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V , CHAPTER 1
Introduction

During the period preceding the publication by Einstein 
of his paper on the theory of relativity, a number of authors 
considered electromagnetic phenomena associated with sources 
travelling at velocities greater than that of lightf These 
considerations were neglected after the impossibility of accel
erating a particle beyond the speed of light was shown by 
Einstein in 1905* Ironically, the first observation of the 
electromagnetic emission characteristic of charges moving
faster than the phase velocity of light in a medium was appar-

[b tj TeLley
ently made by Madame Curie only five years later,/ The nature 

( of this blue-white Cherenkov radiation was not recognized until
extensively studied by Vavilov, Cherenkov and Frank & Tamm in
the thirties. k e r e n k ^ ^ i ]
^  oj To. »> "M .

We note that Cherenkov radiation can be viewed from a more
general point of view. For example, we consider the various
Cherenkov effects that might occur if the propagation velocity 
of a field (or the limiting velocity of a particle) were in
creased or decreased because of general field,— field or field- 
particle interactions.

In the event that the propagation speed of a field 
exceeds the Einstein speed c any other field f  with which 

if couples might be Cherenkov radiated by <f> . If a
p's propagation velocity is decreased with respect to c (as 

 ̂ happens with light in ordinary Cherenkov radiation) then there
is the possibility that <f> itself will be Cherenkov radiated

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



by other particles or fields ¥  with which it couples.
( Cherenkov effects are also likely to occur in situations

in which particle speeds always exceed the Einstein speed c. 
Renewed interest has been awakened in this last possibility, 
in the past decade or so, particularly by the articles of

* (herAfter BOS)
Bilaniuk, Deshpande and Sudarshan (1962)^ and Peinberg (1967).

In this thesis we will be particularly concerned with 
this last case in which the particle speed is always greater 
than the speed of light in a vacuum.

In chapter II certain anticipated properties of faster 
than light particles (dubbed "tachyons by Feinberg) will be 
reviewed. Also we will take notice of the difficulties 
presented by the local!zability, instability and unitarity 
problems of tachyon theory, and of the paradoxes associated 

( with the possibility of signals traveling backward in time.
A number of experiments that have been performed to try to 
detect tachyons in spite of the unresolved problems are then 
described. These include missing mass, Cherenkov radiation 
and extensive air shower searches.

In chapters III and IV we will extend our considerations 
to those aspects of tachyon behaviour which may be particularly 
relevant to the detection of such particles. The property of 
tachyon interactions which is singularly characteristic is 
that of Cherenkov radiation of other particles from tachyonic 
soarnesfis Since this emission may be quite important to many 
aspects of tachyon behaviour (e.g.range, trajectory, detect
ability, and the resolution of paradoxes), we analyze in de- 

 ̂ tail the generalized Cherenkov emission of a massive (normal)
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field.
Initially certain aspects of the motion of tachyons will 

be derived on the basis of a classical single particle picture 
of a superluminal object acted on by various forces. Some 
Lorentz transformation properties of the dynamical variables 
of the tachyon, such as that of its acceleration, are discussed. 
The counterintuitive relation of the direction of the accel
eration with reppect to the direction of the force, found

SuS
qualitatively by^DfttMJMb-ariNEi is derived quantitatively.
We then show the relation of these results to Cherenkov radia
tion. Also we present trajectories of a charged tachyon in 
certain electric and magnetic fields relevant to experiments 
already performed.

From this classical model there are then two transitions 
which must be effected. The first transition is to introduce 
a free quantized field which has the classical particle 
tachyonic motion as a limit of wave packets that arise on 
taking appropriate field operator matrix elements. We may 
then look at classical fields (the matrix elements of the free 
quantum fields) whose Fourier components obey the energy- 
momentum dispersion relation characteristic of tachyons, i.e.

It is natural to require that both E and f  be real (theory 
of type I), but that implies that / ' f  / ̂  l t ,c  ,
which leads to severe difficulties in the localization of7 ] J<S?J Peres,
tachyons/Y In theories of type II one allows all real values
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^ of ^  , thus avoiding localization problems, but the assoc
iated imaginary E's produce severe instability problems. 
Furthermore theories of type II do not possess the Lorentz 
transformation properties we would like any physical theory 
to have. Unfortunately it turns out that free theories of 
type I also fail to have the deyifed Lorentz transformation 
properties, so we are forced to make the second transition in 
order to reacquire those properties.

The second transition is to introduce two kinds of inter
actions* onekind which creates and destroys tachyons in such 
a way that no tachyon ever escapes to spatial infinity (thus 
solving the Lorentz covariance problem), and a second kind 
in which tachyons are (massive or massless) Cherenkov sources

( for ordinary matter. For electrically charged tachyons there
force

is a radiation reaction/produced by its. Cherenkov radiation.
We will show that there is the possibility that more general 
types of interaction could give rise to a Cherenkov radiation 
of massive fields. Hence the two transitions! 1) frcm the 
classical particle tachyons to quantum fields with localiz
ation and Lorentz covariance problems! 2) from externally 
applied forces to radiation reaction forces from a general
ized Cherenkov radiation.

The modification of the trajectory produced bytthe evol
ution of the tachyon's radiative environment under these 
conditions;will then be found. A new type of hyperbolic 
motion in configuration space will be shown to correspond to

("

■ a certain invariant rate of evolation lof each k component of
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5

the tachyon wave packet over its tmass hyperboloid in k space.
This motion on the mass hyperboloid will be found through 
appeal to Lorentz covariance considerations. The configur
ation space evolution of the radiating tachyon (relevant to 
the classical particle picture), can be deduced from the 
momentum space evolution.

The characteristics of the radiated field are invest
igated next. The energy which is radiated into the field 
is found to agree with the tachyons energy loss formula 
found in the preceding sections. In order to calculate that 
energy loss and the features of the radiation we pursue two 
models. Not surprisingly, certain simplifications arise if 
we first treat the tachyon as a prescribed classical source.
In the case that the source velocity is held constant certain 
characteristics of the massive Cherenkov radiation may be 
derived by looking at the resonant coupling of source to 
field. That is, we first look at the Fourier transform of 
the chargeF In this way we find the relation of angle to 
energy of emitted massive particles. In contrast to ordinary 
Cherenkov radiation there is a range of angles of emission, 
including the forward direction. We also find a minimum value 
of the wave vector depending on the mass of the radiated 
field. We next perform a more detailed calculation of the 
radiated massive field (which we call the "pi" field). We 
derive the.energy radiated per unit time as a function of 
angle and frequency for a general charge distribution. In 
this model we also derive the pi radiation emitted at the
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creation and destruction events terminating the world-line 
of the tachyon, in analogy with radiation emitted during beta 
decay (inner bremsstrahlung)^2j'Tc(.c/b°'7.

That there can be Cherenkov radiation of massive fields, 
is significant in any attempt to detect tachyons produced 
through strong interactions. However, we find that for cer
tain charge distributions this potential radiation might be 
inhibited or even completely suppressed.

We wish to take account of the effect of the hyperbolic 
motion of the tachyon on the Cherenkov radiation. Therefore, 
in an appendix we determine the wave front of the Cherenkov 
radiation using LeiAnitz's method for finding the envelope 
of a family of surfaces.

Using the results above as a guide, we then derive the 
transition rate for emission of generalized Cherenkov radia
tion in a quantum field theoretic model allowing for recoil 
of the tachyon. The assumption is made that there is no 
interference of consecutive emissions. The model is that of 
quantized tachyon and pi fields interacting through a par
ticular scalar interaction. The interesting difficulties 
associated with a superluminal form factor are treated in 
an appendix. Beyond a certain point the two models of gen
eralized Cherenkov radiation convergej once the basic energy 
loss rate is derived the analysis proceeds the same whether 
derived using the classical or quantum fields as the source.

Some considerations relevant either to general Cherenkov 
radiation or to other tachyon phenomena are discussed in the 
appendices.
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The analysis of those parts of experiments which our 
results affect is made in chapter V. It is shown that some 
of the experimental conclusions do not reach as far as their 
authors have stated. In particular, the limits presented in 
the literature on the cross-sections for production of various 
types of tachyons are not justified.

Certain suggestions based on our findings are made for 
further experiments designed to search for tachyons.

(

('
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c Chapter II

In this Chapter we provide a review of the theory and of
the experimental searches for faster than light particles.
The theory is divided between classical considerations, largely
based on an extension of the special theory of relativity, and
quantum mechanical aspects. The predictions of Cherenkov
radiation of massless electromagnetic and gravitational fields
are briefly mentioned. Paradoxes which arise in any consider
ation of faster than light signals are discussed. Attempts
to detect, tachyons are then examined with a view to later
discussion in the light of our results.

In 1905 Einstein wrote "...velocities greater than that
of light have no possibility of existence," [23] Lorentz. To
see why he, and afterward almost all others, believed this it
should be remembered that in the view of classical mechanics
a particle attains a velocity v after being accelerated, con
tinuously through all intervening velocities. According to
the relation between energy and velocity which Einstein obtained1

it would require an infinite amount of energy to accelerate a
particle to c. However, with the advent of quantum mechanics we
have become accustomed to the idea of creating a particle al
ready traveling at a given velocity, just as photons always
are created with velocity equal to c. Hence it was suggested
by Bilaniuk, Deshpande and Sudarshan in 1962 in a classical

£■ =
(1)
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framework and Feinberg in 1967 in a quantum framework that a 
third class of particle might exist, with v always greater 
than c. Just as ordinary particles are excluded from ever 
reaching velocities equal to c from below, so the tachyons 
have an infinitely high energy barrier limiting them to v 
always greater than c.

Relation (1) has been generalized to tachyons by speaking 
of an imaginary "proper mass" so that equation (1)

It might be preferable to derive this without speaking of 
imaginary or "proper" quantities. We do this by starting with 
the usual relation! (set c * 1)

v is always less than c for ordinary particles. If (3) is 
generalized to the case of spacelike four momentum! i.e.

where imr is still a real, positive quantity then we have

Now if we divide equation (5) by Eaand use (*0, we obtain!

becomes!
~y*1r c

We see from this that we always have and, since

I f  I and hence
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Hence, solving for E and choosing positive energy,
F  -

The possible values of E, p lie on the mass hyperboloids, 
either (3) or (5). The difference due to the change in signs 
can be seen in figure 1. For ordinary particles, the restric
tion to the upper part of the hyperboloid, i.e. positive 
energy, is Lorentz invariant. However, for the hyperboloid of 
the tachyon it is possible to change the sign of the energy by 
a suitable Lorentz transformation. The Lorentz transformation 
of E is*

e  '= ( e - f  ■ * ) ' * '

where
X

<■
and using (4)

u_

Now, since vr > c we can have*
0Tr - U

> I

for|u/<c, which is an allowable Lorentz transformation. This 
causes the energy to become negative. In fact, if (8) were 
an equality we would have E* = 0, and hence vr = The possi
bility of negative energies seems to open the vista of infinite 
sources of energy and instability against continual emission of 
tachyons by ordinary matter. However there is another diffi
culty associated with velocities greater than that of light.
The Lorentz transformation of a time interval associated with a

(6)

(7)

(8)
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t x

( tachyon trajectory is*
(9)

Note that this quantity can also change signs under a 
lorentz transformation. This is just the observation, basic 
to relativity theory, that earlier and later are not invariant 
relations for events separated by a spacelike interval. BDS 
noted that the condition for the sign change of E is the same 
as the sign change of . They have proposed a resolution of
the difficulties in terms of a "reinterpretation principle". In 
considering any process involving tachyon worldlines oney^dnter- 
prets a negative energy tachyon going backward in time, as a 
positive energy tachyon going forward in time in the opposite 
direction. They characterize this as being "anti-parallel" to

H
the Stuekelberg-Feynman interpretation of positrons as negative 
energy electrons going backward in time. Different observers 
will then have dissimilar descriptions of any process which 
involves tachyons. It is conceivable, however, that experiment
ally testable relations will transform correctly under changes 
of Lorentz frame, even though the descriptions of unobservable 
intermediate processes do not exhibit manifest Lorentz covariance.

One example of these dissimilar descriptions is given by 
Feinberg. He describes two atoms* one initially excited, the 
other in its ground state. In the inertial frame in which the 
atoms are originally at rest the excited atom decays with 
emission of a positive energy tachyon. Subsequently the tachyon

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



 ̂ is absorbed by the second atomewhieh then jumps into its excited
state. Each of the atoms recoils of course, because of the 
emission or absorption of the tachyon. Our second observer's 
laboratory frame is such that the atoms appear to be moting with 
velocity directed parallel to the vector from the initially 
unexcited, to the excited atom. His velocity is such that 
equation (8) is satisfied. Hence, the tachyon energy is nega
tive and the time at which the negative energy tachyon is ab
sorbed appears to precede the time at which it is emitted.
This observer reinterprets this as the following! the unexcited 
moving atom in its ground state transforms some of its kinetic 
energy into a positive energy tachyon and the energy needed to 
jump into an excited state. Later the positive energy tachyon 

{ is absorbed by the other excited atom which loses its energy of
excitation, but losing kinetic energy, recoils sufficiently to 
conserve energy. We will later show that this novel situation 
has an analog in a medium. Also, if the tachyon is charged it 
must be, "reinterpreted1* as an antitachyon.

Considering the geometric Huygens construction for the 
angle of emission of Cherenkov radiation ( [5%1 Jelley), and 
the fact that a particle with spacelike four momentum is 
kinematically allowed to decay into itself plus a photon, 
Bilaniuk, Deshpande and Sudarshan suggested that tachyons might 
be found by searching for this radiation. This has motivated 
both experiments and theoretical investigations into the detailed 
properties of such radiation. In addition, the possible exist
ence of Cherenkov radiation of the gravitational field was
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investigated for the same reasons. Although the possibility 
of Cherenkov radiation of massive fields has also been suggested 
previously, It has not been followed up except in this thesis 
so far as we know.

