physics

Article

Relativity 4-ever?

Olga Chashchina ! and Zurab Silagadze 2*

check for
updates

Citation: Chashchina, O.; Silagadze,
Z. Relativity 4-ever? Physics 2022, 4,

421-439. https://doi.org/10.3390/

physics4020028

Received: 30 December 2021
Accepted: 21 March 2022
Published: 13 April 2022

Publisher’s Note: MDPI stays neutral
with regard to jurisdictional claims in
published maps and institutional affil-

iations.

Copyright: © 2022 by the authors.
Licensee MDPI, Basel, Switzerland.
This article is an open access article
distributed under the terms and
conditions of the Creative Commons
Attribution (CC BY) license (https://
creativecommons.org/licenses /by /
4.0/).

1
2

Ecole Polytechnique, 91128 Palaiseau, France; chashchina.olga@gmail.com
Physics Faculty, Novosibirsk State University, 630090 Novosibirsk, Russia
*  Correspondence: silagadze@inp.nsk.su

Abstract: This essay is about superluminal motion. It is generally believed that special relativity
prohibits movements faster than the speed of light. It is explained which motion is actually forbidden
by special relativity and why. Tachyons are breafly discussed and it is explained that, due to internal
instability, tachyon fields cannot be used to transmit information faster than the speed of light.
However, as John Stuart Bell remarked, “what is proved by the impossibility proofs is lack of
imagination”. Inspired by the Frenkel-Kontorova model of crystal dislocations, we demonstrate
the way to overcome the light speed barrier by introducing elvisebrions. Elvisebrions are defined
as objects that can exist in the case when some hidden sectors, very weakly interacting with the
visible sector, are either not Lorentz invariant, or Lorentz invariant but with different limiting
velocities. In this case, elvisebrions can move in a superluminal manner without violating our
existing physical models.
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1. Introduction

As one can understand, it is not an easy task to talk about breaking the light speed
barrier, as it can raise various false rumors, especially after the sad story of the OPERA
experiment [1]. However, after having published a paper on the subject [2], we decided to
try to present it here in a rather entertaining manner.

2. Experimental Basis of Special Relativity

Experimental confirmations of special relativity are ubiquitous [3]. One can say
that special relativity is the most precisely tested theory. Let us provide some numbers
to present the level of precision involved. Usually the breakdown of special relativity
(Lorentz invariance) is characterized by introduction of Lorentz non-invariant terms in the
interaction Lagrangian L. One such term is 61 ~ B2. As the separation of electromagnetic
field into an electric E and a magnetic B fields depends on the observer, one should
specify in which reference frame this square of the magnetic field is given. Usually the
preferred frame is identified relative to the “rest frame of the Universe”, S, in which cosmic
microwave background is isotropic. In this frame S, light velocity in vacuum, denoted
by ¢, will differ from the maximum attainable speed of a material body, taken to be unity,
due to the additional term in the interaction Lagrangian. In another frame (for example,
on Earth), which moves with respect to the frame S with velocity i (for the solar system,
u = 371 +1 km s~ ! in dimensionfull units [4]), the speed of light, ¢, depends on the
angle between its propagation direction and . This light propagation anisotropy in the
laboratory frame should lead to observable effects that are proportional to u?(1 — ¢?) if
Lorentz invariance is violated [5]. Nevertheless, no such anisotropy was found, and these
null results provide the limit of applicability for special relativity. The modern limit on the
velocity difference is as small as |1 — ¢| < 3 x 10722 [5].

In addition to the square of the magnetic field, the only other renormalizable term that
affects the propagation of light is A - Bsg + (A x E) - §[5], where sy is a fixed 4-vector with
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a dimension of reciprocal length, the Greek letters take the values 0 (time) and 1, 2, and 3
(space coordinates), and A is a vector potential. This term in Lagrangian violates not only
Lorentz symmetry but also charge (C), parity (P), and time (T) reversal symmetry (CPT).
Astronomical data and particle physics experiments severely constrain the magnitude
of components of s;,. Namely, the constraint on the dimensionless parameter that might
characterize CPT violation in particle physics is |s, /m| < 4 x 10738 (with m the electron
mass) [5].

On the webpage [3] one can find not only numerous experiments that confirm special
relativity, but also several ones that contradict it. However, all experiments that refute
special relativity have been wildly criticized, and none of these experiments came anywhere
close to making a convincing statement [3]. So, one can safely say that special relativity
was thoroughly tested within the domain of its applicability and experimental evidence
completely supports its validity.

3. Golden Shine of the Theory of Relativity

One could think that relativity belongs to the academic high-brow circles and has no
relation to everyday life, but it would be not more than an unfortunate fallacy. For instance,
every time one enjoys glitter of gold, one meets special relativity!

The fact is that for heavy atoms, relativistic corrections are significant and even
necessary to explain chemical and physical behavior of these atoms [6,7]. The color of
metals mainly results from the absorption of light when a d electron “jumps” to an s orbital.
For silver, the absorption that corresponds to the 4d — 5s transition requires energy of
3.7 eV which belongs to the ultraviolet range. As a result, visible light is not absorbed by
silver and all visible frequencies are reflected equally. This circumstance means that silver
has no color of its own: it is silvery. If one was to do corresponding calculations for gold
without including relativistic effects, one would have predicted the same result: that gold
should be silvery. However, due to relativistic effects the s and p atomic orbitals, in gold
are more “contracted” compared to non-relativistic predictions (the so-called “relativistic
stabilization”), while d and f orbitals are on the contrary destabilized and become more
diffuse. Consequently, for gold the gap between the 54 and 6s orbitals decreases and
corresponds to the energy of 2.4 eV which leads to absorption of blue light and reflection of
green and red. When combined, this spectrum results in the yellowish golden hue [7,8].

One also meets relativity, both special and general, every time GPS (Global Positioning
System) is used for navigation, because without these theories GPS would not function
properly [9]. Finally, even in rather old cars, special relativity is under use! Indeed,
calculations indicate that 10 out of 12 volts in a lead-acid car battery come from relativistic
effects [10].

4. Why Are We Interested in the Light Speed Barrier?

As one can see, relativity reigns even in everyday life. Why then are we interested
in questioning light speed barrier? After all, we have experimentally tested whether it is
possible to overcome it. One of the authors gave her best try in a leisure holiday experiment,
but the results were overwhelmingly convincing: it is impossible to overcome light speed
barrier on a horseback. One can see that the horse was somewhat embarrassed by this
negative result (Figure 1).
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Figure 1. Is it possible to break the light speed barrier on horseback?

Quoting D.I. Blokhintsev [11]: “The principal reason for concentrating our attention
specifically on the theory of relativity is, of course, not any sympathy with ignorant attacks
on this theory, but the circumstance that its basic postulates touch upon the deepest
foundations of the physics—geometry of space-time”.

There are psychological reasons too. A human being cannot tolerate any limitations
due to the rebellious nature of human mind. A Russian writer, Vasily Shukshin, in his
short story Stubborn fellow describes this peculiarity of human mind very eloquently [12]:
“Monya read the book which explained that a perpetuum mobile was impossible and that
many had failed in an attempt to invent such a machine. He carefully studied the drawings
of perpetual motion machines which had been proposed over the centuries. Then he started
reflecting upon this problem, not troubling his head over friction or the laws of mechanics.
He had his heart set on inventing a perpetuum mobile of a kind which had never been
imagined before. For some reason, he refused to believe that it was impossible.”

For the very same reasons, we also refused to believe that the speed of light barrier
was really impossible to overcome. And we set our hearts on inventing a way which had
never been imagined before, a way into a dreamland without the speed limit.

5. Why the Light Speed Barrier?

The argument for the light speed barrier was given by Albert Einstein (Figure 2)
himself in his seminal first paper on special relativity [13].

Figure 2. Albert Einstein posing for a portrait painting. Taken from [14].
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This argument is transparent enough: relativistic expression for the kinetic energy is

1
W = mcz( 1>,
Vv1—-V2/c?

with m being the mass and V being the velocity of the object.
Then, following A. Einstein: “Thus, when V' = ¢, W becomes infinite. Velocities greater
than that of light have, as in our previous results, no possibility of existence” [13].

6. For Light Spots, There Is No Light Speed Barrier

Not every kind of superluminal motion is excluded by Einstein’s argument. One
example of superluminal motion are light spots produced on a remote screen by a rotating
source of light or particles. Such light spots are in many ways analogous to the subluminal
radiation sources and in particular, they can generate Cerenkov radiation in “vacuum” [15].
Aspects of the superluminal motion were considered previously by Heaviside (1888),
Sommerfeld (1904), Wigner (1939), Tangherlini (1958) and Tanaka (1960), to name a few [16].

