image as well as any other interference pattern is that the
image of the largest details of the object is controlled by the
narrowest interference bands. Therefore, to properly recon-
struct the image of an object (in this case, fan blades), the
finiteness of the speed of light [214], the relativistic aberration
effect, the relativistic contraction of the length of a moving
body, and TDE [147, 148, 215] have to be taken into account.

Holographic images of a light-pulse wave front were
obtained in [216], and those of the probe light pulse in a
plasma created by laser radiation, in [217]. Computer
simulation of the visual image of a relativistic object was
reported in [218].

8. Conclusion

We have shown here that the effects related to the difference
between retardation of light emitted by different parts of
rapidly moving extended object that comes simultaneously to
an observer at rest affect the object image viewed by the
observer to no less an extent and in some cases to an even
greater extent than the relativistic contraction of its long-
itudinal dimensions. The shape and spatial orientation of the

image of a rapidly moving object can only be determined in a
correct way if both effects, i.e., light retardation and
relativistic contraction, are taken into consideration.

We summarize the main results of this review.
1. We have shown that the well-known studies by Terrell

[36] and Penrose [37] failed to correctly address the effects
related to the difference between retardation of light emitted
by different parts of an extended object and arriving
simultaneously to an observer at rest. We have derived
formulas that correctly describe the combined effect that
relativistic aberration and the difference between retardation
of light emitted by different parts of an extended object have
on the object image. We have shown that a cube moving with
a speed that is comparable to the speed of light is seen by an
observer at rest not `rotated' by some angle [36, 37] but
deformed. The image of the cube front face is apparently
shorter, as follows from the Lorentz transformation, but not
rotated by any angle.

2. We have considered so-called superluminal motions of
light and electron `spots' whose speed is v > c, and motion in
an optical mediumwith a refractive index nwith a speed v < c
such that v > c=n, a motion that can be considered super-
luminal for this medium. We have shown that these phenom-
ena enable simulation of the motion of an object with a
superluminal speed.

3. We have presented a history of studies of relativistic
aberration. The phenomenon of relativistic aberration, which
has no relation whatsoever to SRT, was discovered by Hooke
and astronomers Picard and Flamsteed in the late 17th
century. The concept of relativistic aberration as a distortion
of the image of a rapidly moving body was introduced in 1896
on a purely intuitive level by the philosopher Aksenov [90]. In
1905, Einstein defined the relativistic aberration as a tilt of the
light beam emitted by a moving body as viewed by an
observer at rest [27]. Lampa showed in 1924 that the image
of a rapidly moving rod in an IRF at rest is rotated by the
relativistic aberration angle [96]. This question was analyzed
in 1957±1959 by Terrell [36] and Penrose [37], but some
inaccuracies plagued papers [36, 37].

4. We have considered Gamow's so-called relativistic
streetcar paradox. The `Gamow streetcar' is shown to clearly
demonstrate the fallacy of Terrell's [36] and Penrose's [37]
results: if the streetcar image is rendered in accordance with
the formulas in [36, 37], images of its front and rear wheels
cannot simultaneously stand on the image of the rails. Our
results, in contrast, enable obtaining a self-consistent image
of the moving streetcar and rails.

5.We have considered the methods used to record images
of fast moving objects that are based on taking photos of the
motion of light pulses in a medium with a known refractive
index.

6. We have analyzed how the formulas for relativistic
aberration and the difference between the retardation of light
emitted by different parts of an extended rapidly moving
body, which are derived in this review, can be used to
calculate and interpret a number of physical phenomena.

The paper had already been completed when the authors
became aware of study [219], where distortion of the shape of
moving bodies is considered.

The authors are grateful to V I Pozdnyakova for her great
help in the work, Barbara Garea Moreda, G Mamedov,
E A Romanets, F R Tangherlini, and P A Shilyagin for
assistance in searches for hard-to-get publications. The
authors are especially grateful to the referee for a number
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of helpful comments that enabled improving the presenta-
tion of material. The paper was supported by the projects
included in government task Biofoton-2 No. 0035-2014-
0018.

Proofreading notes. The paper was being prepared for
publication when study [220] appeared. In the early hours of
17 August 2017, the LIGO and Virgo gravitation observa-
tories detected the GW170817 gravitational wave that was
generated from the merging of two objects: neutron stars with
masses of about 1:1M� and 1:6M� located at a distance of
about 100mln light years fromEarth. In amere 2 seconds, the
Fermi and INTEGRAL telescopes detected a bright burst of
gamma-ray radiation that arrived from the same region of the
sky. Astronomers also detected radiation in the optical,
ultraviolet, infrared, X-ray, and radio wave bands. The
intensity of radiation in the radio wave and X-ray bands
kept growing during the next 150 days aftermerging, to rather
rapidly vanish later. An array of terrestrial VLA and GBT
telescopes and 10 VLBA telescopes were used to measure the
observed position of the source twice, 75 and 230 days after
the burst. The source center was found to be displaced during
the time that elapsed between the two measurements by
almost 0.003 angular seconds, a value that corresponds to
motion with the apparent speed v 0 � 4 c. The authors of [220]
have qualitatively correctly interpreted this result as a
manifestation of a nonzero tilt angle of the source velocity
with respect to the line of sight; according to estimates made
in [220], this angle is y � 20�. A formula that relates the
apparent speed of a moving object v 0 and its real speed v,
which can be derived from Eqns (6) and (25), is
v 0 � v�1ÿ �v=c� cos y �ÿ1. Consequently, the real speed of
the object is 0:84 c, being, obviously, less than the speed of
light.
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