It has been observed from equation (2) that a tachyon will 
speed up as its energy decreases, which will happen if the 
tachyon radiates. Hence a force and the associated acceleration 
can be in opposite directions. Because infinite velocity and 
aero energy are not Lorenta covariant notions, we conclude that 
the tachyon will eventually acquire negative energy. When it 
is in this state it will be reinterpreted as an incoming positive 
energy antitachyon which annihilates the original tachyon at 
the zero-energy point. The fact that this limits one’s freedom 
in specifying the initial conditions for even classical tachyons 
was pointed out by & 2 ] Jones and others.

It will probably be an essential feature of tachyon physics 
that it is impossible to control by external agencies the 
processes of emission and absorption of tachyonsi we cannot 
suppose that we may choose to emit a tachyon or not as we please. 
The The Cherenkov emission of gravitational radiation has been 
calculated, but not in a Lorentz covariant manner^^2j Lapedes 
and Jacoby). Jones Z??] did obtain a covariant form for the 
energy loss due to electromagnetic Cherenkov radiation.

There have also been arguments to the effect that there 
will be no,Cherenkov radiation from electrically charged tachyons. 
These considerations are based on what is called a "Generalized 
Lorentz Transformation". Some authors attempt to establish an 
almost perfect symmetry between ordinary and superluminal
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'inertial frames" ( f i b }  Mignani and Recami). In this hypo
thetical superluminal world, the laws of physics arethfes same 
as in our own world. As a consequence, in addition to forbid
ding Cherenkov radiation, they suggest the possibility that an 
"electric charge " in the tachyon inertial frame transforms to 
a magnetic monopole andhr such generalised Lorentz transformations. 
Quantum theories for particles having spacelike four momentum 
have been investigated. /6o] Tanaka, /6£}Feinberg, jj$8]Arons and 
Sudarshan, J68) Dhar and Sudarshan, f7q]Ecker. The negative 
mass squared (we take ra real) Klein-Gordon equation •

Because of this restriction on thus selecting a type I theory, 
the sol'^ions do not form a complete set on the t * 0 hyper-

posing our basic solutions with t set to zero. V?e therefore 
lack some spatial Fourier components necessary to satisfy 
arbitrary initial conditions for the tachyon field. In the

has thebasic solutions

where we use the time-favored Minkowski metric. Hence, 
and since we use units in t - c = (  ^satisfies

In order for the energy to be real, we require that

surface, i.e. we cannot form a delta function by super-
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quantized theory we cannot obtain canonical commutation rela
tions for the same reason.

From the incompleteness of the range of k it has been 
concluded that the tachyon wave packet is nonlocalizable,

[69]  Peres, J6?’]  Feinberg. Peres says that the obvious general
ization of the Newton-Wigner position operator isi

* = :

-2 2If the momentum space wave function f(k) is nonzero at k = m , 
then xf does not belong to the Hilbert space of square integrable 
functions. Since f(JE) will be nonzero at it2 = m2 for all 
invariant functions f i u t  a set of measure zero (to be shown in 
a moment), the operator x is not densely defined, and is there
fore useless. In configuration space, he shows that because of 
the absence df small |K(^m the wave function! ^

decreases very slowly (at best as r“3/2), it makes no sense to 
single out the class of wave functions with f(k) vanishing at 
k2 = m2 since this class is not defined by a Lorentz invariant 
condition unless f(k) is identically zero. This should be 
compared with the assertion of Feinberg that although tachyon 
wave packets cannot be made to vanish outside a finite region, 
they can be made to fall off with an arbitrary power of r.
We show that the latter statement , although not covariant, 
may be true in certain inertial frames.^ .

The little group of the inhomogeneous Lorentz group for
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space-like four momenta is the group SO(2,1) of rotations in 
three dimensional pseudo-Euclidean space which leaves invariant 
the tachyon four momentum in the standard frame such thati

This group consists of rotations about the tachyon velocity 
(here taken to be the z direction) and Lorentz boost transform
ations in the x-y plane. Since this group is non-compact, all 
representations are infinite dimensional in the spin variable

Considering the spin 0 case, Feinberg [67] concludes that 
the tachyon field must be quantized as Fermions, i.e. with 
anti-commutators. In his theory the vacuum is.not invariant 
since a Lorentz transformation adds an infinite real number to 
the momentum operator. Feinberg*s quantization scheme was 
intended to get rid of the negative energies arising from 
Lorentz transformations. However, Arons and Sudarshan {68? 
suggest incorporating these negative energy states into a 
Fock space, but insist that the only physically meaningful 
quantities are the transition amplitudes to which one applies 
the"Beinterpretation Principle" of BBS. Thus negative energies 
are eliminated by "reinterpretation" at the end.

Dhar and Sudarshan [68], considering spin 0 Bosons and 
dealing with the negative energy states in the same way, also 
consider interactions. They conclude that the scattering ampli
tudes may be calculated by substituting (-m2) for m2 in the 
usual formalism. Ecker[ 76]  , after discussing ,the lack of 
Lorentz covariance of these quantization schemes, suggests

except for the (unitary) spin 0 representation, /58] Shirokov.
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(
abandonment of the scalar property of the field operator and 
therefore of the Lagrangian formalism. Instead, he makes use off 
methods of axiomatic field theory to construct the Hilbert 
space and define the fields. The fourth component of his 
momentum operator is positive definite and therefore again the 
momentum cannot transform as a four-vector. He also points 
out the difficulties in describing interactions because of the 
nonlocalizability of the free tachyon field.

Because of the probable necessity (forced by the problems 
of the free quantized tachyon field theory) to make all tachyons 
virtual, the unitarity of a theory incorporating them is not 
easy to demonstrate (or even to investigate). Boulware2?o/ 
has pointed out some of these problems in a type II theory.

(  Morse and Feshback f e j j  Show that the usual Klein-Gordon
equation describes a flexible string embedded in a sheet of 
rubber which provides a spring constant K. The additional 
restoring force associated with the rubber makes it possible 
to eliminate end supports. The equation is

where
OLy,J - J jL   ̂ o + S t r " > £

O ; P  -= Li'n**r ck'is;*/
/  e > f  tiSt r i n g

We have found this model helpful in visualizing the situation 
for tachyons. In this case take K negative. Then the force
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produced by the rubber is in the direction of the displacement 
¥* instead of being a restoring force. The instability 
inherent in the negative mass squared Klein-Gordon equation is 
then made apparent. Note that such a model id of a type II 
tachyon theory.

Aharanov, Komar and Susskind [69jf have dealt with this 
instability in a nonlinear model. They look at a system of 
pendulums coupled by springs to their nearest neighbors. For 
the.case in which the pendulums are ih the inverted position, 
the continuum limit for small displacements yields the negative 
mass squared equation. They show that the instability occurs 
when the initial modes involve £2<m2. They also show that ifI
these exponentially growing modes are included then there exists 
a causal Green's function. However, if the unstable modes are 
excluded then the field cannot couple locally to a source and 
the Green's function cannot be confined to the interior of 
the.light cone.

The janalysis of the propagation of signals by the Klein- 
Gordon equation with negative mass squared was first made by 
Ehrenfest in 1910 for a type II theory. Further analysis 
along this line has indicated that signals will travel at less 
than c even though

See jlojE^renfest, /^Sommerfeld, ]69}and ̂ o}Fox, Kuper and 
Lipson, and/7ljBers, Fox, Kuper and Lipson.

So we can conclude that type II theories may have causal
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propagation and subliminal signal velocity, but at the price 
of dynamical instability. Type I theories may avoid the problem 
of dynamical instability, but for them it is not even possible 
to define a signal velocity and the propagation is not causal, 
because of the lack of localizability in such theories.

. Although single processes of emission and absorption of 
tachyons may be adequately treated by means of the reinter
pretation principle, causal loops are not so easily disposed 
of. One example of such a paradox arising fronj signals 
exceeding the speed of light, is given by Roger Newton (JoJ.
Two rockets, initially at rest, move with constant velocity 
for a time and then come to a rest again. One should visual
ize a Minkowski diagram for the moving and rest systems. The 
dotted lines indicate simultaneity in each system. See figure 
(z\ According to the usual construction of a Minkowski diagram 
/23jLorentz et al, the dotted lines are drawn parallel to the 
x coordinates for each frame. We indicate qne such construc
tion on the figure. Then, we see that a superluminal signal 
from A to B arrives at a latdr time as measured in the moving 
coordinate system. Rocket II at point C then, as a result of 
receiving the signal, comes to rest and sends another tachyon 
signal to Rocket I, telling him not to send any further signals. 
Because of the changing definitions of simultaneity for the 
yystems, .this signal arrives before point A, which initiated 
the whole exchange. Hence the paradox. If the. original 
signal had not been sent, then the return signal would not 
exist to cause the prevention of the original message. In order
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to avoid this paradox and the other problems of a free tachyon
^  field theory, we must make an S-matrix theory in which tachyons

appear only as virtual internal lines coupled to other quantum 
particles, and not coupled to sources under the control of an 
external agency. Then each vertex containing a tachyon is 
regarded as representing an event in a stochastic process—  
an event .which may be interpreted either as an absorption or 
an emission depending upon L o r e n t i frame conventions, but an 
event which can not be controlled. One cannot decide to send 
a tachyon from A to B, and so no causality can be ascribed to 
the events occurring in the Newton loop. It must be admitted 
that no systematic exposition of the Feynman rules for such a
tachyon-containing S-matrix theory has been presented! so it is
not ,easy to decide definitively whether or not such a theory 

 ̂ also posseses irreparable flaws. In later sections we attack
this problem by considering Feynman diagrams including 
tachyonic virtual lines with various other, lines attached to 
the tachyonic line, and argue that such <**̂ lĉ '¥«'*fo(Cherenkov 
radiation) must be considered and appropriately analyzed if 
many experimental searches for tachyons are to have any 
reasonable theoretical basis at all.
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Experiments

Motivated by the 1962 article by Bilaniuk et al, Torsten 
Alvager and Peter Erman [65]  at the Nobel Institute in Stock
holm began an experimental investigation aimed at finding 
tachyons. They used radioactive beta decay of Thulium-170 as 
the possible source of electrically charged superluminal par
ticles. From the relation

it is apparent that at equal values of the momentum, tachyons and 
ordinary particles with equal m will possess different energy.
They deflected the products of the decay by means of a 
magnetic field. Then a particular momentum was selected and 
its energy measured by the counter in the double focussing beta 
spectrometer. Although the search continued for a period of 
two years, from 1963-1965» the sought after difference was not 
found. It was assumed that there was no Cherenkov Badiation 
by these charged tachyons.

The first attempt to detect tachyons by means of the ex
pected electromagnetic Cherenkov radiation was reported in(|Ci (\ K, hcreo-Her),
1968 by Alvager and Kreisler^ In order to enhance the proba
bility of detection, an electric field was used to supply 
energy to any tachyons created. Thus it was hoped that the 
time would be extended during which the tachyons emitted 
radiation at the characteristic angle determined by the velocity 
according to

cos©* c/v^
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Arguments were advanced indicating that the energy lost by 
Cherenkov radiation would equal energy gained from the field 
at a terminal velocity determined by the tachyon parameters.
The tachyons were to be produced by bombardment of lead by 
gamma rays at the Princeton-Penn. acceleratorNo tachyons 
were found, and an upper limit of 3 ^  was placed on the photo
production of tachyons whose charge is from .1 to 2 electrnn 
charges.

A second search based on Cherenkov radiation, was. reported 
the next year by Davis, Alvager and Kreisler [69j^ The tachy
ons, to be produced by photons from C ° 6° impinging on lead, 
were to pass through two of the above detectors with acceler
ating electric fields. Looking for coincident counts from the 
two detectors would avoid the large number of spurious counts 
produced by corona discharge. Again the results were negative.

In addition to possible detectibility by Cherenkov radia
tion, tachyons have spacelike four momentum and hence, negative 
mass squared. A combination of two or more tachyons however, 
can have either spacelike or timelike four momentum because of 
the possibility of the spatial components of the momentum 
canceling out. Hence, a missing mass experiment involving 
missing tachyons might find negative missing mass squared, but 
if two tachyons are emitted in opposite directions it would be 
positive. In 1970 Baltay, Peinberg et al reported such a 
missing mass experiment in which antiprotons o,r K“ particles 
were given an opportunity to produce tachyons in a bubble 
chamber. The experimenters hoped that the experiment would not 
be sensitive to unproven conjectures about the tachyon inter
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action with natter. The invariant mass squared of any missing 
particle is calculated through measurement of the momenta of 
the observed particle in a bubble chamber by using Sonservation 
of energy and momentum. It is assumed that there are no 
tachyons in the initial state. The missing mass squared was 
then plotted and a search was made for negative values.
Although two or more tachyons can give positive missfti>&;magsv 
no combination of ordinary particles can give a negative missing 
mass. At first there did appear to be some possibilities for 
tachyons. But when each of the cases in which negative mass 
squared was re-examined, some error was found to disqualify it. 
The authors concluded that the cross-section for production 
of neutral tachyons was about 1,000 times less than the

In 1971 Danburg et al published their findings on a 
search for charged tachyons. They sought bubble chamber tracks 
of tachyon pairs produced in the reaction*

Although it was assumed that the charged particles would leave 
tracks,.it was also postulated that there would be no Cherenkov 
radiation. In addition, it was assumed that the tachyons 
follow curved paths in the magnetic field just as ordinary 
particles do. We will later compare this, assumption with o£r 
analysis of tachyon trajectories. Again no negative mass 
squared candidates were found.