Major difference between the superluminal and subluminal radiation sources is that
according to the Einstein’s argument, the first ones cannot be represented by individual
particles, but by patterns formed by aggregates of such particles in a coordinated motion.
An interesting example of practical application of superluminal motion is a Gyrocon—a
high-power microwave generator in which radiation is produced by conically moving
relativistic beam of electrons [16,17]. The initial idea of a Gyrocon was suggested long ago
independently by M.S. Neyman (1940), P.V. Hartley (1945) and J. W. McRae (1946) [18].
However, the first realizations [19,20] were imperfect and yielded very low power output. It
was G.I. Budker who realized the possibilities offered by relativistic energies of the electron
beam in such a device. In a Gyrocon built by the Budker group, a harmonic used for the
generation had phase velocity which was 1.84 times larger than the light velocity. Output
power of the Gyrocon in the continuous mode reached 5 MW and produced radiation in the
wavelength range from 30 cm to 1.1 m with the efficiency of the beam energy conversion
into radiation of about 80% [18].

Superluminal motion of this type has long found industrial applications. However,
this is not the superluminal motion that interests us here.

7. Does Somebody Live to the North of the Himalayas?

In fact, Einstein’s argument given above is misleading. Following E.C.G. Sudar-
shan [21]: “As analogy we may consider demographers studying the population patterns
of the Indian Subcontinent. They would find that there are a lot of people in India but as
you approached the Himalayas there are fewer and fewer people. Climbing the giddying
heights is a difficult task and it is well-nigh impossible to climb it let alone live there.
Suppose a demographer calmly asserts that there are no people north of the Himalayas
since none could climb over the mountain ranges. That would be an absurd conclusion.
People of Central Asia are born there and live there: they did not have to be born in India
and cross the mountain ranges.”

8. Tachyons

In 1962 Sudarshan, Bilaniuk and Deshpande introduced a notion of faster-than-light
particles that live “to the north of the Himalayas” in the sense that they always move
with the velocity greater than the velocity of light [22]. Later, such particles were named
tachyons by Gerald Feinberg [23].

One may wonder why it took so much time for the tachyon hypothesis to emerge.
The answer lies partly in the sociopsychology of science. “In general, mathematicians
tend to behave like “fermions” i.e., avoid working in areas which are too trendy whereas
physicists behave a lot more like “bosons” which coalesce in large packs and are often “over-
selling” their doings, an attitude which mathematicians despise” [24]. What is particularly
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worrisome is that “this “bosonisation” of crowds of theoretical physicists does not make
them tolerant to new ideas that don’t fit with the common hopes of the “believers”” [25].

In reality, the tachyon hypothesis can be traced back much earlier, to works by Lev
Yakovlevich Shtrum in 1923 [26,27]. Shtrum was a head of Theoretical Physics Department
at Kiev University from 1932 to 1936. Then, he was arrested and executed. His love for
philosophy played a tragic role in his story, as it put him in touch with the philosopher
Semyon Semkovsky, Lev Trotsky’s cousin. Shortly after Semkovsky was arrested as Trot-
sky’s relative, Shtrum was arrested too. He was tortured, forced to sign self-incriminations,
and executed with a group of other Ukrainian scientists. The Stalinist government tried
to annihilate him spiritually as well: his works were removed from Soviet libraries and
destroyed. As a result, the tachyon hypothesis fell into oblivion for many years.

Risking his life, his friend and contemporary Vasily Grossman resurrected Shtrum’s
name in a novel that later became the first part of his renowned novel Life and Fate. The novel
was first published in 1952 when Stalin was still alive. Fortunately, nobody among censors
had suspected that the main hero of the novel, Victor Shtrum, had a real prototype in the
face of the executed physicist. Nevertheless, on the grounds of official antisemitism of that
time, censors demanded to remove the character from the novel. Grossman was steadfast
with his answer: “I agree with everything but Shtrum” [28].

Interestingly, Nathan Rosen, one of Einstein’s co-authors, replaced Shtrum as head
of Theoretical Physics Department for two years. Rosen did not speak Russian and his
lectures for students were translated from English. While working in the USSR, Rosen
nevertheless learned to read a little Russian and fortunately, understood that he needed to
flee the country when the events of 1937 began.

When an unemployed American scientist Nathan Rosen found work in the USSR, he
was most apparently unaware of the tragic fate of his predecessor. In fact, Rosen was a very
modest and positive person, as the following memories witness. A. Gordon recalls: [29]:
“I walked along the corridor seeing everywhere signs “Professor ...”. At the very end of
the corridor I noticed a door with a small copper plate with a name without the professor
title. The office door opened and out of it came an old thin man politely greeting me. I
saw him for the first time. Obviously, he was not a professor, maybe he was a manager,
an engineer, or a technician. Professors, if they greeted you, they greeted conscious of their
high position in the world of science, so that you feel their significance and importance.
The owner of this office was too simple and friendly to be a professor. When he retired from
the office, I approached the door to read the name on a small nameplate. It was written in a
foreign language: N. Rosen.”

9. Tolman’s Antitelephone Paradox

The interval between emission and absorption of a superluminal tachyon is spacelike
and this circumstance creates a real problem for the tachyon hypothesis: for events sep-
arated by a spacelike interval, their relative time order depends on choice of a reference
frame, and in some inertial reference frames the tachyon will be absorbed before it is
emitted. In 1917, Richard Tolman (shown with Einstein in Figure 3) in his book The Theory
of Relativity of Motion showed that in this case one faces a paradox of causality, today called
Tolman antitelephone paradox. Figuratively speaking, one can send a message into one’s
own past using tachyons.
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Figure 3. Richard Tolman with Einstein at California Institute of Technology in 1932. Taken from [30].

In fact, Tolman’s antitelephone paradox has already been invented in 1907 by Einstein
himself [31], who looks was aware of the weakness in the infinite kinetic energy argument.
He concludes [31]: “This result signifies that we would have to consider as possible a trans-
fer mechanism whose use would produce an effect which precedes the cause (accompanied
by an act of will, for example). Even though, in my opinion, this result does not contain a
contradiction from a purely logical point of view, it conflicts so absolutely with the character
of all our experience, that the impossibility of the assumption V > c is sufficiently proven
by this result”.

The issue, raised by Tolman’s antitelephone paradox is, however, already present in
quantum field theory that unifies the fundamental ideas of special relativity and quantum
mechanics and is at the base of our modern theories of elementary particle physics.

10. Can Quantum Theory and Special Relativity Peacefully Coexist?

The second and most profound revolution in physics after special relativity was
creation of quantum mechanics (Figure 4 shows Bohr and Einstein discussing the point).
Both theories are very successful. However, they are based on entirely different ideas,
which are not easy to reconcile with each other.

Figure 4. Niels Bohr and Albert Einstein in 1925. Taken from [32].
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Following F. Wilczek [33]: “Imagine a particle moving on average at nearly the speed
of light, but with an uncertainty in position, as required by quantum theory. Evidently,
there will be some probability for observing this particle to move a little faster than average,
and therefore, faster than light, which special relativity will not permit.”

11. Quantum Theory and the Problem of Superluminal Motion

In quantum field theory, the amplitude for a particle to propagate from a space-time
point x to a point y is Lorentz invariant and is given by the Wightman propagator. When
the difference x —y = (0,7) is purely in the spatial direction, and when the distance
r is much smaller than the particle’s reduced Compton wavelength m~! (natural units
I = ¢ = 1 are assumed, where 7 is the reduced Planck constant), the Wightman function
has the following asymptotics, D(x —y) ~ '3 \/% e~ "™, and is not zero, despite zero
time-interval between events at coordinates x and y. This means that the particle has a
non-zero probability to propagate with infinite velocity in this frame. As one can see,
it is not a trivial task to reconcile quantum mechanics with its notorious non-localities
with special relativity. Quoting ]J. Butterfield [34]: “Relativistic causality—formulate it as
you like!—is a subtle matter in relativistic quantum theories.” Let us mention some other
examples of the alleged superluminal effects which demonstrate a subtlety of coexistence
of quantum mechanics with special relativity.