In the spirit of the Generalized Lorentz Transformation,

{ corresponding cross-section for pions.

K ' + f  — 7 / W  - t U t

Mignani & Recami/ and a postulated symmetry between super
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 ̂ luminal and ordinary worlds, it has been suggested that
tachyons might possess magnetic charge ( j6?f) Parker). An 
attempt to find these monopoles has been made by Bartlett and 
lahana [72). A longitudinal magnetic field is used to accelerate 
the monopole to a terminal velocity and the expect# Cherenkov 
radiation is sought.

The I-/leVgamma rays from a C o 6c source did not produce any 
detectable tachyon raonopoles through photoproduction. The 
authors set upper limits of about 10" ^  cm2 for the cross 
sections in lead and water*

Danburg and Kalbfleisch [72) looked for instances in which 
protons in a bubble chamber at Brookhaven National Laboratory 
participated in the reaction p <—*p + ?". This is kinematically 

I allowed for a moving proton. They looked for events in which
there were no incident particles, and yet the proton suddenly 
moved (recoiled) for no apparent reason. Although they found 
examples of this, oh further analysis they could all be explained 
in more mundane terms.

The most obvious property of tachyons, namely their great 
speed, which always exceeds that of ordinary particles, has 
also been exploited. Any tachyons which are associated with the 
extensive air showers (EAS) created by high energy cosmic rays 
in the atmosphere, would arrive before the slower constituents. 
The fastest ordinary particles are those with the highest energy 
and have velocities virtually equal to c., The fastest tachyons 
will be those with the lowest energy, and would arrive almost/

 ̂ instantaneously. By triggering the counter on any signal and
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then looking at the record for up to 60 micro-seconds after
wards, one seeks a correlation indicating that the first signal 
was the precursor of a shower of ordinary particles.

The first such experiment was carried out by Ramana 
Murthy [71] at the Tata Institute in India. The time interval 
considered was twenty microseconds. The only coincidences 
found did not exceed the numbers expected due to chance.

The only positive result £0 far is that of Clay and Crouch 
reported in Nature in March, 197^* They studied EAS which 
were two orders of magnitude greater than previously reported on 
by Raman Murthy. The cosmic ray showers were of energy approx
imately 2x10*^ eV. A total of \ l j  307 showers were analyzed.
The results show that the distribution of large pulses following 
a triggering is not uniform. A y ?  test indicates only one 
chance out of one hundred that the data is from a uniformly 
distributed population.

Although there is a possibility of the correlation arising 
from other sources, the authors indicate that this seems un
likely. The production of associated particles at the source 
would have to be followed by continuing association throggh the 
interstellar and source magnetic fields, which seems doubtful.

A subsequent study of cosmic ray extensive air showers in 
Japan has not found evidence of tachyons I [7̂ 1 Tanahashi & M.F. Crouch).
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L Chapter III 
The Dynamics of a Tachyonic Source

In the absence of a coherent quantum field theory or 
quantum S matrix theory of interacting tachyons, we investigate 
the properties to be expected from “reasonable" assumptions.
If such particles are to be experimentally detectable, some 
idea of their behaviour should be helpful in designing a success
ful experiment. In fact, for particles whose behaviour 
promises to be so novel, this information is much more important 
than is ordinarily the case.

In this Chapter we extend our consideration of those 
aspects of superluminal particles associated with Cherenkov

of Cherenkov radiation with an emphasis on the behavior of the 
source. The next Chapter will emphasize the behavior of the 
radiated field. In each case the quantum and classical aspects 
will be contrasted and compared

As noted in Chapter II, BDS have pointed out many tachyonic 
properties which follow from having a negative mass squared and 
from employing the usual Lorentz covariant equations. In parti
cular they look at the implications of*

where m r is real. In this thesis we will only use a real mass

radiation. This Chapter may be thought a£ as an investigation

(1)

parameter. If v * pc2/E» then
E * ( 2 )
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and the energy of the tachyon decreases as the velocity 
increases. As v-s^we see that E -^0. In other words, if 
you push on the tachyon in the direction of its motion it will 
gain energy and slow down. The harder you push, the more it will 
slow down. Furthermore, if the tachyon is losing energy through 
Cherenkov radiation it will speed up.

Although this speeding up follows qualitatively from 
equation (2), it would be illuminating to see quantitatively 
how the force and acceleration can be in opposite directions.

We derive an equation for the acceleration of a classical 
particle under the influence of a prescribed force. The 
equation is valid for both superluminal and ordinary particles.
We make no assumption about the nature of the force. In 
particular examples the force may be produced by an electro
magnetic field such as that in one of the experiments already
conducted, or may be produced in the reaction associated with

elect r
Cherenkov emission of^radiation or of a massive radiation.

We have the well known relation for the 3-velocity v in 
terms of the three momentum p and the energy Ei

Jj? _  7-> _  (3)
dir ' £

Taking derivatives of (3) with respect to timei

A ?  =  A - J j L  c.*) -  A f  _  -£e'd| W
chi- d £  s  J i  £  -it

Now use

J j t  —  A". ~<r a-nd 4 j L -  f
"3T

(5)

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



3 &

as usual. Combining (5) and (4)*
(6)

Combining terms and using a component natation equation (7) 
becomesi

Where the outer product X B is an operator on vectors defined 
by (AB)C « . Now use th *. equation (3) for the second termi

This equation is valid for any finite velocity. If v< c the 
acceleration is dominated by the first term which is in the 
direction of the force. If Fis perpendicular to abbreviated 
Fiv, (the transverse case), or if P is parallel to v, abbreviated 
F I I &  (the longitudinal case) ( ? ) leads to the definition of the 
transverse and longitudinal mass parametersi

(7)

or

(8)

or (9)

(lo)a.

( (fo l )
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We can generalize this definition of directional mass and define 
the symmetric mass matrix*

M , s *  (V  V )

To set the stage for the superluminal case we recall that the 
relativistic correction which gives rise to a component of 
acceleration not collinear with the force is responsible for 

7 seconds of arc per century of the precession of the perihelion 
of Mercury (1/6 of the total non-Newtonian precession). As is 
well known there are corrections to the electron orbits in 
atoms due to this same cause. The,point is,that the tachyonic 
effect to be discussed is not completely, unprecedented. As v 

{ approaches c the noncollinear component becomes much more
important.

For the case v > c we consider first the transverse and 
longitudinal cases.

a) F J . v ~  - In this case F*v * 0 and equation (9) shows 
us that an attractive force or repulsive force cause the usual 
acceleration. Hence a tachyon can have circular orbits in any 
attractive central force field.

b) f H *  - In this case, equation (9) and (11) show us 
that the effective inertial mass is negative. The force and 
acceleration are in opposite directions* A potential which 
is attractive for transverse motions will be repulsive for 
longitudinal motion^ and vice versa.

For arbitrary angles between F and v Gluck [?o] has caicu-

(1 1 )
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»(. lated orbits for a charged tachyon moving about an electric
charge under the condition that it is arbitrarily prohibited 
from emitting Cherenkov radiation. He concludes that circular 
orbits are the only bound solution. In appendix (ft) we 
calculate the trajectory of a classical non-radiating tachyon 
moving in a constant Electric or magnetic field. But we remark 
that there appears to be little justification for forbidding 
Cherenkov radiation* the analogous prohibition for tarflyons 
would forbid electromagnetic self-energy corrections (and thus 
drastically alter the Lamb shift).

We assert that the calculation of any trajectory of a 
charged tachyon in an electromagnetic field which does not 
include the effects of the radiation reaction force associated 

( with Cherenkov radiation is inconsistent, and probably a poor
approximation.

It is apparent that equation (8) will usually give a
mt

component of acceleration along F (or r for a central force) 
and a component along v. At some point on a trajectory the 
central $arfceof the acceleration will change from attractive to 
repulsive (or vice versa) as a tachyon leaves the vicinity of a 
static charge. Figure (3 ) shows the relative magnitude of the 
two components of acceleration of a tachyon T  moving in a static 
Coulomb field produced by a charge of like sign. The full 
acceleration is, from (9)

i?= < f r T' ( T- W )
J-J- I 7
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ACCELERATION OF TACHYON

Figure 3
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The accelaration in the radial direction is seen to change sign 
when (see construction in figure (3 ))

cos © *» -  c/vr

The solution using the plus sign represents the usual Cherenkov
radiation angle. We see that when the static source lies within
the Cherenkov cone of the tachyon, the tachyon experiences an
acceleration towards the static charge instead of the naively

3anticipated repulsion.

(

(13)
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We next turn to a consideration of the Lorentz transform
ation properties of the kinematical and dynamical quantities 
associated with the classical motion of a point particle 
along a tachyonic trajectory. Consider two neighboring 
points on such a world line, with coordinates (x,y,z,t) and 
(x^x, y+Ay, z-Mz, t+4t).

To focus attention on the most interesting aspects of 
the. situation, let us confine ourselves to the case in which 
y*=z=0 fop all points on the trajectory, and let us consider 
only those Lorentz transformations flhrchiihafcntBin this 
condition (y^z'-O), that is, consider only Lorentz boosts.

The usual boost transformation in the x-t plane when 
applied to ( A t i 0, 0, A * ) gives

or

A  X r- A X  (/ - ujL + K 'xA  — (,ĝ

Assuming that the tachyon velocity v^>c, we see that there is 
no Lorentz boost transformation which changes the sign of A X  

since u<c. For ordinary particles a change of sign of A X  

occurs when u>v and gives rise to a reversal in the direction 
of the velocity.

The Lorentz boost transformation of A t  is»

( m - (u)

= a(/-^)Yk (n)
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Now a transformation velocity u such that
^  >  I ( t x )

will change the sign of t. It will also change the sign of 
the fourth component all of four-vectors tangent to the tachy
onic world-line, in particular, the energy-moraentum four- 
vector (BDS, fay} Feinberg). Note that the invariance of the 
sign of (/S') also applies to the space components of all 
four-vectors tangent to the tachyonic world line. For 
example, a transformation satisfying ( i t )  and changing the 
sign ofAt and E will not change the sigg of the momentum pv

The tachyon velocity changes sign because of the sign 
change of at, not because of the sign change ofaxi an 
ordinary particle experiences velocity reversal under appro-

IIpriate boosts for the opposite" reason. After the boost the 
energy is not only negative, but the velocity and momentum 
point in opposite directions.

We see then that the "reinterpretation principle" will
aget the velocity and momentum in the same direction.7

We wish to consider a tachyonic field which asymptotic
ally moves freely. Assume it is localizable in the sense 
that it should be possible to make wave packets which move 
along classical point tachyon trajectories. For the moment 
we ignore the difficulties in obtaining such localizability 
in order to investigate some consequences that would follow 
from the existence of such states. The matrix elements of 
the current operator associated with such localizable 
states should yield a four-vector ° ) proportional
to the tachyonic tangent vector ° ; ° ) .
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c
But I

- T  • x )  'K (nj

we expect that

so

In this case the tachyon is conventionally reinterpreted as 
an antitachyon of opposite charge, travelling in the direction 
opposite to the initial nre.̂ oct t y .

If charge is to he conserved globally we must either 
consider simultaneously the source and sink of the tachyon 
or the flow through the boundary of the volume we are 
considering. In figure (?) we consider one of the problems 
encountered when one attempts to consider an asymptotically 
free charged tachyon. We see that the reversal of sign of 
the tachyon charge density under a Lorentz boost transform
ation does not destroy the scalar nature of the total charge

because too much charge flows through the spatial boundaries 
at infinity. This is also seen by considering the chargei

, when the tachyon appears in an intermediate 
state in figure (4a). However is not Lorentz invaria
when the tachyon is asymptotically free, figure (4b.). This is

is not Lorentz invariant
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t Inertial frame (i) (Lorentz transformation to) Frdme (2)
Initial
State source

O
sink

o
(or) sink

o
source

Inter
mediate ©r

O

Final
State +

Net charge 
always zero.

Net charge 
always zero,

Total charge is invariant. 
Tachyon in intermediate states only.

frame (1) 
r in "Out" fie^d

Initial
State

Final
State

source

Net charge 
always zero

frame (2) 
r in "In" field

sink
O

Net charge i 
always -1. (

Total charge is not invariant.
Tachyon in "In" or "Out" States depending on frame.

Figure 4.
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resulting from a free tachyon wave packet*

(f ifa  t )  =. u)  ^

we find*

where

and dii is the element of solid angle.
The reversal of the charge is manifested by the sign 

function (not invariant for tachyons) € & ) within the integral. 
The usual proof of the invariance of 6? relies on both current 
conservation > °-> and discarding an integral at
spatial, infinity. We see that the former, is still true while 
the latter is no longer justified.

We. note that when vr = °-°and E^=0 the tachyon is a pure 
current, i.e.^/3" 0 and J is finite, £(19)and (20)jl

The velocity of both subluminal and superluminal parti
cles can change direction under certain Lorentz boosts. The 
situation is completely different for the acceleration three- 
vector. Consider a tachyon emitting Cherenkov radiation and 
speeding up as it loses energy. In a boosted inertial frame 
in,which the velocity is reversed, the direction of "speeding 
up" will be along the new velocity if the rule that Cherenkov 
radiation reaction causes an increase of speed is Lorentz 
invariant, as we expect it to be. Therefpre, the acceleration 
is reversed. For ordinary particles, the acceleration does 
not reverse under Lorentz boost transformationsin the
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appropriate x-t plane, (it clearly does reverse under 
rotational Lorentz transformations).