Hegerfeldt’s theorem states that the wave function of a quantum system, if initially
localized in a finite region, immediately develops an infinite tail spreading over all space.
As a result, transition probabilities in widely separated systems may instantaneously
become nonzero [35]. Maybe, then, it is not surprising that entanglement and mutual
correlations can also be generated at space-like separated points [36]. All of these are,
of course, in spirit of old Einstein, Podolsky and Rosen paradox [37].

However, it becomes even worse, as quantum mechanics predict that the transmission
time across a potential barrier becomes independent of barrier thickness for very thick
barriers, the so-called “Hartman effect” [38]. Let us also mention the Scharnhorst and
Drummond-Hathrell effects. The Scharnhorst effect predicts that light signals travel a bit
faster than c in the Casimir vacuum between two closely spaced conducting plates [39].
In the Drummond-Hathrell effect, photons may propagate with superluminal velocity in
certain gravitational backgrounds [40,41]. It is believed, however, that neither of these
strange effects allows information to be transmitted faster than the light velocity, and thus,
they are compatible with special relativity, although in a very subtle way [42,43].

12. Frustrated Total Internal Reflection

Frustrated total internal reflection [44] is an optical analog of the quantum mechanical
tunneling. It is known that, if an angle of incidence of a light beam at the boundary that
separates optically denser medium, in which the light beam propagates, and the one of
lower density, exceeds some critical angle, then it is totally reflected at this boundary.
However, even in this case the electric field penetrates the adjacent medium, with the
penetration depth of order of a wavelength, in a form of an evanescent wave. Evanescent
modes are classical analogs of virtual photons [45]. If a third optically dense medium is
added at around a wavelength from the first medium, then because of the evanescent wave,
the light beam penetrates to this medium much like the quantum tunneling of particles
through potential barriers.

The Hartman effect was experimentally confirmed in frustrated total internal reflec-
tion [46]. Gunter Nimtz (Figure 5) even states that he and his collaborators managed to
transfer modulated Mozart’s 40th symphony at a superluminal speed of 4.7c using this
phenomenon for microwaves [47]. Nevertheless, it seems that he is at error [48,49]. If you
define the signal velocity as the velocity of the pulse maxima then indeed, an evanescent
barrier can be crossed superluminally. However, even these superluminal wave packets
still obey causality and the peaks of pulses in front and behind the evanescent barrier are
not causally related [50].
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Figure 5. Glinter Nimtz in the Physics laboratory of the University of Koblenz, 2008. Taken from [51].

13. There Are No Paradoxes in Physics

“Of course, in physics there are never any real paradoxes because there is only one
correct answer; at least we believe that nature will act in only one way (and that is the right
way, naturally). So in physics a paradox is only a confusion in our own understanding,”,
quoting R. Feynman (Figure 6) [52].

CALTECH

Figure 6. Richard Feynman lecturing at Caltech Seminar Day, 1978. Taken from [53].

14. The Idea of Antiparticles

The above-given examples illustrate that there is some tension between quantum
theory and special relativity in what concerns superluminality. Quoting F. Wiczek [33]:
“The only known way to resolve this tension involves introducing the idea of antiparticles.”

Quantum field theory offers a miraculously clever solution to the superluminal prop-
agation dilemma [54]. It is true that, for a particle propagating superluminally between
space-time points separated by a spacelike interval, there is always a reference frame in
which the particle propagates backwards in time, so that its absorption preceding its emis-
sion is in apparent violation of causality. Nevertheless, the particle’s energy in this frame is
negative, and a negative energy particle propagating backward in time can be interpreted
as a positive energy antiparticle propagating forward in time. This Stueckelberg-Feynman
interpretation of antiparticles as negative energy particles moving backward in time pro-
vides quantum field theory’s resolution of superluminal propagation dilemma. Causality
demands that any measurement performed at a space-time point x cannot influence an
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outcome of another measurement at space-time point y if the points are separated by a
spacelike interval. Mathematically this means that two local observables commute if sepa-
rated by a spacelike interval. The existence of antiparticles is crucial for a cancellation of all
acausal terms in commutators of two local observables at spacelike separation. Therefore,
quantum field theory does not allow information to be transmitted faster than the speed of
light but at the expense of introducing antiparticles.

15. Stueckelberg—An Unconventional Hero

There was one central figure in the development of the idea of antiparticles as negative
energy particles moving backwards in time. His full name was Johann Melchior Ernst Karl
Gerlach Stueckelberg, Freiherr von Breidenbach zu Breidenstein und Melsbach.

Stueckelberg (Figure 7) was from an aristocratic Swiss family. He made some deep and
fundamental discoveries but remained a widely under-appreciated genius in the history
of science [55]. Maybe this is explained by the fact that apart from his relationship with
Wolfgang Pauli, Stueckelberg had little contact with the scientific community partly due to
his mental illness [56]. While being in Princeton in 1932, Stueckelberg suffered from the
first attack of bipolar disorder. Later during his life, the recurrent psychiatric conditions
resulted in countless stays in mental hospitals and seriously handicapped Stueckelberg’s
scientific career [56].

Figure 7. Ernst Carl Gerlach Stueckelberg in 1934 at London International Conference on Physics.
Taken from [57].

Stueckelberg was not only the first person who introduced the aforementioned inter-
pretation of antiparticles and illustrated the concept with graphs of space-time trajectories
which today are called “Feynman diagrams”, he was also years ahead in the development
of quantum electrodynamics (QED). Unfortunately, he did not promote his ideas, and
published his articles mostly in French in a Swiss journal Helevetica Physics Acta with a
small international audience [58].

After receiving the Nobel Prize for his work on QED, Richard Feynman gave a lecture
in Geneva at which Stueckelberg was present. After the lecture, Feynman surrounded by
his admirers noticed that Stueckelberg quietly left the lecture hall accompanied by his dog.
Feynman was moved and remarked [59,60]: “He did the work and walks alone towards
the sunset, and here I am, covered in all the glory, which rightfully should be his.”

Stueckelberg’s dog, Carlo III, was as legendary, as his master. Stueckelberg attended
seminars and lectures always accompanied by his dog. Carlo IIIl had even been granted
right of access to CERN by the CERN Director General [55]. At seminars, Carlo III had
a reputation of a great expert in theoretical physics. Usually the dog was well behaved
watching the lecture while Stueckelberg napped. Occasionally. Carlo III barked awaking his
master who then always spotted a mistake on the blackboard [55,58]. The only reasonable
explanation of how the dog spotted the errors (suggested by Valentine Telegdi [55]) is that
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Carlo III was not an expert in theoretical physics but was a great expert in his master’s
mood and he was reacting to his master unconscious uneasiness.

16. Reinterpretation Principle

Let us return to tachyons. One may think that the reinterpretation principle solves
Tolman antitelephone and similar paradoxes [61,62].

Let two observers A and B move with constant subluminal relative velocities,  and
t' axes being the corresponding world-lines, see Figure 8. Observer A sends a tachyon
that follows AB world-line (moves forward in time with respect to A) and is immediately
reflected upon arrival at point B. World-line BC lies above the dashed line (the line
of simultaneity for the event B) which is parallel to the coordinate axis x’. Therefore,
with respect to B, the reflected tachyon moves forward in time. However, with respect to
A, it moves backwards in time and arrives at point C earlier than it was emitted.

v

Figure 8. Antitelephone paradox (see text for details).

The resolution of this paradox according to the reinterpretation principle is the follow-
ing. It can be shown that while moving from B to C, the tachyon has a negative energy.
Therefore, it can be reinterpreted as an antitachyon with a positive energy moving forward
in time. So, from the point of view of the observer A the sequence of events looks like this:
an antitachyon is emitted at point C and then a tachyon at point A. Both have positive
energies and move forward in time. Then they annihilate at point B. There is thus no
paradox in this sequence of events.

Not everyone agrees with such a solution to the Tolman’s antitelephone paradox (see,
e.g., [63]). Quoting Ref. [64]: “Causality objections against superluminal particles are by
far the most subtle, and much room for reflection remains in this regard.”

17. Gell-Mann’s Totalitarian Principle

Leaving aside subtleties related to the causality, one can invoke Gell-Mann’s totali-
tarian principle “everything not forbidden is compulsory” and ask: If tachyons are not
forbidden by special relativity, why are they not observed? (In fact, the totalitarian principle
first appeared in T.H. White’s Arthurian fantasy novel The Once and Future King [65]). Up to
here, superluminality was emphasized a defining property of tachyons. This is no longer
justified in quantum theory. Classical concept of propagation velocity is not well-defined
for evanescent modes or virtual photons, as nothing well defined and localized propagates
through the tunneling barrier in these cases.

The notion of particles, borrowed from the classical physics, is also not quite adequate
in the quantum world. As a result, one can still speak about wave-particle duality, a concept
as dubious as the devil’s pitchfork: a classic impossible figure (Figure 9) [66].
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Figure 9. Devil’s pitchfork—a classic impossible figure.

Left and right parts of this figure may be interpreted as two-dimensional projections
of three-dimensional bodies, much like a part of properties of a quantum particle may be
interpreted as particle-like while another part as wave-like. Then one tries to unify these
interpretations through the concept of wave-particle duality, pretending that the figure
above is a true three-dimensional figure. However, such interpretation is impossible, as the
figure is, in reality, in two dimensions [67].

So, it is better to call a quantum particle a quanton, which is neither a particle nor a
waive, but a completely new object unknown to classical physics [68]. The old tradition
of describing the quantum world in classical concepts creates, of course, a serious logical
tension when using two contradictory ideas for describing the same object, even if the
so-called complementarity principle is evoked to soften conceptual conflicts. “It must
be realized today that this view of the quantum world, adapted as it was to its first
explorations, is totally outdated. In the past fifty years, we have accumulated sufficient
familiarity, theoretical as well as experimental, with the quantum world to no longer look
at it through classical glasses,” quoting J.-M. Lévy-Leblond [68].

18. Classification of Quantons

The best-known way to classify free quantons propagating in Minkowski spacetime
is through their symmetry properties, assuming that elementary quantons correspond to
the unitary irreducible representations of the Poincaré group (inhomogeneous Lorentz
group) found by Wigner. Depending on the four-momentum p of a quanton, whose square
is Lorentz invariant, and on the sign of its energy, one has six different classes of such
representations [69]:

p2>0,p0>0,
p?>>0,p" <0,
p2:O,p0>0,

Ul W N e
<
N
|
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<
(==}
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Representations with negative energies (classes 2 and 4), as was already mentioned,
should be reinterpreted as corresponding to antiparticles with positive energies belonging
to classes 1 and 3. Class 1 corresponds to bradyons, massive quantons, which always move
with velocities less than the speed of light in vacuum if described from classical perspective.
Class 3 contains representations corresponding to luxons, quantons with zero mass like
photons, which always move with maximum velocity c.

Representations in each group are further classified by considering the unitary ir-
reducible representations of the so-called little group, a subgroup of the Poincaré group
that leaves invariant a particular four-momentum characteristic for a given class. For
class 1, a rest-frame momentum p* = (m,0,0,0) can be chosen, and the little group is
the three-dimensional rotation group SO(3). This group has finite dimensional unitary
representations, characterized by one real number—the spin of the quanton. For class 3,
p* = (k,0,0,k) can be chosen, and the little group is the Euclidean group ISO(2) or trans-
formations of the Euclidean plane which preserve the distance between points. ISO(2) is a
semi-direct product of SO(2) and T(2), a group of translations in the plane. Correspondingly,
the unitary irreducible representations, corresponding to the massless quantons, are of two
types. If T(2) is represented by trivial representation, then unitary irreducible representa-
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tions correspond to the representations of the two-dimensional rotation group SO(2) and are
finite dimensional and characterized by the helicity of the quanton. If T(2) is represented by
non-trivial representation, then the corresponding unitary irreducible representations of the
Poincaré group are infinite dimensional and are characterized by a continuous parameter
with the dimension of a mass even if they describe massless quantons. The second exotic
property of such representations is that the corresponding quantons have infinite degrees
of freedom (these representations contain all helicities from —co to oo and are called infinite
spin representations). Wigner has argued that the heat capacity of a gas of such quantons
would be also infinite and rejected such representations as unphysical. For the modern
perspective on the infinite spin representations, see, e.g., [70].

Class 5 are representations of the symmetries of the vacuum. In this case, the little
group is the entire Lorentz group, and all unitary representations are infinitely dimensional.
These represantations are organized into the main and supplementary series. Some of them
can correspond to pomerons, “without a doubt, one of the weirdest concepts of something
particle-like that one could imagine,” quoting J. Swain [69].

Finally, class 6 corresponds to tachyons. The little group is SO(2,1), the Lorentz group
in a spacetime with one time-like and two spacelike dimensions. It is non-compact and
has only infinite dimensional unitary representations except for a one-dimensional trivial
representation. Thus, tachyons are quite different from the usual bradyons and luxons:
either tachyon is a scalar particle with no spin, or it has an infinite number of polarization
states. However, it was argued that, for tachyons, it is justified to resort to nonunitary
representations, which are finite dimensional. This way integer and half-integer spins can
be associated to tachyons too [61] (although the finite-dimensional representations of the
little group for tachyons are not unitary, a fully covariant theory for tachyons with any
spin can be constructed with a helicity dependent invariant integral which cannot have the
usual interpretation of probability or charge [71]).

19. Tachyons and Instability

In quantum field theory, quantons are associated to relativistic fields [72-74]. For the
field ¢, the squared mass of the corresponding quanton equals the second derivative of
the self-interaction potential V(¢) of this field at the origin ¢ = 0. If the squared mass is
negative as for tachyons, the origin cannot be the minimum of the potential. In other words,
the system with a tachyonic degree of freedom is unstable at ¢ = 0 tachyonic vacuum
state. As a result, the tachyonic field ¢ will roll down towards the true vacuum, acquiring a
non-zero vacuum expectation value (tachyon condensation).

For the true vacuum, the squared mass (the second derivative of the self-interaction
potential) is positive, and small excitations of the field ¢ around the true vacuum will
appear as bradyons, not tachyons (for a pedagogical discussion of mass generation through
spontaneous symmetry breaking, see [75]).

If one considers spacelike four-momentum as a defining property of tachyons, then it
becomes clear that tachyons play an important role in modern physics. The most notorious
example of tachyon condensation is Higgs mechanism in the Standard Model of elementary
particles physics. One can say that the Higgs boson is the most famous would-be tachyon.
Tachyon condensation is important in string theory too [76] and can play a role in early
cosmology [77].

Finally, every quanton can become tachyonic in a virtual state (the four-momentum of
a virtual quanton can be spacelike).

20. Tachyons and the Light Speed Barrier

Initially, we were interested in tachyons as superluminal objects, but a disappointment
awaits us here: tachyons cannot support the true superluminal propagation, even in a
rolling state towards true vacuum. The argument goes as follows [78-80].

Propagation of a free scalar tachyon in Minkowski spacetime is described by the usual
wave equation for spin-zero particles, the Klein-Gordon equation, but with imaginary
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mass. The fundamental plane-wave solutions of the Klein-Gordon equation have the form
¢(t,x) = exp (—iEt + ipx), where E is the energy, for all relativistic quantons including
tachyons for which E? — p? = m? with imaginary mass m. Because of the unusual negative
sign of the squared mass term, the Klein-Gordon equation will have two kinds of solutions.
For the first kind, |p| > |E| and E is real. In this case, one has usual plane waves. For the
second kind, |p| < |E|, and then E becomes imaginary. The corresponding wave amplifies
exponentially as time passes.

If the second type solutions are allowed, then a localized unstable wave-packet can
be built. However, the Klein—-Gordon equation, irrespective of the sign of the mass term,
is a hyperbolic partial differential equation. Hyperbolic partial differential equations do
not allow localized disturbances to spread with speeds faster than the maximum speed
which is here the speed of light. If the second-type solutions are excluded, then it will be
no longer possible to build localized wave-packets but only non-local disturbances of the
tachyonic field that cannot be used to send information from one place to another faster
than the speed of light.

Impossibility to construct a stable localized free-tachyon wave-packet implies that one
cannot transmit information by tachyon field since the information would be destroyed
by the inherent instability of these fields [79]. Quoting G.W. Gibbons [77]: “Contrary to
popular prejudice: the tachyon is not a tachyon!”

21. The Frenkel-Kontorova Model

It is time to change the strategy in searching for superluminal objects. From what was
said so far, it should be clear that there is virtually no chance if the Lorentz symmetry is
indeed a fundamental property of Nature. On the other hand, one can consider situations
where Lorentz symmetry emerges at low-energy limit but is not a fundamental property
from the very beginning. The Frenkel-Kontorova model of crystal dislocations provides
a good starting point [78]. The Frenkel-Kontorova model describes a one-dimensional
chain of atoms with harmonic interatomic interactions subjected to an external sinusoidal
substrate potential.