To show that this picture of Lorentz boosted acceleration 
reversal (derived on the basis of assumptions concerning 
Cherenkov effects) is correct, we derive the transform of the 
acceleration directly. For simplicity we continue to consider
am

u to be along vr . First, divide equation (15) by equation (17) 
to obtain the usual collinear velocity addition equationi

Now use (17) to replace dt on the left hand side and obtain:

Thus we see directly from this transformation formula for 
acceleration that the condition for reversal,(18) j is the 
same as for the sign change of E,*t and We also see that 
for ordinary particles where v«£c, the acceleration never 
changes sign under such boosts. Note that the acceleration 
of a nonradiating tachyon ifl a constant electric field 
(described in appeddix H) has the Lorentz transformation 
properties just derived.

— / ___ -ir ~  ^o r  = -----/—
Take derivatives of both sides with respect to t.
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Our next step is to analyze the equation obtained by 
applying conservation of energy and momentum to the process 
of Cherenkov radiation. Our analysis will be patterned after 
that given by Einstein for ordinary radiatbn ([ \ j J Einstein). 
We assume that there is no interference of successive 
emissions. The calculation is inherently quantum mechanical, 
i.e. the energy and momentum are radiated in discrete quanta. 
We take the radiation process to be stochastici there will

the previous history of the tachyonic source, but it may

tachyon (possibility of induced emission), We shall require 
that V  transform appropriately under change of inertial 
reference frame so that the Cherenkov process will be 
invariantly described. There will be a finite recoil of 
the tachyon with each emission, a recoil we compute using 
conservation of four-momentum and the condition that all 
particles involved maintain the appropriate mass-shell 
condition. The first result will be a determination of the 
angles and energies with which the quanta are emitted. This 
calculation is complementary to that ih the ne?ct section, 
which gives the average recoil rate of the tachyon as a 
function of its velocity.

be a probability of emission during an
interval dt by a tachyon with initial four-momentum

j rof a TT-quantum having momentum four-vector fit*.. The prob
ability per unit time W  ( will be independent of

depend on the density of ̂ quanta in the vicinity of the

In this section we derive the main result,for the
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Cherenkov emission of Tf-particles havfeng a positive mass- 
squared. We consider more general kinematic situations in 
appendix A,

Conservation of energy and momentum during the emission 
of a - r r particle by a tachyon T  says that*

f/f = f T *  f t '  (* 5>
where ^  is the four-momentum of the tachyon after the 
emission process is completed. Thereforei

f a - 0  =  f c ' J

and
T T r\" rJT n T A*  ̂ 1

f t  f t  ~  f r  t/*

Now using the facts that the tachyon and the IT  are on the mass 
shell before and after the emission process*

and

in (27). 
Hence *

Now write out the left hand side

\
E „ £ r ~ A ' A U d
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and divide by l*fr/lfirl and use the relation i r - f j t .  

We obtain the angle 9 at which the massive 77" particle is 
emitted as a function of the 7T parametersi

^  - r f>r —  
3  i f j / f i j

For the case ->*Vao (which implies v^c) this relation yields 
the usual Cherenkov angle for electromagnetic radiationi

<xf~—  c

Note that for the case m ^ O  there is a range of values
of 0 for any given value of vr. We analyze equation (32) in 
detail in the next Chapter. Also, in appendix A, we derive 
a generalization of (32) for the case in which the internal 
state of the tachyon is allowed to change.

Note that for electromagnetic Cherenkov radiation in a 
medium we havet

ol ii cf n > I=  *  f a

Then equation (32) becomes«

^  6 , )

This agrees with the usual quantum correftion to massless 
Cherenkov radiation (|58}jelley). Note that the correction 
term disappears as n-*l or J*-?G.

We now turn to a study of the average rate at which a
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( tachyon&e source obeying our stochastic model will lose
energy through the emission of Gherenkov radiation. We 
note first that a tachyon travelling in a vacuum and emitting 
Cherenkov radiation possesses no preferred reference frame, 
except possibly one in which v^s <». Whatever the form of the 
coupling to the field which is Cherenkov radiated and whether 
or not this field is massive or massless, Lorentz covariance 
imposes restrictions on the rate of energy loss and on the 
equations of motion.

We assume that during Cherenkov radiation the "internal" 
state of the tachyon does not change. As it radiates and 
lpses kinetic energy, the tachyon speeds up. However, a 
Lorentz boost transformation in the direction of the instant- 

( aneous tachyon velocity v^, will also change the tachyon
velocity. Let the average energy radiated during the time 
interval dt, with the original tachyon velocity v, be given 
by dE =5 T^v) dt. As time progresses v will increase as a 
result of the energy loss? and its direction will change as s ' 

a result of the rec'oil calculated in the last section.
Therefore 7~(v(t)) will be a function of time. We have assumed 
thatT(v) depends^only on the magnitude but on the direction 
of v,.. Because of the constantly changing tachyon direction 
the possibility exists that the tachyon may absorb a previously 
emitted TT or be induced to emit flurther I f ! *  by it. We 
consider the probability of this to be negligible.

We assume that the dependence ofTlv) on |v/can be deduced
(

from the Lorentz covariance of the description of the Cherenkov
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radiation process.
The usual form for the energy loss of a particle 

emitting electromagnetic radiation via the Cherenkov effect 
is (J58) Jelley, /62jJackson)»

A J =  -  - ^  ^  ^  'O

where
jS = %  r t -  c' W e *  o-f retract'**

In a medium where a fast electron exceeds the phase velocity 
of light the range of integration is over those frequencies 
spch that t l l&) >  I . Alv&ger and Kreisler (fjSQjAK),

Bartlett and Lahana/72/» and Davis, AlvSger and Kreisler 
( §9] DAK) based their searches for tachyons on this equation 
with ^ T /i{ as the cutoff or upper limit for the, integration.
This equation is inadequate for tachyons in a vacuum for two 
reasons *

a) dE/dx is not a Lorentz covariant function of v.
b) a positive range of emergies for the tachyon will 

contain negative energies after a Lorentz,transformation, 
invalidating the rationale behind the frequency cutoff.
In fact, Lorentz covariance and dimensional considerations 
will make it apparent that the tachyon theory jnust provide 
an additional parameter, e.g. m r or a k__v, to,serve as a

* IT ld A

scaling factor or cutoff in order for the Cherenkov radiation 
to be finite.
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We now explore our averaged stochastic model in quanti
tative detail. The tachyon T  is assumed to travel a certain 
distance Ar, on the average between successive emissions of 
■7T -particles, begins after the last 7T emission and

ends after the next one. ^ r can depend on the speed of the 
tachyon. We suppose that the tachyon emits, on the average, 
a quantity AE of energy with each 7T -emission. ^ E rcan 
depend on yj., as can the average time between emissions, 
Satisfying A - r = v A + . . T h p  rti r a o t i  n n  r» f  / > f  w i l l  h A  n a r a l l e l  + . n

second emission.
Now look at this same segment of the tachyon path in a 

frame boosted by velocity u which is parallel to A? and there
fore to vr . We have*

i
with the p 
i.e. the e:

The tachyo

after the'

the instan

denoted

Consi floath at in figure (5). 
h  this segment is 

- j f a  exists 
H I  these four momenta

(35)

(36)

Subtracting (3$ ) from (36)

fe £ r  — £ O o  -  £ 0 y  —
(37)
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We now explore our averaged stochastic model in quanti
tative detail. The tachyon T  is assumed to travel a certain 
distance Ar, on the average between successive emissions of

ends after the next one. ^ r can depend on the speed of the 
tachyon. We suppose that the tachyon emits, on the average, 
a quantity AE of energy with each 7T -emission. A E rcan 
depend on as can the average time between emissions, 
satisfying Ar=^At. The direction of ar will be parallel to 
the instantaneous velocity of the tachyon*

Consider a segment of the tachyon path a? in figure (5). 
The tachyon four-momentum associated with this segment is 
denoted 0 . The tachyon four-momentum exists

with the points marked (1) and (2) in figure (5). £>t= 

i.e. the energy loss associated with ^r is the loss at the 
second emission.

Now look at this same segment of the tachyon path in a 
frame boosted by velocity u which is parallel to &£ and there
fore to vr . We havei

•7T -particles. A>r begins after the last 7T emission and

i after the next TF-emission. We associate these four momenta

(35)

(36)

Subtracting (3 $ ) from (36)
(37)
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By conservation of four-momentum

- -  fir

Hence

=  (a ^  + p - p <

Now by definition u is parallel to pr(l) so we can writet

0; (£/_

Using equation (31) for

• f a - *

and now note that E =  ̂ j
t  a. *i d  ts ^ . /

Therefore / -̂ V/ ^

'f r r '  u ~ ~  ^  I << I _ fc(

Then (39) becomes

A^= Aerr ( I - (5t - *jLPL)

(38)

(39)

(40)

(41)

tT}T1

For electromagnetic Cherenkov radiation where m ^ = 0 we have»

A  ^  £"r (V - K

This will also be a good approximation for nonzero m^when the 
last term in (41) can be neglected, i.e. wheni

» [fjj
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I This can also be written
V

For high enough tachyon velocity where this cannot be
satisfied. However, in a frame in which the tachyon energy  

is great enough it will be satisfied since AE^. is certainly 
greater than m̂ ..

Assuming therefore that either we are dealing with 
electromagnetic Cherenkov radiation or the tachyon energy is 
sufficiently great, we havei

The Lorentz transform of the time interval in which the 
energy is radiated is«

Now u//vr by definition, and using equation (21) for the composi 
tion of collinear velocities, we obtaini

(42)

(43)

Hence combining (42) and (43)

A*' A t  ^•T~or

f _L
Air ^ (44)

( A t '
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We thus see that a Lorentz boost transformation in the 
instantaneous v^ direction leaves invariant.
However, a boost transformation ur which is perpendicular to

  _  A £ -  ,^  will notAchange vr but will change -̂ =_ . This
can be seen by dividing equation (39) by (^3) for ui-_2, .

_ (a£V--+ f r r - ^ ) Y *

A*'

Now

but
• 6U-

ur~ 9 ^ 0  £%

However when we average over the possible directions of
we have by azimuthal symmetry.

= > < ^ >  = < i >
Prom now on we assume that this average has been performed. 
Hence for arbitrary boostsi vr ^ 't'*' tn

for simplicity we will henceforth atfL y^co n sid & r- fc>o°s£s
f . r

-s-s -l -  c w r .
d

It is independent of the instantaneous tachyon velocityf°r 
This equation is exact for electromagnetic Cherenkov 

radiation with no restriction on the fact that the direction 
of v r  will perform a random walk because of the recoil. It
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will be of little use because of this random walk. Equation 
(45) will be valid for each individual segment of the tachyon 
path. The constant on the right hand side of equation (45) has 
only been shown to be a constant under Lorentz boosts parallel 
to the instantaneous tachyon velocity. If the velocities of 
these segments of path are not jbprallel to a ^  ■>■■■ce-rt direction 
then there is no reason to conclude that this is the same 
constant for each segment. In order to conclude that ^  
equals the same constant for a finite portion of the tachyon 
world line under a group of unidirectional boosts we assume 
that the direction of the tachyon velocity is approximately 
a constant.

We see no justification for believing this to be valid 
for very low tachyon energies. When the tachyon energy is 
higher and the momentum correspondingly great then we assume 
that there exists a frame of reference in which the history 
of the average velocity of a tachyon emitting Cherenkov 
padiation is unidirectional. Since the magnitude of the 
tachyon velocity will not be a constant, such a history cannot 
be supposed to hold in every inertial framei Lorentz boosting in 
a direction perpendicular to v will yield a velocity history 
which is not unidirectional. The existence of a frame in which 
v is rectilinear (at least for a time) permits us to say that 
(dE/di);-? is a constant for boosts parallel to vr This result
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was also independently found by Joftes /72?who^derived it with
the limitation that there must exist an inertial frame in 
which the motion is rectilinear. For the case in which a 
massive field is being Cherenkov radiated the equation is 
valid when the tachyon energy is sufficiently great.

Since an increment of distance along the tachyon path 
is d* * vrdt; dE^/djf is invariant under Lorentz boosts. But 
we require dE/d* to be a function of vr only, and the boosts 
change vr, so dEr/d7& is the same number for all values of 
in the history of the tachyon« i.e. it is a constant in time.

i J L  ~ c ^ M r -  &
A *

From equation (46) and the expression for energy in 
terms of velocity we have*

where f is a constant characterizing the Cherenkov radiation 
process. Therefore*

Now use the expression for proper distance and integrate*

Recognize that d  c ^ tk . and let g =* -f/mc2
Therefore*Therefore*
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and
' I T "  r r  C

d r =. dJ.— ~ r=r ^  — c /s  cl̂ X%
^ M ) ^ ] A *

Integrate now and choose the origin appropriately*

TCrr - j - y v L L z s

% is the distance along the tachyon trajectory, t&tSa recti
linear distance. Also

J-f- -  I r d ~  Tifc. =

set t0 = 0 
Hence

Therefore

6 £ - ' >

•f= - f  . c U j  s

, .X 2. -I
- x  -  ^

We have seen that a properly covariant energy loss rule 
for a tachyon emitting Cherenkov radiation leads to a kind of 
hyperbolic motion, but hyperbolic motion with v>c. For the 
usual hyperbolic motion one has (see figure 6a).

x'-
Hut in (47) effectively the space and time parameters are 
interchanged. Moreover, equation (V?) is based on (46) which 
for Cherenkov radiation of a massive field,we have derived 
only for high energy tachyons. Even for electromagnetic 
Cherenkov radiation the presence of recoil means that the
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Parameter 3£ measured the distance along the tachyon trajectory 
i ^ - y f Hence, figure 6(b) should be 

viewed as indicating the progress of a tachyon under uniform 
acceleration . Note th:-rt the
r.0 hr.vo -:;.5 f meanings in. i6a) and (6b).

It is apparent that as the tachyon loses.energy through 
radiation its energy falls to zero. It would not be Lorentz 
covariant to require that the tachyon be absorbed by normal 
material before E reaches zero, so we must deal with the 
continuation of the tachyonic motion into the E -̂ 0 region.
The motion in the E<?0 region can be "reinterpreted" as the 
motion of an incoming antitachyon which then annihilates the 
original tachyon. Alternatively, we may choose to allow 
tachyons to move so that dt/d>.<0 with A. on affine parameter 
on the tachyon world line (see, for instance, the equation 
preceding (4-7)).

For consistency it seems reasonable to ask that there be 
a source for the incoming T '. There will then always exist 
another reference frame in which the tachyon would never fall 
below zero energy and would be destroyed at the second "source".

Figure (7) shows a Minkowski diagram with three inertial
frames. In (x,t) the tachyon is emitted,at t * 0 and absorbed
at a later time t s after undergoing CheirenkoY radiation. In
(x',t) a tachyon is created at t * o and another tachyon is

✓created at an earlier time ± e . The two tachyons annihilate
at a time which is later than both t =* 0 and rg . In the
frame (*",t") a tachyon is created at and Cherenkov
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tardyon under uniform acceleration

-̂ -7y-'tyrx) /

; /
» \
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radiates until it is absorbed it t « 0. Thus different 
observors may g iv e quite different accounts of the same 
process. :.v;-

We see that for tachyons which can emit Cherenkov 
radiation we do not have the freedom to specify arbitrarily 
the creation of just one tachyon. For consistency we can 
only, specify the complete tachyon path including the events 
associated with its endpoints, events which are inherently 
quantum mechanical and not under the control pf external 
agencies.

Because of the difficulties inherent in discussing the 
trajectory of any quantum mechanical object and particularly 
that of a tachyon, we give an alternate derivation of the 
energy loss equation by examining the history of the tachyon 
in momentum space. We make the same assumptions as before, 
namely, that the energy loss associated with Cherenkov radia
tion at any instant depends only on p^and Erat that instant. 
We have to assume that in the observer’s frame the
motion is rectilinear. ,

Since there is no preferred reference frame for the 
tachyon, we expect the energy loss equation to be expressible 
in a Lorentz covariant way. We expect that there is some way 
of saying that the "rate” at which "energy" is radiated is a 
constant, independent of 311(1 "&•
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During a given interval of time the component of a

tachyon wave packet with energy and momentum (E^.p^) radiates
an amount of energy and momentum a p  and moves to point
(E»,p ) which is constrained to remain on the mass hyperboloid. 2
The invariant distance in four-momentum space isi

f̂ Se)X =(A£jI1 -

The lapse of invariant proper distance which is associated with 
this move along the mass hyperboloid is ds. An invariant 
statement of the constancy of motion along the trajectory in 
momentum space per unit proper distance is:

—  _ £  + 1  *
cl s ' J

or

d s

Now use the standard expression for group velocity

A m  = tcJf> d

and for proper distance and time use the relation '(&£* ds'*'- d %  -

Js - = J £  ' J *

Therefore
j sf _ J  %  - r u  f [  ^  Id f !  _  e 
^  -  j i i S  ~ d i

We define a phenomenological distance along the tachyon
path in terms of v and dt, i.e. d X — t/7 d

S d
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I Then we also find*

The tachyon loses a constant amount of energy per unit $ath 
length and a constant amount of momentum per unit timei the 
magnitude of the force of radiation reaction is constant, 
independent of tachyon speed ■ and invariant under
boosts . p a r a l le l■- to -v"r .

In order to proceed further with the analysis of the 
effect of Cherenkov emission An tachyon mttion we need to 
evaluate the parameter f. Let us first look at the electro
magnetic Cherenkov effect. Then we suppose that f can depend

-J-
only upon the following dimensional parameters* %  <s-

probably of the order of unity.
In a covariant model without arbitrary cutoff factors 

we would find that is given by a divergent .integral.
However we may regard the Cherenkov reaction force as the 
tachyon analog of the virtual radiative reaction in quantum 
electrodynamics, a virtual reaction which givqs divergent 
contributions to the electron mass ( [*70j Cawley). In QED a 
renor-Ha.lizsrt/oyt procedure is invoked, which renders the electron 
mass finite but uncalculable. We may similarly replace the 
divergent f by a finite one, but argue that the numerical 
value is not calculable, since there will always be sufficiently

and c. Then with/3 a dimensionless parameter
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£  many free parameters in our renormalized cutoff scheme to
allow any value of (f). It is reasonable to suppose, however, 
that the renormalized p  is of the order of unity. Jones[? 2 ]  

has calculated the electromagnetic Cherenkov radiation from 
a deformable "sphere" and obtained a quite similar resftlt, if 
the Compton wavelength is interpreted as the radius of the 
"sphere", in which 3̂ is of order unity.

If we use the noncovariant expression df equation (34) 
of Alvager and Kreisler in the limit as v-s>c or E-,eo( where it 
should be less objectionable because the range of integration 
is infinite) we findi

4 ^  -  —

Our proof of the constancy of dE/dx says that this expression
Ashould be valid for all v if it's valid for v~>c . So we have 

~ “i. in the AK model, based on a point electron with a 
cutoff Er.

To get some idea of the rate of loss associated with 
Cherenkov radiation we substitute into dE/dx the parameters 
for an electron of charge Ze. We obtain approximately*

I -  -  /o9dx U  O r I.'c. O n  .

Hence the range will be of order of magnitude 10“^ cm. if the 
tachyon has an energy of^MEV. The concept of the Cherenkov 
range f o r a tachyon is not well defined or unambiguaos.
Here, we assume the tachyon is absorbed before it acquires a 
negative energy with a magnitude far greater than the initial

(49)
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i  m m .
We are looking at the tachyon world-line segment *n a 

Same in which both the energy changes associated with ends of 
the tachyon line are of the order of 1 Mev or less. There 
are other frames for which this energy condition is violated 
for the very same tachyon trajectoryj in such frames the 
range may be much greater than the "symmetrical" range 
defined above.
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Chapter IV
The Field Emitted 

During a Generalized Cherenkov Process

In 1937 P. A. Cherenkov extensively studied the radia
tion now known by his name, (see j*58j Jelley for a complete 
list of references) This radiation is emitted by an electri
cally charged particle travelling with a velocity which 
exceeds the phase velocity of light in the medium. It can be 
viewed as a cooperative phenomenon which results from the 
acceleration of, and consequent radiation by the atomic 
electrons in the mediumj ]S 2 \ Jackson.

This.type of radiation was previously investigated in
[99] ft 3 r*0pre-relativity days b^Thomson,AHeaviside andASommerfeld.

Not knowing that he was not supposed.to consider particles
exceeding the velocity of light in a vacuum, in 190*4-
Sommerfeld calculated the properties of the radiation from
various charge configurations moving with a constant v
greater than c.

Perhaps the simplest way in which Cherenkov radiation 
is understood is as a shock wave like the sonic boom of a 
jet. For v greater than c the spherically propagating field 
interferes with itself constructively, forming a radiation 
field travelling at an angle with respect to v defined by 
cos 6=c/v (See figure ( 8  ))

To calculate the Cherenkov angle we may determine the 
two retarded positions of the charge contributing fields
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which add constructively on the Cherenkov cone. Since 
\  Iordinary Cherenkov radiation may be interpreted as a collective 

phenomenon of the medium and no such interpretation is possible 
for a vacuum, some investigators reject the possibility of a 
Cherenkov radiation in a vacuum, given that there might exist 
charged tachyons.

Because of the simplicity of the geometric construction 
which helps one to understand the formation of the shock 
front for electromagnetic Cherenkov radiation, others fail to 
consider the possibility of Cherenkov radiation of fields 
having massive quanta. ;

In the following we investigate, the properties of general
ized Cherenkov radiation of a field with massive quanta which 

/ we call "pi" particles.

We wish to gain a generally valid understanding of the 
phenomenon as far as possible unrestricted by any assumptions 
associated with a particular model. Later we will particularize 
to one model for definiteness. We first consider how it is 
possible for a generalized charge, static in its "rest frame", 
undergoing uniform rectilinear motion, to generate excitations 
in the field to which it couples. For the case of the massless 
field the formation of the shock wave follows the geometric 
construction alluded to above. For a massive field the situa
tion is more confusing. Seemingly it is different in two ways. 
First of all, the short range of the field makes us question 
the geometric approach. And generally the fact that the pi mass
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is not Ttero means that the dispersion relation m vs .'A  f o r  

pi waves is nonlinear, giving a variable phase velocity and 
a variable group velocity for the pi-waves. It is not clear 
how pi-waves of different k will constructively interfere to 
produce a retarded field attached to. the superluminal source.

Compare the retarded Green*s functions for a massless 
field where the retardation is easy to seei

A  =  ~  9771*1

with the corresponding massive Green’s function (for x2 smaller 
than the Compton wavelength)

^  +  ^  j /
The 9(x2) function says that no signals exceed the speed of 
light. However, all v ^ c  are apparently represented.

Leaving the geometric constructive interference approach, 
which is not easily visualized in the massive field case, we 
seek further enlightenment in the Foprier, transform picture, 
i.e. in momentum space.

In order to see what modes of the massive field a particle 
with constant velocity can couple to, we consider the simplest 
situation. A point particle with charge g is adiabatically
switched on and then off.

.  c  3/ _  — 'N - °</f/
j  $  e

Taking the Fourier transform* 1 ' ( j t -  r  -  u i )

p ( ^ ) r = 'e
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Hence, letting <K go to zero*

For the Fourier components of 'J 2 which couple to real quanta 
of the "pi" field and M -  must satisfy*

We set % ~ c =  i , although sometimes the factors of c are 
reinstated where deemed helpful.

Hence we might have massive Cherenkov radiation when the *» 
Fourier components of the source, satisfying the relation

U ) —  ^

match the modes of the field (equation^).
Combining these two equations we find*

f
X

1

Solving for k*
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/ a J-
(7)

/

It is seen that the denominator must be imaginary unless the 
velocity of the source, v^J is greater than c, in particular!

>/ (8)

Looking again at the delta function above, where , k
satisfy equation (S') and using the well known relation for a 
free particle

"  "7 "

we find thati
r p  • iT (9)

£5" '
We solve for cos 9, the cosine of the angle between the velocity 
of the source and the direction of the emitted generalized 
Cherenkov radiation*

This reduces to the usual result for electromagnetic Cherenkov 
radiation when we take v^c (and of course ra«0)

cos ©« c/vr
Note that for electromagnetic Cherenkov radiation there 

is only one angle which satisfies the conditions because the 
photon can have only one velocity in equation i*f) or equation
U » ) .

However, for the massive field v^ can take on a range of

(10)
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values, and so also can 0. (figure (3 )) From equation (gO
we see that k is real for 0 lying between 0 and cos-!^ ,

n '
the latter being the usual electromagnetic Cherenkov angle. 
This corresponds to allowing the velocity of emitted 77* ̂  
to range from to c. For a particle satisfying the
Klein-Gordon equation

Hence, the -rT emitted in the forward direction by the 
tachyon source has group velocity equal to the tachyon phase 
velocity and the minimum |k( satisfying equation (7)

. =  ^ A —I— pc---->

Combining equations (7) and ( /o) gives the usual result 
for the momentum of the A f . We also easily see that

— —=■— ^ -TT-7 00T

and v ^ c . +
OO

Jo —  C>D

A finmber of more general remarks can be made concerning 
the relations which O  and k must satisfy. Writing ~v7r and 
vl in terms of momentum and energy, equation (9) becomesi

i -  £

or more succinctlyi

- f t  ^

c

i- ir

'TT
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In other words, the four-momenta are orthogonal. Now we can
Asee from another viewpoint that -Pr has to be spacelike for

v 1 A
C radiation to be possible. If T77- is timelike no other

real timelike or null four-vector can be orthogonal to it. In
a medium however, the insertion of factors of will imply

Athat -|V will be spacelike where n is the index of refraction.
For photons

x  i f  , 1 > l
zT *

AFurther, since p - is spacelike, we note also that there are 
spacelike four-vectors-which are orthogonal to it. This raises 
the possibility that a tachyon field might emit Cherenkov 
radiation into other tachyon modes, tfe shall not explore that 
possibility in this thesis.

Now note that equation (?) is the condition for a Lorentz 
transformation with boost velocity to an inertial frame
in which the source has infinite velocity and zero energy.
This frame is also the rest frame of the emitted TT and the 
frame in which the source would be a pure current, (see

i • . . .

Note that for a tachyon
'r  ^ . ,z. x

■ - f r f t  =  ~  (12>

Hence1
(13)

- f t  f r
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Now if the tachyon does not change its internal state
J m  —  © U 1*)

By conservation of momentum, the four momentum of the
T

emitted -tt must equal the negative of the change in .
Hence *

r  IT (15)

Therefore combining (/^), ('/), and
r  j r  (16)o

and we obtain equation ( / I )  again. In this argument we as- 
sumed, that • 1*®* we ignored tachyon recoil.

The Lorentz transform of the energy of the TT is

/ T  -  ^  [ ~ p i r  *

So if we, for the moment, wanted to consider the possibility 
of super luminal Lorentz transformations, we see that if t t - V r -  

then by equation (?) or ( //) we havei
£■ °

Hence the energy of the pi particle which can be Cherenkov 
radiated is zero in the rest frame of the source, as needed 
by conservation of energy since the source doesn't change its 
intrinsic properties.