The remarkable fact about the Frenkel-Kontorova model is that in the long wavelength
approximation, when the lengths characterizing the chain discreteness are much smaller
than the wavelength of chain excitation, its dynamics are described by the so-called sine-
Gordon equation,

1’0 &P

c2 or2 ox?
where @ is the dimensionless field of displacements of the individual atoms from their
equilibrium positions (see [2] for details).

If the external potential is switched off, m = 0 and the equation describes massless
phonons traveling at the sound velocity, cs = c¢. For small oscillations, ® < 1, and with
non-zero external potential, the sine-Gordon equation turns into the Klein-Gordon equation
describing massive phonons (bradyons) moving with subsonic velocities.

One can also consider small oscillations around the point of unstable equilibrium
@ = 7. Setting ® = 7 — ¢ and assuming ¢ < 1, one obtains the equation

+mPsin® = 0,

which has a minus sign before the mass term and describes supersonic phonons (tachyons).
Despite the supersonic behavior, the field ¢ does not allow information to be transmitted
with the velocity V > c, as was explained above. One can repeat the basic arguments using
this very example. The dispersion relation linking the frequency w to the wavenumber k
of tachyonic excitation has the form w = cvk? — m?. When k < m, w becomes imaginary,
indicating the onset of instability. Any sharply localized source of perturbation will have
such wave numbers in its Fourier spectrum and cause the instability. It can be then
shown that the localized disturbance (information) will propagate with velocity V < ¢
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in accordance with the Cauchy—Kowalewska theorem of hyperbolic partial differential
equations [81].

22. Frenkel-Kontorova Solitons

The Frenkel-Kontorova model has a mechanical analog: a chain of pendula which
can rotate around an elastic horizontal axis that couples them to each other by exerting a
harmonic torque, see Figure 10.

Figure 10. Chain of pendulums as a mechanical analogue of the Frenkel-Kontorova model.

Some excitations of this chain of pendula have a form of traveling stable waves called
solitons. Two particular cases of solitons are a kink (¢ = 1) and anti-kink (¢ = —1):

®(x,t) = 4arctan <exp [U _xovi })
e AVI—VvZ/3])

Here, 0 = +1, V is a kink velocity and A is a Compton wavelength (m~!) of the
Frenkel-Kontorova phonons. As one can see from the above expression, the width of
the kink depends on its velocity the same way as for relativistic particles. Therefore,
it always moves with subsonic velocities; see Figure 11 for a mechanical model of the
Frenkel-Kontorova kink.

citdidldinbtbeiandt

Figure 11. Mechanical model of the Frenkel-Kontorova kink.

On the other hand, there is a similar solution of the sine-Gordon equation, which can
be called T-kink, and which always moves with supersonic velocity:

@(xt)—ﬂ—élarctan(exp[—a x Vi })
)= X))

It is evident that T-kink is a mechanical model of a tachyon. In contrast to kinks,
T-kinks are not stable. The reason for this difference can be understood as follows [2]. One
can visualize infinitely many minimums of the Frenkel-Kontorova external potential as
depressions of a long slate. A kink corresponds to an infinite rope which begins in one
depression of the slate and ends up in another neighboring depression. For an infinite rope,
one needs an infinite energy to throw the rope from one depression to another one. For this
reason, the kink is stable (can be annihilated only by a counter anti-kink). On the contrary,
T-kink corresponds to a rope which lays on a slate ridge, then somewhere on the ridge it
falls in the depression and raises again to the adjacent ridge. Of course, such configuration
cannot be stable.
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23. Emergent Relativity

Frenkel-Kontorova solitons, remarkably, exhibit relativistic behavior. It was altready
seen that the kink’s width is subject to Lorentz contraction. Interestingly, such length con-
traction can be observed by naked eyes on the strobe photography of a pendula realization
of a kink traveling with some dissipation of energy due to friction effects [82], see Figure 12.

Figure 12. Visualization of the Lorentzian contraction of the width of the Frenkel-Kontorova kink
(see the text for explanation).

The kink moves from right to left and becomes wider as its velocity decreases. One
can calculate the kink energy and discover that it is also given by the known relativistic
expression, E = Mc?/+/1— V2/c2, where M is some constant (the kink mass) determined
by parameters of the Frenkel-Kontorova model [2].

This emergence of relativistic expressions is not surprising, as the sine-Gordon equa-
tion is in fact Lorentz invariant, provided the light velocity is replaced by the sound velocity
c. What is truly remarkable is that this relativistic invariance is an emergent phenomenon.
It is absent at the fundamental level of the Frenkel-Kontorova chain, but appears in the
long-wavelength limit. Apart from the Frenkel-Kontorova model, there are other examples
when a relativistic behavior emerges in purely classical mechanical systems [83].

Mexican artist Octavio Ocampo’s painting Mouth of flower [84] illustrates the idea of
emergence wonderfully well. One can see the face of a lady on the painting. However,
at a closer inspection one finds that at the fundamental level, there is no face but only some
flowers and a butterfly.

24. Supersonic Solitons

Emergent relativity in the Frenkel-Kontorova model is approximate and holds only
insofar as one can neglect discreteness effects. Even in the long-wavelength limit, not all
interatomic interactions lead to the emergence of sound speed relativity in the atomic chains
of the Frenkel-Kontorova type. Morikazu Toda managed to find exponential interatomic
interactions that support supersonic solitons.

When the velocity of a Toda soliton approaches the sound velocity, its behavior is
opposite to that of a tachyon: its energy approaches to zero and its width approaches to
infinity. Despite this difference, the final result is the same: Toda solitons, like tachyons,
cannot cross the sound barrier and become subsonic.

If one generalizes the Frenkel-Kontorova model by adding special kinds of anhar-
monicity in the interatomic potential, other types of solitons can be constructed that can
cross sound barrier [83]. In contrast to Frenkel-Kontorova and Toda solitons, Kosevich—
Kovalev solitons can move with any velocity from zero to infinity [85]. In some sense they
interpolate between the subsonic Frenkel-Kontorova solitons and supersonic Toda solitons:
for velocities much smaller than the sound velocity they resemble Frenkel-Kontorova soli-
tons, and for velocities much greater than the sound velocity they resemble Toda solitons.

25. Elvisebrions

The above analyis of Kosevich-Kovalev and Toda solitons suggests a way how super-
luminal objects may be introduced in our world. Let us explain by a vivid analogy. One
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can classify creatures according to where they live with regard to the Himalayan range
(light speed barrier).

There are creatures that live south to the Himalayas (bradyons), that hover over the
range (luxons), and that live to the north (tachyons but they tend to condensate and move
to southern regions). However, one cannot exclude that one day one meets an alien (though
never met any of them so far) from a planet with no Himalayan range at all!

Such type of possibly superluminal objects, analogs of the Kosevich-Kovalev and
Toda solitons, is conceptually different from the tachyons and deserves its own name. We
name such objects elvisebrions (elvisebri means “swift as a lightning flash” in Georgian).

In more formal wording, we suggest a possibility that a hidden sector may exist which
is either not Lorentz invariant or it is Lorentz invariant but with a different limiting speed.
If the two sectors (hidden and visible) are connected very weakly, then it is expected that
the Lorentz invariance may still be a very good approximation in the visible sector. Never-
theless, such a setup is no longer Lorentz invariant as a whole and, therefore, a possibility
of hidden sector-induced superluminal phenomena does appear.

The two sectors could be connected through the Higgs portal as considered in [86]
and further analyzed in [87]. It was shown that Lorentz invariance violation in the Higgs
sector is communicated at one loop level to all other Standard Model particles. However,
in the framework of the model, such effects are naturally small. Similar ideas have been
formulated by Gonzalez-Mestres who calls this type of elvisebrions superbradyons [88].

Finally, let us point to an interesting paper by Robert Geroch [89] which actually
provides a much more solid foundation for the elvisebrions hypothesis than we were able
to give in this informal essay.

Quoting [89]: “In short, the causal cones of special relativity, from this perspective,
have no special place over and above the cones of any other system. This is democracy
of causal cones with a vengeance. This, of course, is not the traditional view. That view—
that the special relativity causal cones have a preferred role in physics—arises, I suspect,
from the fact that a number of other systems—electromagnetism, the spin-s fields, etc.—
employ precisely those same cones as their own. And, indeed, it may be the case that the
physical world is organized around such a commonality of cones. On the other hand, it is
entirely possible that there exist any number of other systems—not yet observed (or maybe
they have been!)—that employ quite different sets of causal cones. And the cones of these
«other systems» could very well lie outside the null cones of special relativity, i.e., these
systems could very well manifest superluminal signals. None of this would contradict our
fundamental ideas about how physics is structured: An initial value formulation, causal
cones governing signals, etc.”

26. Final Words

As itis said in [90]: “Science, particularly mathematics, though it seems less practical
and less real than the news contained in the latest radio dispatches, appears to be building
the one permanent and stable edifice in an age where all others are either crumbling or
being blown to bits” We firmly believe that special relativity belongs to this permanent and
stable edifice. Even if in the end it turns out that there are Lorentz non-invariant hidden
sectors, special relativity will remain with us, as one of our most precious scientific theories.
Alas, this does not mean it will last forever, as nothing lasts forever in the material world,
especially such a fragile thing as intelligent life, and particularly in context of current
climate change. To paraphrase English writer Virginia Woolf, it may happen that the very
stone one kicks with one’s boot will outlast all our theories and achievements.

Author Contributions: Conceptualization, O.C. and Z.S.; writing—original draft preparation, Z.S.;
writing—review and editing, O.C. and Z.S. All authors have read and agreed to the published version
of the manuscript.

Funding: The work is supported by the Ministry of Education and Science of the Russian Federation.

Data Availability Statement: Not applicable.



Physics 2022, 4 437

Acknowledgments: Shock and rage caused by Lucas Moodysson’s film “Lilja 4-ever” triggered our
musings on what last forever in our imperfect world and gave us an impetus to write this essay. Our
special respects to Oksana Akinshina, a Russian actress who played the main role.

Conflicts of Interest: The authors declare no conflict of interest.

References

1.

® NSO d

o

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.
27.

28.

29.

30.

31.

Adam, T.; Agafonova, N.; Aleksandrov, A.; Altinok, O.; Alvarez Sanchez, P; Anokhina, A.; Aoki, S.; Ariga, A.; Ariga, T.; Autiero,
D.; et al. Measurement of the neutrino velocity with the OPERA detector in the CNGS beam. |. High Energy Phys. 2012, 10, 093.
Chashchina, O.; Silagadze, Z. Breaking the light speed barrier. Acta Phys. Pol. B 2012, 43, 1917-1952. [CrossRef]

Roberts, T.; Schleif, S. What Is the Experimental Basis of Special Relativity? Available online: http://math.ucr.edu/home/baez/
physics/Relativity /SR /experiments.html (accessed on 5 March 2022).

Raine, D.J.; Thomas, E.G. An Introduction to the Science of Cosmology; CRC Press: Boca Raton, FL, USA, 2001; p. 55. [CrossRef]
Coleman, S.; Glashow, S.L. Cosmic ray and neutrino tests of special relativity. Phys. Lett. B 1997, 405, 249-252. [CrossRef]
Pyykko, P. Relativistic effects in structural chemistry. Chem. Rev. 1988, 88, 563-594. [CrossRef]

Autschbach, J. Perspective: Relativistic effects. . Chem. Phys. 2012, 136, 150902. [CrossRef] [PubMed]

Walker, J. What Gives Gold That Mellow Glow? Available online: https://www.fourmilab.ch/documents/golden_glow/
(accessed on 5 March 2022).

Ashby, N. Relativity in the Global Positioning System. Living Rev. Relativ. 2003, 6, 1. [CrossRef]

Ahuja, R.; Blomqvist, A.; Pyykko, P.; Zaleski-Ejgierd, P. Relativity and the lead-acid battery. Phys. Rev. Lett. 2011, 106, 018301.
[CrossRef]

Blokhintsev, D.I. Basis for special relativity theory provided by experiments in high energy physics. Sov. Phys. Usp. 1966, 9,
405-416. [CrossRef]

Shukshin, V. The Stubborn Fellow. In Short Stories; Smith, H., Translator; Radouga Publishers: Moscow, Russia, 1990; p. 326.
Available online: https:/ /archive.org/details/VassilyShukshinShortStories /page/n325 (accessed on 5 March 2022).

Einstein, A. On the electrodynamics of moving bodies. Ann. Phys. 1905, 17, 891-921. Available online: https:/ /einsteinpapers.
press.princeton.edu/vol2-trans /154 (accessed on 5 March 2022). [CrossRef]

Masterypedia. Albert Einstein—A Father of Modern Physics. Available online: https:/ /www.masterypedia.com/2020/08/albert-
einstein-biography-in-english.html (accessed on 5 March 2022).

Bolotovskii, B.M.; Ginzburg, V.L. The Vavilov-Cerenkov effect and the Doppler effect in the motion of sources with superluminal
velocity in vacuum. Sov. Phys. Usp. 1972, 15, 184-192. [CrossRef]

Malykin, G.B.; Romanets, E.A. Superluminal motion (review). Opt. Spectrosc. 2012, 112, 920-934. [CrossRef]

Bolotovskii, B.M.; Serov, A.V. Radiation of superluminal sources in empty space. Phys.-Uspekhi 2005, 48, 903-915. [CrossRef]
Budker, G.I; Shekhtman, I.A.; Ostreiko, G.N.; Nezhevenko, O.A.; Makarov, I.G.; Morozov, S.N.; Karliner, M.M. The Gyrocon—An
fficient relativistic high-power VHF generator. Part. Accel. 1979, 10, 41-59.

Rivlin, L.A. On the transverse type of interaction of an electron beam with a high-frequency field. Proc. Res. Inst. Minist. Radio
Ind. USSR 1956, 4, 3-15. (In Russian)

Kaufman, I.; Oltman, G. Harmonic generation by electron beam pattern motion—The Bermutron. IEEE Trans. Electron Devices
1965, 12, 31-39. [CrossRef]

Sudarshan, E.C.G. Particles Traveling Faster than Light, C.V. Raman Lecture; University of Texas Report CPT-166; Madras University:
Chennai, India, 1972.

Bilaniuk, O.M.P,; Deshpande, V.K,; Sudarshan, E.C.G. “Meta” relativity. Am. |. Phys. 1962, 30, 718-723. [CrossRef]

Feinberg, G. Possibility of faster-than-light particles. Phys. Rev. 1967, 159, 1089-1105. [CrossRef]

Connes, A. Advice to the Beginner. The Princeton Companion to Mathematics. 2008. pp. 1005-1007. Available online:
http:/ /assets.press.princeton.edu/chapters/gowers/gowers_VIIL_6.pdf (accessed on 5 March 2022).

Alon, N.; Bourgain, J.; Connes, A.; Gromov, M.; Milman, V. (Eds.) Addendum: Discussion at the Dead Sea. In Visions in
Mathematics: GAFA 2000 Special Volume. Part II; Birkhduser: Basel, Switzerland, 2010; pp. 883-884. [CrossRef]

Strum, L. Zur Frage nach der Uberlichtgeschwindigkeit in der speziellen Relativititstheorie. Z. Phys. 1923, 20, 36-44. [CrossRef]
Malykin, G.B.; Savchuk, V.S.; Romanets, E.A. Lev Yakovlevich Strum and the hypothesis of the existence of tachyons. Phys.-Uspekhi
2012, 55, 1134-1139. [CrossRef]

Chandler, R. How the Soviet Literary Establishment Censored Vasily Grossman. The New Yorker, 19 June 2019. Available online:
https:/ /www.newyorker.com/books/page-turner/how-the-soviet-literary-establishment-censored-vasily-grossman (accessed
on 5 March 2022).

Gordon, A. Etude in white-blue tons. Yegupets 2007, 16, 14. Available online: http://judaica.kiev.ua/old/Eg_16/16-14.htm
(accessed on 5 March 2022). (In Russian)

Wikimedia Commons. Available online: https://commons.wikimedia.org/wiki/File:Tolman_%26_Einstein.jpg (accessed on 5
March 2022).