Equation { t o ) differs from the equation for cos 9 de
rived, in Chapter III. The -difference can be explained by our 
present use of equation (/) an ( 13) and ) which tacitly
assume no recoil or and p  «qual to infinity.
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To conclude this section we note that conditions on ^  

which have been derived may be necessary but certainly are not 
sufficient for the existence of massive Cherenkov radiation.
The full justification of these results must rest on a detail
ed calculation of the field generated by ,a source. However, 
some insight has been gained into the characteristics of the 
radiation to be expected from a source whose velocity exceeds 
that of light. In particular, the relation of angle of emiss
ion to momentum of the ~TT was found. We also demonstrated 
the existence of a minimum for the momentum of a pi particle 
which , can be emitted as Cherenkov radiation if '>^7^ .

We have previously investigated the possibility of a 
Cherenkov radiation of massive particles from the viewpoint 
of particle kinematics and from the viewpoint of wave field 
resonance. Having demonstrated the kinematic possibility of 
such generalized Cherenkov radiation and found the relation 
between angle of emission and the energy-mmraentum four vector 
of the emitted particles, we now need to look at the dynamics 
of particular models for the coupling.

One can identify a number of candidates for a detailed 
model calculation of generalized Cherenkov radiation.
Model Ai Stochastic Soinless Quantum Theory

One can calculate the transition probability, figure 0), 
T  -=? - f ! T  , and differentiate with respect to time to 

get the rate of emission of energy. Since the tachyon cannot 
make a transition into a state which cannot Cheeenkov radiate.
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the energy emission is a continuous multi-particle process 
yielding a characteristic dependence on time. In such a 
calculation, the & function which expresses conservation 
of energy and momentum determines the Cherenkov angle as in 
Chapter III.

This calculation can take recoil into account. The re- 
suits yield the rate of loss of the t achy on^ a A ̂the-t-omi t ted 
radAation- energy, and the polarization and frequency distri
bution of the emitted radiation.

For an electron in a medium there are three possibilities 
for a maximum frequency cutoff, (i) One can certainly use 
the electron energy as the cutoff since the particle cannot 
lose more than its total energy, (ii) The index of refrac
tion is a function of ^  and in general n approaches unity 
when to becomes large enough. There will be an ^4^ deter
minedly beyond which • There will be
no cherenkov radiation for those frequencies exceeding 
since,cos 0 * will then exceed one,, (iii) There is
also a maximum frequency of Cherenkov radiation in a medium 
determined by the conservation laws. Solving equation III -
(33) for i ^  ^

^  h  ir  '
We see that for a given electron velocity and index of refrac
tion, to reaches a maximum when cos 0=1 (J?7} S»k<>Lov):

4 f [  / -
<L

(A  — "Q1  ' vs]
^  T i t  7 ^

(17)
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For a tachyon in the vacuum none of these frequency 
cutoffs can be used. The noncovariance of (i) has been 
discussed in Chapter III. Neither (ii) nor (iii) are relevant 
since they both go to infinity when v>c and n=i.

Two and three are also no good for a prearranged distur
bance which exceeds the velocity of light in vacuum such as 
discussed by Bolotovskii and Ginzburg f?2j. Hence, a form 
factor for the tachyon must be introduced. We shall perform 
such a calculation, taking special cognizance, of the form 
factor problem.
Model B« A Prescribed Source

In the event that the field is coupled linearly to a

obtains a linear equation of motion for ef^ . The solution 
for the field can be written down in terms of standard Green's 
functions, even in the case of massive Cherenkov radiation. 
This method is similar to the classical solution for electro
magnetic Cherenkov radiation. It has the added virtue of
providing, in addition to q> , the interpolating field

/ /including the virtual 77' a- a a - , Therefore it yields 
the field behind the tachyon and hence, the force exerted on a 
stationary "charge"/ The rate of energy emitted by the source 
may for instance be calculated from integrating the strees■7—/***
tensor^for the emitted field. The solution for i t r  makes 
evidept some interesting features of massive Cherenkov radia-

prescribed current or source, with one

p . quantum
tionj for exan$.e, the field ^7- is in a coherent/state. We
shall carry out such a calculation also.
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Model C. Spin Effects
The effect of the spin of the source on the emitted field 

for ordinary Cherenkov radiation has been calculated for 
various spins up to two; Jelle^. All unitary irreduc
ible representations of the inhomogeneous Lorentz group for 
spacelike four-momentum, except the scalar case, are infinite 
dimensional in the spin variable^ ([5 & } Shiroko^. This might 
completely change the character of the Cherenkov radiation, 
but we shall not pursue such models.
Model,D» NonYukawa Coupling, etc.

Higher order contributions to the Cherenkov radiation 
might .be calculated. For instance, for a Boson current one 
can include the simultaneous emission of two photons or 
possibly massive quanta ("seagulls”) figure ( % ) .  Also con
tributions from virtual pairs could be included to this order. 
Figure (?t)» We shall not pursue such models, either.
Model ,Es Ag ̂ -Matrix Model

Such a model would allow us to avoid the stochastic 
assumptions of model A, and would allow ns to investigate the 
degree to which a proper quantum treatment of the tachyonic 
degrees of freedom would alter the coherence properties of 
the emitted Cherenkov radiation. On the one hand there is the 
coherent aspect of the emission resulting from model B. This 
is to be compared with coherent radio waves resulting from 
macroscopic currents of electrons. Or it is to be compared to 
the emission from a laser where stimulated emission and feed
back produced by the mirrors give rise to what can be visual-
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ized as a net atomic current of macroscopic size associated 
with a large number of atoms.

On the other hand, there is the postulated incoherence 
of the radiation emitted in model A, an incoherence we 
associate with the recoil-induced alterations in the state of 
motion of ;the tachyonic source.

With Cherenkov radiation, one encounters a situation 
that raay .be of an intermediate sort. Because of the great 
speed of the Cherenkov radiating particle one might expect 
some aspects of a net classical current with quantum fluctu
ations superimposed. These classical features might be 
similar to those of synchrotron or brerasstrahlung radiation, 
for example.

We now calculate the generalized Chesrenkov radiation of 
a massive field using Model B. We assume that the scalar 
field, which we call "77-", is coupled to a super luminal pre
scribed source, which we represent by a c number, that is, by 
something that CPmmutes with all operators of the theory, and 
which, has a nonvanishing expectation value in the states of 
interest. As is well known, the field generated by a pre
scribed c number source is in a "classical'' or "coherent" state. 

ts'io.vJer ad cf SueKrs hdn , [62-1 H/zVley T  h trrmp (hereafter H  +~T)
Hence, the problem is the essentially classical one of finding 
the field , ^  which is generated line airly by a given 
The Green's function (H.and T.) with the boundary condition 
appropriate to outgoing waves willlbe employed. After finding 
f  we will determine the creation operator for emitted
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4 3 * '*7T particles and then^ the number emitted per unit time at 
various momenta. This model does not include recoilt we will 
show that the kinematic analysis given earlier in this Chapter 
is appropriate for determining the coupling to the modes of 
the field. The assumptions are appropriate for a model of a 
very massive, classical tachyon with a given charge distribu
tion.

Further analysis, after obtaining • wil1 be
applicable to model A also.

The Hamiltonian for the pi field, including the inter
action with the source, is* (H and T)

(18)

We consider the source to be undergoing uniform super
luminal translation with a velocity V in the ^  direction. 
Since the source (and field) are considered to be scalar, we 
have (  /6l] Schweber):

f

' ( x )

If the source velocity were less than c we could use this 
equation to find the expression for the moving source in terms 
of a static charge distribution in the rest frame of the sourcet

(20)

where /j1 denotes a Lorentz transformation to the source
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rest frame* and y°c is the rest frame charge distribution* 
assumed independent of time. However* for a superluminal 
source we do not have the freedom to make a Lorentz boost 
transformation to a nonexistent superlurainal inertial frame. 
Instead, we take as our standard reference frame one in which 
the tachyon energy is zero.

In addition, form factors are generally taken to be 
functions of which in this case would equal .
Hence, the form factor, roughly corresponding to the Fourier 
transform of the charge distribution, would give no cutoff 
to tha Cherenkov radiation.

The resolution of these difficulties is found in appendix 
(O, where we justify writing (note Y  - ? M  ̂  j ~£71 ) .*

The MQM in  J^o refers to the fact that * i*e. co
in the standard frame.

We find that certain ambiguities arise if we attempt to 
switch the source on adiabatically, because of the existence

The source will be assumed to be switched on suddenly at 
~ t - ~  'A. and switched off suddenly at . At first

we do not assume that the charge exists at the other times.
In appendix (0) we take this into account and calculate the

i

creation (inner bremsstrahlung) radiation which results.
To calculate the outgoing field, we use the equation (H &

(21)

of the Cher^jcov radiation which we are trying to calculate.
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where the Green’s function is»
^    ĵil£aaJIi£L

—  UUt «-(yr)\
and

j >  (y , t) •=/ ( * ,  %  fe- e  ^

Since 9̂  is assumed to be zero, except for the zero 
point fluctuation of the field, we will drop it. 4 ^  is 
still needed, of course, to maintain the canonical commuta
tion: relations of the field. Inserting (̂ .3) and (*/) in (*.£) 
we obtain* T j • T’./r-rO \

- y
In the integral over r* use the dummy variable for .

(23)

m )

(25)

/ <yu
Per,

- 1
a tJ T  v /T -  'r,t) ='

J -T ,

% ,j ,/T

Hence, using the Fourier transform of o  ,
^  r  .  { 'S *

gî xr
</> f i t )  - ( p o 1

Ji/ J o  ( & >  f t ) * .
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Now performing the integral over time*

f  Cot;
Q - /0 V " T e H U ^ s ) \

(26)

‘  ( ^ - ^ r)

We see that this has the correct time dependence for 
free radiation of the field <j> as expected from the standard 
derivation of A  , with the contour of integration

-J- /JlJL —insuring the correct boundary conditions on A  and a   ̂» 
respectively.

We can obtain <2.̂ by using the relation* \6 S ) Barton* 

or (H and T) from inspecting the form of
r (2?)

^  )clike, -fg_______a-T

tWith a change of variable in the coefficient of <3 so
that (26) reaches the form of (27) and then we
obtain*

;ifr/STT Q f  J

Hence from (28)

< fl*  *  <g N t  / / ^  ^ ; /  /  C ^ ^

(28)
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Now for large T,([6lJ Messiâ ji

/ / e  ’.

u  _  st(a  
d T  '

(30)

Qd P  j f c  ( A ;  K ? ) / ^
?7TX0JL V  1 ' /

(31)

The S function insures massive Cherenkov radiation at the 
appropriate angle for each value of £0^ . Multiplying "by 
U)^ we obtain the rate of Cherenkov radiation energy loss 
at each angle.

We note that, as expected, the delta function is the familiar 
kinematic one. Hence, the kinematic analysis we performed 
previously gives the relation between the angle of emission 
and the energy of the emitted particles, and it predicts the 
existence pf : .

In order to calculate the total energy radiated per unit 
time, multiply by and integrate over all wave vectors*

-4f ~= (aai!  If  f

Assume that the charge distribution of the source is cylindric- 
ally symmetric (as in appendix (c) ) and use the standard 
r e l a t i o n a l ]  Messiah
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y  S(x-X-)
f ( j A  ~  » J 9'(* $  $ ' ( K ) t

in order to perform the integration over y k ± =  

We have for the integral, (c^ ~

f j e /  S ( A j - - ^ ^  a

y  t * V n i 1

since we used

- A

and
A A l A l

c> A - < ~  ^ 4 ~  A ? 1 ~ A - -

=?> ^

A - /c*~

(33)

The & function also implies 4 ^  *-n (33) and
yj^)-z-7/\ Using these in (33)t we obtain for (32)
A  _ ( A A  xr ft A A  //J ftD)
~ 7 ±  ~ H 7 T  j  '

At this point, we make some observations on equation 
(3*0. From the argument of j ?  we see that Soes to
zero wheni

-  (35)
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Note that J(Z  o if , e.g. for electro-
magnetic or gravitational Cherenkov radiation. Also k-min
when 00 .

When increases we also see from Squation (34) that
k   as determined by P  also decreases. Of course theremax y
need not be a sharp cutoff, but as v increases the high 
frequency coupling is diminished because of the Lorentz 
expansion of the source.

Now make a change of variable in equation (34)

^  Jy[ ^  - A -  =
And we obtain*

(36)

All velocity dependence has been removed from the integral. 
We thus obtain the velocity dependence predicted in Chapter 
III on the basis of Lorentz covariance.

Now look at the radiated field using model A. We assume 
that the tachyon changes its external state of motion (it recoils) 
but that it does notyits “internal'' state tff excitation during 
the emission of a single m̂ n particle. The process we 
calculate is diagramatically represented thus*
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The Hamiltonian is»

f/r i / ^ r

where
yrl.

/>
r

// =  - ±  j j ' r  [ r

/4_ = -fc Jj’rpVMV-vV1)
f L = - f J * f

- Z t i i )  =  f  ^  ^  ^ J  ^

We assume the usual boson commutation relations for the pi- 
field*

f  f a D ,  j d f t ]  • = -  =  / " ^

and

and

We do not write out the tachyon commutati®ft relations, which 
we will not need anyway. Hence, the equation of motion for 
^  isi
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The equation of motion for the tachyon field ^  will not 
be required. For definiteness we wrote it as a Klein-Gordon 
field with the negative mass squared term displayed explicitly.