Einstein, A. On the inertia of energy required by the relativity principle. Ann. Phys. 1907, 23, 371-384. Available online:
https:/ /einsteinpapers.press.princeton.edu/vol2-trans /252 (accessed on 5 March 2022). [CrossRef]


http://doi.org/10.5506/APhysPolB.43.1917
http://math.ucr.edu/home/baez/physics/Relativity/SR/experiments.html
http://math.ucr.edu/home/baez/physics/Relativity/SR/experiments.html
http://dx.doi.org/10.1201/9781482268454
http://dx.doi.org/10.1016/S0370-2693(97)00638-2
http://dx.doi.org/10.1021/cr00085a006
http://dx.doi.org/10.1063/1.3702628
http://www.ncbi.nlm.nih.gov/pubmed/22519307
https://www.fourmilab.ch/documents/golden_glow/
http://dx.doi.org/10.12942/lrr-2003-1
http://dx.doi.org/10.1103/PhysRevLett.106.018301
http://dx.doi.org/10.1070/PU1966v009n03ABEH002890
https://archive.org/details/VassilyShukshinShortStories/page/n325
https://einsteinpapers.press.princeton.edu/vol2-trans/154
https://einsteinpapers.press.princeton.edu/vol2-trans/154
http://dx.doi.org/10.1002/andp.19053221004
https://www.masterypedia.com/2020/08/albert-einstein-biography-in-english.html
https://www.masterypedia.com/2020/08/albert-einstein-biography-in-english.html
http://dx.doi.org/10.1070/PU1972v015n02ABEH004962
http://dx.doi.org/10.1134/S0030400X12040145
http://dx.doi.org/10.1070/PU2005v048n09ABEH002568
http://dx.doi.org/10.1109/T-ED.1965.15448
http://dx.doi.org/10.1119/1.1941773
http://dx.doi.org/10.1103/PhysRev.159.1089
http://assets.press.princeton.edu/chapters/gowers/gowers_VIII_6.pdf
http://dx.doi.org/10.1007/978-3-0346-0425-3
http://dx.doi.org/10.1007/BF01327917
http://dx.doi.org/10.3367/UFNe.0182.201211g.1217
https://www.newyorker.com/books/page-turner/how-the-soviet-literary-establishment-censored-vasily-grossman
http://judaica.kiev.ua/old/Eg_16/16-14.htm
https://commons.wikimedia.org/wiki/File:Tolman_%26_Einstein.jpg
https://einsteinpapers.press.princeton.edu/vol2-trans/252
http://dx.doi.org/10.1002/andp.19073280713

Physics 2022, 4 438

32.

33.
34.
35.
36.
37.

38.
39.

40.
41.

42.

43.
44.
45.
46.
47.
48.

49.

50.
51.
52.

53.

54.

55.
56.

57.
58.
59.

60.

61.
62.

63.
64.

65.
66.
67.

68.
69.
70.
71.
72.
73.
74.

The Nobel Prize. Niels Bohr. Photo Gallery. Available online: https:/ /www.nobelprize.org/images/bohr-einstein-sitting-photo-
3463-landscape-medium-gallery-2x.jpg (accessed on 5 March 2022).

Wilczek, F. Nobel Lecture: Asymptotic freedom: From paradox to paradigm. Rev. Mod. Phys. 2005, 77, 857-870. [CrossRef]
Butterfield, J. Reconsidering relativistic causality. Int. Stud. Phil. Sci. 2007, 21, 295-328. [CrossRef]

Hegerfeldt, G.C. Instantaneous spreading and Einstein causality in quantum theory. Ann. Phys. 1998, 7, 716-725. [CrossRef]
Franson, ].D. Generation of entanglement outside of the light cone. J. Mod. Opt. 2008, 55, 2117-2140. [CrossRef]

Einstein, A.; Podolsky, B.; Rosen, N. Can quantum-mechanical description of physical reality be considered complete? Phys. Rev.
1935, 47, 777-780. [CrossRef]

Hartman, T.E. Tunneling of a wave packet. J. Appl. Phys. 1962, 33, 3427-3433. [CrossRef]

Barton, G.; Scharnhorst, K. QED between parallel mirrors: Light signals faster than ¢, or amplified by the vacuum. J. Phys. A 1993,
26,2037-2046. [CrossRef]

Khriplovich, I.B. Superluminal velocity of photons in a gravitational background. Phys. Lett. B 1995, 346, 251-254. [CrossRef]
Dolgov, A.D.; Novikov, I.D. Superluminal propagation of light in gravitational field and noncausal signals. Phys. Lett. B 1998, 442,
82-89. [CrossRef]

Dumont, R.S;; Rivlin, T,; Pollak, E. The relativistic tunneling flight time may be superluminal, but it does not imply superluminal
signaling. New |. Phys. 2020, 22, 093060. [CrossRef]

Liberati, S.; Sonego, S.; Visser, M. Faster than c signals, special relativity, and causality. Ann. Phys. 2002, 298, 167-185. [CrossRef]
Voros, Z.; Johnsen, R. A simple demonstration of frustrated total internal reflection. Am. J. Phys. 2008, 76, 746-749. [CrossRef]
Nimtz, G. On virtual phonons, photons, and electrons. Found. Phys. 2009, 39, 1346-1355. [CrossRef]

Shvartsburg, A.B. Tunneling of electromagnetic waves: Paradoxes and prospects. Phys.-Uspekhi 2007, 50, 37-51. [CrossRef]
Nimtz, G. On superluminal tunneling. Prog. Quantum Electron. 2003, 27, 417-450. [CrossRef]

Winful, H.G. Tunneling time, the Hartman effect, and superluminality: A proposed resolution of an old paradox. Phys. Rep. 2006,
436, 1-69. [CrossRef]

Davidovich, M.V. On the Hartman paradox, electromagnetic wave tunneling, and supraluminal velocities (comment on the paper
“Tunneling of electromagnetic waves: Paradoxes and prospects” by A B Shvartsburg). Phys.-Uspekhi 2009, 52, 415-418. [CrossRef]
Sauter, T. Superluminal signals: An engineer’s perspective. Phys. Lett. A 2001, 282, 145-151. [CrossRef]

Wikipedia. Giinter Nimtz. Available online: https:/ /en.wikipedia.org/wiki/G%C3%BCnter_Nimtz (accessed on 5 March 2022).
Feynman, R.P;; Leighton, R.B.; Sands, M. The Feynman Lectures on Physics, Vol. II; Addison-Wesley Publishing Company: Boston,
MA, USA, 1963. Ch. 17-4. Available online: https://www.feynmanlectures.caltech.edu/II_17.html (accessed on 5 March 2022).
The Caltech Archives. Richard Feynman Lecturing at Caltech Seminar Day. Available online: https:/ /digital.archives.caltech.
edu/islandora/object/image%3A1960 (accessed on 5 March 2022).

Feynman, R.P. The reason for antiparticles. In Elementary Particles and the Laws of Physics: The 1986 Dirac Memorial Lectures;
Cambridge University Press: Cambridge, UK, 1987; pp. 1-60.

Freund, P. A Passion for Discovery; World Scientific: Singapore, 2007. [CrossRef]

Lacki, J.; Ruegg, H.; Wanders, G. (Eds.) E.C.G. Stueckelberg, an Unconventional Figure of Twentieth Century Physics; Birkhauser: Basel,
Switzerland, 2009. [CrossRef]

Wikipédia. Ernst Stueckelberg. Available online: https://fr.wikipedia.org/wiki/Ernst_Stueckelberg (accessed on 5 March 2022).
Crease, R.P.; Mann, C.C. The physicist that physics forgot. Sciences 1985, 25, 18-23. [CrossRef]

Feldman, B. The Nobel Prize: A History of Genius, Controversy, and Prestige; Arcade Publishing: New York, NY, USA, 2000;
pp. 193-194.

Matthews, R. Baron, It’s for You. New Scientist, 8 October 1999. Available online: https://www.newscientist.com/article/mgl64
22075-100-baron-its-for-you/ (accessed on 5 March 2022).

Recami, E. Classical tachyons and possible applications. Riv. Nuovo Cim. 1986, 9, 1-178. [CrossRef]

Barashenkov, V.S. Tachyons: Particles moving with velocities greater than the speed of light. Sov. Phys. Usp. 1975, 17, 774-782.
[CrossRef]

Girard, R.; Marchildon, L. Are tachyon causal paradoxes solved? Found. Phys. 1984, 14, 535-548. [CrossRef]

Bilaniuk, O.-M.; Brown, S.L.; DeWitt, B.; Newcomb, W.A.; Sachs, M.; Sudarshan, E.C.G.; Yoshikawa, S. More about tachyons.
Phys. Today 1969, 22, 47-52. [CrossRef]

White, T.H. The Once and Future King; Ace Books: New York, NY, USA, 1996; p. 121.

Schuster, D.H. A New ambiguous figure: A three-stick clevis. Am. J. Psychol. 1964, 77, 673-674. [CrossRef] [PubMed]
Lévy-Leblond, J.-M. Towards a proper quantum theory. Hints for a recasting. Dialectica 1976, 30, 161-196. Available online:
https:/ /www.jstor.org/stable /42970442 (accessed on 5 March 2022). [CrossRef]

Lévy-Leblond, J.-M. Classical apples and quantum potatoes. Eur. J. Phys. 1981, 2, 44—47. [CrossRef]

Swain, J. Particles, fields, pomerons and beyond. arXiv 2011, arXiv:1110.5087.

Bekaert, X.; Skvortsov, E.D. Elementary particles with continuous spin. Int. . Mod. Phys. A 2017, 32, 1730019. [CrossRef]

Shay, D. Theory of tachyons for arbitrary spin. J. Math. Phys. 1975, 16, 1934-1938. [CrossRef]

Peskin, MLE.; Schroeder, D.V. An Introduction to Quantum Field Theory; CRC Press: Boca Raton, FL, USA, 2019. [CrossRef]

Teller, P. An Interpretive Introduction to Quantum Field Theory; Princeton University Press: Princeton, NJ, USA, 1994.

Cini, M. How real are quantons? Int. ]. Mod. Phys. 2004, 18, 565-574. [CrossRef]


https://www.nobelprize.org/images/bohr-einstein-sitting-photo-3463-landscape-medium-gallery-2x.jpg
https://www.nobelprize.org/images/bohr-einstein-sitting-photo-3463-landscape-medium-gallery-2x.jpg
http://dx.doi.org/10.1103/RevModPhys.77.857
http://dx.doi.org/10.1080/02698590701589585
http://dx.doi.org/10.1002/(SICI)1521-3889(199812)7:7/8<716::AID-ANDP716>3.0.CO;2-T
http://dx.doi.org/10.1080/09500340801983129
http://dx.doi.org/10.1103/PhysRev.47.777
http://dx.doi.org/10.1063/1.1702424
http://dx.doi.org/10.1088/0305-4470/26/8/024
http://dx.doi.org/10.1016/0370-2693(94)01679-7
http://dx.doi.org/10.1016/S0370-2693(98)01223-4
http://dx.doi.org/10.1088/1367-2630/abb515
http://dx.doi.org/10.1006/aphy.2002.6233
http://dx.doi.org/10.1119/1.2904473
http://dx.doi.org/10.1007/s10701-009-9356-z
http://dx.doi.org/10.1070/PU2007v050n01ABEH006148
http://dx.doi.org/10.1016/S0079-6727(03)00057-0
http://dx.doi.org/10.1016/j.physrep.2006.09.002
http://dx.doi.org/10.3367/UFNe.0179.200904o.0443
http://dx.doi.org/10.1016/S0375-9601(01)00183-9
https://en.wikipedia.org/wiki/G%C3%BCnter_Nimtz
https://www.feynmanlectures.caltech.edu/II_17.html
https://digital.archives.caltech.edu/islandora/object/image%3A1960
https://digital.archives.caltech.edu/islandora/object/image%3A1960
http://dx.doi.org/10.1142/6448
http://dx.doi.org/10.1007/978-3-7643-8878-2
https://fr.wikipedia.org/wiki/Ernst_Stueckelberg
http://dx.doi.org/10.1002/j.2326-1951.1985.tb02927.x
https://www.newscientist.com/article/mg16422075-100-baron-its-for-you/
https://www.newscientist.com/article/mg16422075-100-baron-its-for-you/
http://dx.doi.org/10.1007/BF02724327
http://dx.doi.org/10.1070/PU1975v017n05ABEH004370
http://dx.doi.org/10.1007/BF00736598
http://dx.doi.org/10.1063/1.3035294
http://dx.doi.org/10.2307/1420787
http://www.ncbi.nlm.nih.gov/pubmed/14251982
https://www.jstor.org/stable/42970442
http://dx.doi.org/10.1111/j.1746-8361.1976.tb00727.x
http://dx.doi.org/10.1088/0143-0807/2/1/007
http://dx.doi.org/10.1142/S0217751X17300198
http://dx.doi.org/10.1063/1.522745
http://dx.doi.org/10. 1201/9780429494178
http://dx.doi.org/10.1142/S0217979204024185

Physics 2022, 4 439

75.
76.
77.
78.

79.

80.

81.
82.

83.
84.

85.

86.
87.
88.
89.
90.

Bernstein, J. A question of mass. Am. J. Phys. 2011, 79, 25-31. [CrossRef]

Sen, A. String theory and tachyons. Curr. Sci. 2001, 81, 1561-1567.

Gibbons, G.W. Thoughts on tachyon cosmology. Class. Quant. Grav. 2003, 20, S321-5346. [CrossRef]

Braun, O.M.; Kivshar, Y.S. The Frenkel-Kontorova Model: Concepts, Methods, and Applications; Springer: Berlin/Heidelberg, Ger-
many, 2004.

Bers, A.; Fox, R.; Kuper, C.G,; Lipson, S.G. The impossibility of free tachyons. In Relativity and Gravitation; Kuper, C.G., Peres, A,
Eds.; Gordon and Breach Science Publishers: New York, NY, USA, 1971; pp. 41-46.

Chase, S.; Baez, J. Do Tachyons Exist? Available online: http://math.ucr.edu/home/baez/physics/ParticleAndNuclear/tachyons.
html (accessed on 5 March 2022).

Aharonov, Y.; Komar, A.; Susskind, L. Superluminal behavior, causality, and instability. Phys. Rev. 1969, 182, 1400-1403. [CrossRef]
Barone, A.; Esposito, F.; Magee, C.J.; Scott, A.C. Theory and applications of the sine-Gordon equation. Riv. Nuovo Cim. 1971, 1,
227-267. [CrossRef]

Musienko, A.I; Manevich, L.I. Classical mechanical analogs of relativistic effects. Phys.-Uspekhi 2004, 47, 797-820. [CrossRef]
An Optical Illusion. Mouth of Flower by Octavio Ocampo. Available online: https://www.anopticalillusion.com/2015/08/
mouth-of-flower-by-octavio-ocampo/ (accessed on 5 March 2022).

Kosevich, A.M.; Kovalev, A.S. The supersonic motion of a crowdion. The one-dimensional model with nonlinear interaction
between the nearest neighbours. Solid State Commun. 1973, 12, 763-765. [CrossRef]

Patt, B.; Wilczek, F. Higgs-field portal into hidden sectors. arXiv 2006, arXiv:hep-ph/0605188.

Giudice, G.F; Raidal, M.; Strumia, A. Lorentz violation from the Higgs portal. Phys. Lett. B 2010, 690, 272-279. [CrossRef]
Gonzalez-Mestres, L. Properties of a possible class of particles able to travel faster than light. arXiv 1995, arXiv:astro-ph/9505117.
Geroch, R. Faster than light? arXiv 2010, arXiv:1005.1614.

Kasner, E.; Newman, J. Mathematics and the Imagination; G. Bell and Sons: London, UK, 1949.


http://dx.doi.org/10.1119/1.3487939
http://dx.doi.org/10.1088/0264-9381/20/12/301
http://math.ucr.edu/home/baez/physics/ParticleAndNuclear/tachyons.html
http://math.ucr.edu/home/baez/physics/ParticleAndNuclear/tachyons.html
http://dx.doi.org/10.1103/PhysRev.182.1400
http://dx.doi.org/10.1007/BF02820622
http://dx.doi.org/10.1070/PU2004v047n08ABEH001402
https://www.anopticalillusion.com/2015/08/mouth-of-flower-by-octavio-ocampo/
https://www.anopticalillusion.com/2015/08/mouth-of-flower-by-octavio-ocampo/
http://dx.doi.org/10.1016/0038-1098(73)90834-X
http://dx.doi.org/10.1016/j.physletb.2010.05.029

	Introduction
	Experimental Basis of Special Relativity
	Golden Shine of the Theory of Relativity
	Why Are We Interested in the Light Speed Barrier?
	Why the Light Speed Barrier?
	For Light Spots, There Is No Light Speed Barrier
	Does Somebody Live to the North of the Himalayas?
	Tachyons
	Tolman's Antitelephone Paradox
	Can Quantum Theory and Special Relativity Peacefully Coexist?
	Quantum Theory and the Problem of Superluminal Motion
	Frustrated Total Internal Reflection
	There Are No Paradoxes in Physics
	The Idea of Antiparticles
	Stueckelberg—An Unconventional Hero
	Reinterpretation Principle
	Gell-Mann's Totalitarian Principle
	Classification of Quantons
	Tachyons and Instability
	Tachyons and the Light Speed Barrier
	The Frenkel–Kontorova Model
	Frenkel–Kontorova Solitons
	Emergent Relativity
	Supersonic Solitons
	Elvisebrions
	Final Words
	References