The S Matrix element we need to calculate is between 
momentum eigenstates. We assume there is no interference 
between successive emissions of the Cherenkov I T  Quanta. We 
make this assumption instead of solving the coupled field
equations given by our Hamiltonian theory, since we do not

tk o J tbelieve that^Hamiltonian field theory has any general 
significance: we use it only as an effective Hamiltonian 
theory to generate a few elementary processes. r: :i : ;

Using the LSZ reduction scheme ( [65] Barton) for the nr 
particle we have:

S . . -  £  /• ' p *  < -fr  / / - >  (37)

Now using = J we i e t

s ,  =  £.-/<•
+ ' V'̂ JZd?

To evaluate the matrix element of the tachyon scalar current 
we take the liberty of writing the tachyon field in the form*

creates an anti-tachyon, destroys a tachyon

(38)
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Them

< / / % » / / > >  =  ^
. | 4

where to lowest order in the coupling we neglect the differ
ence between the free and interpolating fields. Since we arc 
looking at the case p'j/p, the contribution is from the term 
containing!

a

(40)

Y ̂  r L y
/-le i

I 0/ *  ~~ h ' f

irrespective of whether the tachyons are Bosons or Fermions.

H e n o e ’ r,<
& l x « / t >  =  - i

v  J T g ^ J I e p

Now, / , / ~ f ) a scalar function, as can be seen by the way 
in which it is defined. As in the case of the c number 
tachyon source, we can relate the scalar function in one frame 
to the function in any other frame, with the defining equation 
for a scalar function!
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( j Z ' W  = (42)

That thethe form factor ) is not just a function of
is argues/ in appendix ( c ), As in that appendix,

we make use of a transformation of the function
to a standard framfe in order to write the dependence of

Earlier in this chapter and in appendix (£) we treat 
the case of a c-number tachyon charge density by transform
ing to the standard inertial frame in which 
We argue that J>fc) in that frame was not a function of 
Z and that therefore th£. Fourier transform implied that 

© , • For a q-number tachyon free to recoil upon
emission of the it  particle there is np unique frame in 
which it has zero energy. The frame in which the tachyon 
initially has zero energy is obviously not the same as the 
frame in which the tachyon final state has zero energy. In 
addition, even the tachyon direction, which we call the Z 
axis, is changed after the emission process because of the 
recoil.

Actually, what we really need is to.find an inertial 
frame in which the form factor take* on a standard functional 
form. We,now seek a standard inertial frame. In Chapter III 
equation (31) we derived from conservation of four-momentum i 
(k^ is the "TT four-momentum):

on the velocity in an explicit manner.
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In that derivation the initial tachyon four-momentum appears 
in the result. In the same way, it is straightforward to 
derive a relation in which the final tachyon four-momentum 
appears.

/ /  °  A* o 7 —

Adding the two we obtain*
/ —  /

We cannot find a single inertial frame in which both
and P  ' are aero. However, we can make a Lorentz trans-r
formation to an average inertial frame in whihh E ^ —o

h o i ( tfif we don’t use the reinterpretation principle. The • '*
refers to this standard frame* i.e.

Therefore in this frame :

/ £ / - / / „ /  
and from equation (^5)

• ( / A  b )
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Now since*
c  / ©  /

■ f  -  ^

Hence to a good approximation if %• is small or £•_ is large

^  --4 - )

(^7)

Equation (46) becomes

© ® oWe now let i s - t \ r ' define the 2 axis. Hence k£ ̂*0. If we 
transform to this frame we can write (<̂ Appendix (C))

- Mo (a ’Jf) ~ K0 C-kyj Aj
^  0is not a function of since*

--'A, “ ^1 ~ r °

To implement this transformation we determine the boost^^te
o

u. to the standard frame from the condition ° 1
We find*

~ °  =p- ' K ^ - A L( ( W
or* .

To find u - we divide equation (4-3) and (4-4-) by i £ r  and 
respectively and add*

(49)

(50)
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Prom (**8) and (50) t
£  ^  ^ - f V ^  (51)

- I T  z~

This gives us the magnitude and direction of the boost u. to 
the standard frame. We then have from (51)

f

(

~0

(52)

k i//-* ./m v T T 1/

Hence fu -ftnJ ~t° insert  < * i  Q/?) '

— -  i^0~ ** ‘ " /©

using (50) awd (51)*

Now using (52) for
(53)

4 . =  A j f f / - '  -  T C y

Inserting this in (^7) we obtain the expression for the form 
factor which explicitly shows the dependence on velocityi

K  ( O  =  I  ( A ,  K  ^

We have thus isolated the dependence on v in the form 
factor in the term . This takes care of the “Lorentz
expansion" of the source in the Z direction.
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In order to get a convenient approximation for (l ( v> (, 
we note that by repeated application of the arithmetic-geo
metric mean inequality we can easily showi ( - f  PC V > c . )

/ W >  / f e /  (55)

Hence, I'CX-'I a ')e‘fc‘ter approximation to jv^/than
• Also, it will be a more convenient approximation. 

Therefore, combining this approximation far /^? f with (5*0 
we obtain

K(i) = ii (A A > (56)

Now using (M.) in (38) we havei

S ,  . =■ $. • + ■ 1 6 A  ^  (57)

With this we can form the transition rate per unit time^^64]
Bjorken and Drell);

, / w ;  j A A r - eA  — 7—  V  1

where we have used

$ (o ) ^  V T '

To obtain the rate of energy loss per unit time we multi
ply by » "^e energy of the emitted 7f  particle and by
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the number of final states of the tachyon and Tf in the 
momentum interval d ^ 'Ar -

v J ̂ ̂
Also using the approximation (56) for K Ck^we obtaini

u  \jt a  4  A  ^  - 8>

Now look at the integration over the energy conservation part 
of the delta function, integrated over d^k.

S O * (59)

where we have used cylindrical coordinates. Assume cylindri
cal symmetry (see Appendix (C)) so that we can do the integral 
overt ^ d < p -*~ 7 T . Now to do the integral over -Al use the
relation* [ 6 l] Messiah

r  /  \  < - '  . . .  =  °  (6 0 )

„  / } ' M ,  /

and remember that our analysis of the energy momentum conser
vation showed that the energy delta function gives, in our 
approximation (see 50) ,

,\\ (61)
2 - f
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( In this cases
I $  ( * « )  I i A x  u > ^ (62)

a well known relation.
and (61) implies?

~\
-W .w

(63)

Hence, we havei

d£T _ ,

Jir ~ <&>t s j j  $ g i r l  " ■  (*-

(64)
'±Jj £ Z J t

S  ( ^ i V j S r - ^ V )

Now make the change of variable,

1 *  -  ^ (65)
P M

and use d J ^ ~  £°r the factor of ^  . Then
15 ^do the integral over d and over d which is trivial 

because of the
rH<s re fore t-j c (66)

To obtain this we used
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and is an average velocity of the tachyon, aver-
aged over possible final velocities. Strictly speaking, this

/factor should be within the integral sign since 1/^ is a 
function of « The bar ateave indicates that
this ie the definition of the average. We assume recoil is 
weak enough to make this meaningful, i.e. A < . . This
is not Lorentz invariant of course. In fact, we assume that 
the tachyon does not pair annihilate in the observor's frame. 
Hence*------------- ------ ,,

x c  =  A l X r  ~  ^
~2-

Now the integral in (30) is independent of and is just
equal to some constant. contains the necessary cutoff or 

s° fini't®* according to the appendix (C).
Hence, we find on the average*

cxC I f L

as predicted. Following equation (66) the same analysis 
applies as is found for the c-number, non-recoiling, super
luminal source.

We saw that both the classical c-number and the quantum 
derivation* the latter with certain approximations, yielded 
the same form of the energy loss. The farther analysis 
follows from this result and applies to 6 ° ^  cases. Each 
derivation, for 1̂ 7r^ 0 * yields the existence of a minimum

(67)
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value of the k vector, . To see the consequence of
this we need to look at a particular model for the form factor 
or charge density. We will use the notation of the c-number 
section but / * ( $ ) can be thought of as equivalent to K —- 
(Compare equationf(36) and (66).)

As a simple example of yo , we look at a sphere in k 
space i i.e. = P
(from our value for kj) * (fe) - j 0  (-  

is a possibility, where 
tfe>ice: ) * I 5 5  ** / A *

4TT

- (-C- <.J j z

~  / &T7- 'K ' Ky^

Hence, we see from (6?) that if there will be
no generalized Cherenkov radiation. In general, there won't 
be a sharp cutoff in k space. There are three possibilities.

a) If ke represents the approximate extent of appreciable 
values of in k space, then if *f̂ >> there will be no 
generalized Cherenkov radiation.

b) If , the radiation will be uninhibited
by the cutoff.

c) If ^  there will be only a small amount of
radiation.

We see that there is a possibility for tachyons to be 
strongly coupled to a massive field.but with a cutoff such 
that the generalized Cherenkov radiation might be less than
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c: that produced by a coupling to the electromagnetic field.
There might be no generalized Cherenkov radiation at all.
Hence, tachyons might be produced by strong interactions and 
not lose energy by massive Cherenkov radiation.

In order to see the characteristics,with respect to 
angle and energy of the emitted particles, multiply equation 
(31) by t  and a delta function picking out the angle or

B y j- one is interested in, and then integrate over •
There is a one to one mapping of ^k g. onto angles or energy 
and we can use the relations!

^  (68)

/with a little algebra to find* I s intensity of radiation of 77~A
c l z  AX A &  A x  (6 9 )

and since i^r •vf, C^L&
(70)

n

v ©  ,and

s U  ^  (71)

Now we can integrate over just as previously in this
chapter if we assume cylindrical symmetry. Therefore

For example, the rate of energy radiated at an angle 0 is 
(use k ^ a ^ a n d  (70)
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and therefore* ( d  -TL. — - z r r r / ^ ®  )

^  & ~ > ) '>y  g-^g.
V  c

In this equation the expression for in terms of 9,
obtained from dividing (70) by v, should be used in the argument

>1^ c> this expression goes to zero except when the

magnetic Cherenkov angle for light ifl the index of refraction 
is one.

When Somraerfeld calculated the radiation for an electric 
ally charged configuration with v>c, he , found an infinite 
rate of energy loss from an infinitesimally th/jn spherical 
shell, [ok_| Sommerfeld. We show in appendix (P) that this is 
also true in the case of generalized Cherenkov radiation of 
particles with a finite mass.

In appendix (D) we consider in more.detail the various 
types of radiation encountered in creating a particle which 
exceeds the velocity of light. In addition to the general
ized Cherenkov radiation which we considered in Chapter IV, 
we find an additional radiated portion which corresponds to 
destroying, the charge at rest and immediately creating the 
superlurainal particle. One portion of the radiation is found

so that the $HS is a function of 0. Note that as

denominator is 0 at ‘̂ Ĉ -G — / which is the usual electro-
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to be independent of the lifetime of the taofryen for large T.
It corresponds to "prompt" radiation analogous to the beta 
decay inner bremsstrahlung produced by accelerating for 
creating) a charge from rest to a final velocityj J62J Jackson 
This prompt radiation appears here twice? as the radiation that 
would be obtained if the charge were created, and then as the 
radiation obtained as if the charge were destroyed. Another 
portion, interference radiation, also not Cherenkov radiation, 
is seen to oscillate as a function of T,.

In appendix E we consider the interpolating field in 
order to gain insight into how the radiation develops.

In the above calculations of the various properties of 
generalized Cherenkov radiation it was assumed that the 
velocity of the radiating particle was approximately constant.
This makes, it easier to determine the direction and existence 
of the radiation through a Huygens construction and geometri<^°*i£^er- 
However, according to our derivation of hyperbolic motion in 
Chapter Ilf, the tachyon will be constantly accelerated as it

t lid's o/i °T
emits Cherenkov radiation. The influence of^the Cherenkov 
radiation is obviously of some importance for the theory.
From an experimental standpoint, it is necessary to know the 
characteristics of Cherenkov radiation from a recoiling tachy- 
onic source.

To attack this problem, mn appendix;G we deduce the 
envelope of the field generated by a tachyon ftp hyperbolic
’s . ' t - : / ‘t-
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ô*/°/i.Using, Leibnitz's method for the envelope of a family of 
curves we show that the radiation in a particular case (at 
the time ŵ ien 00 ) is a half circle rotated about the
direction of propagation. Such a result is of importance in 
designing a successful experiment to detect tachyon produced 
Cherenkov radiation* radiation which is found to be focused 
on a ring of radius g”*-.

It is.found that for this motion, at least, the deriva
tions of cos 9 in Chapters III and IV give the correct results 
at each instant.

(
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C  Chapter V
Application of Results

We now comment on some of the experiments which have been 
carried out. On the basis of our results, we question the 
interpretation which has been given to the findings reviewed 
in Chapter II.

In the second part of this Chapter we describe realistic 
approaches to detecting faster-than-light particles suggested 
by our calculations

In the first experiments which were carried out, Alvager 
and Erman £65]  assumed that tachyonshave an electric charge 
and are acted on by external fields, although not subject to 
Cherenkov radiation. We have shown that, indeed, this is 
possible for coupling to a massive field.. However, for the 
electromagnetic field the prohibition of radiation does not 
seem justified since we found no minimum wave vector of emit
ted radiation if ?*V"° •

The experiments based on a search for electromagnetic 
Cherenkov radiation, were also negative. Alvager and Kreisler 
[68j and Davis, Alvager and Kreisler [69] used an electric field, 
and Bartlett and Lahana J?z\ used a magnetic field, to accelerate 
electrically and magnetically charged tachyons, respectively.
The equation they use for the rate of energy loss due to 
Cherenkov radiation is based on the usual Cherenkov energy loss 
in a medium.
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They take the index of refraction, n, equal to one for a 
vacuum and use the tachyon energy as the cutoff in the integral 
in order to get a finite value. The result they obtain isi

which is not lorentz covariant. In fact, as we indicated in 
Chapter III, the rate of energy loss would be expected to be 
greater than the rate given by this. When we put in some 
reasonable parameters in Chapter III, we found that the expected

The field used by AK was 3 KV, This would not have had 
much effect if the parameters were approximately those of an 
electron. If the field Cherenkov radiated were more strongly 
coupled then the range would be even less. The only field more 
weakly coupled that has been considered, namely gravitation, 
couldn't have been detected although the range would be much 
greater.

experiment has the advantage over other approaches of being 
"insensitive to unsolved problems of the interaction of tachyons 
with matter or their propagation through space." According to 
our derivation of generalized Cherenkov radiation though, it is 
quite possible that the tachyons could not propagate far enough 
to be "missing". If indeed they are strongly interacting, they 
might lose all their energy over extremely short distances. The

•9nangetivrould be 10 y cm.

Baltay, Feinberg, et al [ 76} claim that their missing mass
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products of this radiation of hadrons would appear in the bubble 
chambers displaced a microscopic distance from the other reac
tion products. Hence, we conclude that their null result 
applies only to those spin 0 tachyons whose massive Cherenkov 
radiation is inhibited according to the possibility derived in 
our theory in Chapter IV.

In the cosmic ray search by Clay and Crouch the extens
ive air shower (EAS) with which tachyons might have been pro
duced were assumed to originate at heights between 20 km. and 
400 ra. The tachyon interaction with the scintillator may have 
been direct or through the generation of secondary particles. 
Hence, the tachyons accessible to the experiment need not have 
been eleptrically charged. The signal was then fed into a 
transient recorder which was examined when triggered by the sub
sequent arrival of an EAS. The presence in the transient recorder 
of a precursor presumably indicated qomething whifah traveled 
faster than the EAS, which itself is supposed to go at essen
tially the speed of light.

According to oureestimate in Chapter III of the range- 
energy relation for electrically charged tachyons, if the tachy- 
on produced with the EAS had an energy of,the order of 10 ^eV 
its range would be only about 10 meters because of the loss of 
energy through Cherenkov radiation. Of course, the parameters 
relevant to the tachyon could be quite different from those we 
assumed., It is possible that the parameters are such that the 
tachyon range is larger than our estimate, in fact large enough 
for a lO^eV tachyon to travel 20 km and yet not be inconsistent

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



/o3

with the null result of AK and DAK, This is easily seen from 
the constancy of dE/dx in III-(*I6). Hence# a 10^ fold increase 
in range at lO^eV would also correspond to a 10^ fold increase 
in the range of any tachyon produced in the experiments seeking 
Cherenkov radiation. By the considerations in Chapter III on 
the order of magnitude of the range# such an increase would not 
have changed the outcome of those investigations.

However# barring this possibility for the moment, we assume 
that electrically charged tachyons of that energy could not 
have traveled so far. We now look at the possibility that the 
purported tachyons were not electrically charged, but were 
strongly charged. If in fact, the tachyons are strongly charged 
then according to the results of Chapter IV, they may be sub
ject to a generalized Cherenkov radiation and have an even shorter 
range than just discussed. On the other hand, we also showed in 
Chapter IV that the existence of kmin creates the possibility 
that the. generalized Cherenkov radiation might be suppressed 
by the tachyon form factor, thus greatly increasing the tachyon^s 
range. If the latter possibility is in fact the case, then the 
strongly interacting tachyons could have peen detected by Clay 
and Crouch.

The latter case is however, inconsistent with the null 
result of Baltay, Peinberg et al which we interpreted above as 
excluding the existence of very long range tachyons with suppress
ed massive Cherenkov radiation. Very long range tachyons 
would have been detectable by the EAS and the missing mass 
experiments! and on the other hand vary short range tachyons
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would not have been detected by either. Hence, we ask if it 
is possible that the generalized Cherenkov radiation is in the 
intermediate range found in Chapter IV, according to which 
the radiation is only partially inhibited ,by the existence of 
kminand the form factor* Then the range might be long enough 
at 101^eV to be detected by Clay and Crouch and yet short 
enough not to be detected by Baltay, Feinberg et al. Again 
the constancy of dE/dx which we found in Chapter III allows 
us to answer this. The linearity thus implied between x and 
E and the intersection with the origin means that a range of 
1 km at lO^eV extrapolates to 10'^cm. at 1 MeV,

Hence, we conclude that these experiments can be made 
consistent with each other by assuming that the generalized 
Cherenkov radiation which we derived in Chapter IV exists, and 
that the inhibitory mechanism which we found also is present.

- „ -1 

i ■ • : .

We had derived in Chapter III that a tachyon emitting 
electromagnetic Cherenkov radiation would lose all its energy 
over extremely short distances, subject of: course to the para
meters one postulates for the tachyon. Hence, as compared with 
equally energetic ordinary particles emitting Cherenkov 
radiation, one would expect a short, extremely intense burst 
of radiation.. As we have seen, such short range frustrates 
attempts to detect them.

However, according to equation IV-17 for ( ^ qx for electro
magnetic Cherenkov radiation in a non-dispersive medium the
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radiation will be inhibited because of the conservation laws. 
Althoggh the equation is usually thought of as applying to 
electrons in a dielectric, we have derived it on very general 
groundst hence it should be applicable to a tachyon in a medium 
also. Dispersion must of course, be taken into account for 
any particular medium. For a tachyon, the radiation will 
again be present at frequencies sufficiently high that n(4w )-s>l. 
But then the tachyon form factor will begin to inhibit it.
Still, this presents the possibility for experimentalists to 
retard the energy loss of the tachyon so that an experiment 
auch as that of AK might become practical by creating the 
tachyon in a medium which has very large n which extends to 
very high frequencies. One would then have to look for the 
ectromagnetic Cherenkov radiation at those frequencies for 
which n(tJ  ) z -1 , or for frequencies below in general,
there will be required a careful analysis of ^ max(n) since 
n is a function of k) .

The relation between angle and energy we derived, and the 
formula for dl/cLQ., JV-74, could possibly be exploited to 
detect the presence of a very short lived tachyon. Investi
gating bubble chamber photographs, if a correlation between 
incident particle and emitted products is found to indicate 
our derived relations, this may serve as evidence of tachyons
emitting generalized Cherenkov radiation. See figure (to)

a
which illustrates/typical reaction with the parameters involved. 
A statistical analysis of the relation of angle and energy of 
the **7rM would have to be carried out for many reactions, f f f
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course, if one knew vr and for the cos 9 equation this 
would not be necessary since we would already know whether or 
not v > c. However, for Cherenkov radiation we have the 
characteristic feature that greater angles will in general be 
associated with greater energy particles (both the initial 
incident one and the Cherenkov radiated one.

If, on the other hand, the tachyon is extremely energetic,
J

having been created by a cosmic ray for example, its path 
may be of detectible length in the bubble chamber. Then the 
generalized Cherenkov radiation might be directly observed 
as many tracks originating along a common (invisible) straight 
line. The straight line could then be inferred from the origins 
of the tracks. The angles would be measured and compared with 
the energies of the radiated particles. A plot of cos 9 
versus l/v^ for all of the tracks could then be made. If this 
were found to be a straight line, it would be an indication of 
the presence of a tachyon. The inverse of the slope of this 
line would then yield the tachyon velocity. The use of the 
equation

implies that we are assuming relatively little recoil. A more 
complicated analysis would be made if the plot were not a

The hypothetical tachyon line in the bubble chamber would also

2
C O S  9 » C

straight line, using the exact relation (III (32)).
2 2 cos 9 = c^ » ra
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not be a straight line in this recoiling case and the origins 
of the visible tracks would have to be connected by a sig-zag 
line.

Another experiment might consist in looking for the focus
sing of the Cherenkov radiation associated with the hyperbolic 
motion derived in appendix {&). Probably electromagnetic 
radiation from a tachyon produced by cosmic rays would be most 
likely. Depending on the value of g“* one might have the 
detector beyond the point of focus (the most likely case) and 
hence note the "virtual" image of the ring.
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Appendix A
A New Derivation of the Kinematics 

For More General Conditions 
And Related Phenomena

Analysis is made of the constraints which conservation 
of energy and momentum impose on the emission of radiation by 
various types of sources. We consider the question from a 
general viewpoint so that the results are not limited to 
superluminal motion in a vacuum nor to electromagnetic 
radiation.

We continue to denote the radiating particle by T  but 
will indicate where the results are valid for tachyons only, 
or for more general situations. Allowing for the possibility 
of a change in the internal excitation of the radiating

Since we assume that the particle derated by T  retains its 
identity although possibly changing its state during the 
event described, the equation is satisfied both before and 
after the event. The mass and momentum are shown as a function 
of a parameter t which may be thought of as the time in any 
inertial frame. Taking differentials!

We assume that there is nc interference between two different

particle, we cnnsider the situation

The square of the four-momentum is given byi

= = M T (t )d -? n T ( t )
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emissions. Nov/, hy conservation of four momentum, we have at 

any time either before, during, or after the emission process:

A  A  A (3)
- f A >  +  0 *  ~  ff°3

and
r*d -h cl — w

Using (**) and (h) in equation (2) we obtain:

-  -fjm ) “  t y*r c/m. <5>

And integrating from before the emission ( ir= ° ) to a time 

T  w^ich is after the emission of the 'TT particle:

nr

P

(7)

n r
We obvious.I'/' vised =■ <=* 5n equation (6). Now using

the relation:

nnfi t h e  oT'fi-^uy i mat i o n : •

A  > y  = ~ < ^

We obtain the vnry general, result:
~ or

(B)

I3r ^  + > v / i > v
(9)

The internal excitation energy difference between the final 

and the initial state is:

A U  =~ ^ > V C ’1 (io)
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Defining &  as the angle between the direction of the 

emitted particle and the initial tachyon we obtain from 

equation (<?)s

Ei, 3  s  +  * v ^ ^  ^

Solving for the direction of omitted radiation (L^e and

g  = p /  ■■using

„ _  cC . a a >v  ~ f os)
C^ e  ^  ~ Z & 7 w rT 'xt f rf !p h f  f f v /

This equation applies to a number of different phenomena.

It is interesting to see how these are related to superluminal 
mot* o^. mvip+ ê /tV) n re] a+inn exists is due to the fact tyjri +

only for superluminal motion in a vacuum or in a medium, can
va particle emit another particle without changing it's in- 

^ tev*na.]/ state. ,?or this reason the kinetic energy of the part-
i ai n h°s an absolute and ’rot iust a relnt 5 vn significance. 

Hence, it is aval]able to enter in processes even-when the 
parti "lo is i soluted fT>m other hodi°s.

a) Tn th° cqua.tion, if one has the deooy of a

system or of an elementary particle. If a*^-0 - this
gives the Doppler ohift if aT <! c . Jn case ^  ¥* ,

one might c"ll this a generalised Dcpnlor shift.
b) If f r O P * , i.e. the parti ole jumps to an excited

state upon, emitting a particle, then the velocity must be 
greater than in a medium. The requisite energy comes
from a decrease in the kinetic energy. For the case ytfso 

this is called the anomalous Doppler effect^ In effect, a
( negative energy difference or frequency is "Doppler shifted"
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to a positive energy. The radiation is emitted within the
forward
forward Cherenkov cone.

In a vacuum, if v^>c then / \ \ J  can only he zero or 
imaginary. Figure (11) is a Minkowski diagram showing one 
subluminal and one superluminal source of electromagnetic 
radiation. The dotted lines indicate the propagation of the 
radiation parallel to the light cone to the detector world 
line. The latter is assumed to be at rest. The arrows on
the detector time axis show the reversal in time ordering and
therefore in frequency of the radiation from the superluminal 
source.. If one ignored the x' and x "  axes this figure would 
also describe the ordinary anomalous Doppler effect in a 
medium with c replaced by c/n. If is not zero then this
case might be called the "generalized Anomalous Doppler effect" 
This would describe emission of a massive quantum within the 
forward Cherenkov cone, while at the same time the tachyonr 
jumps into an excited state.
c) If then v must be greater than the relevant
limiting velocity, and we have wither ordinary or massive 
Cherenkov radiation. The latter is the situation we focus on 
in this thesis.

It is interesting to note that a number of strange 
properties ascribed to tachyons can be understood on the 
basis of equations (9) and (10). In addition it can be 
shown that these have their counterparts in a medium. For 
example, Feinberg (196?, appendix A) analyzes the emission 
and absorption of a tachyfin by an atom in two inertial
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 ̂ frames. This has been described in Chapter II.
The counterpart of this process in a medium with ordinary 

particles is the following. Initially, an atom is at rest 
in the medium. It is in its ground state and then absorbs 
a photon. Next, consider an atom boosted in velocity such 
that ir > . This atom, although initially in its ground s

state, can emit a photon and jump to an excited state at the 
same time losing kinetic energy. This is the "anomalous 
Doppler effect".

The latter, "active", transformation cannot be replaced 
by a:"passive" transformation in which the observer under
goes the boost. This is because the. medium does not satisfy
the same principle cf relativity of inertial frames which

( the vacuum does.
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( Appendix 3
An Alternate Interpretation 
Of Space-Like Four Momentum

In order to visualize more clearly the implications of 
negative mass squared* i.e. spacelike four-momentum* we con
sider the following related problem. A spacelike electric 
current is typified by current flowing throggh a wire or in an 
electrolyte. The charge density can be zero but there still 
exists nonzero current. For the sake of symmetry, imagine a 
positive charge density flowing to the right and a negative 
charge density flowing to the left. In the initial frame of 
reference, the net charge density is zero.

Now, a Lorentz boost transformation in the direction of 
3 will result in a negative charge density because there will 
be a greater Lorentz contraction of the line of negative charges 
than of the line of positive charges. The usual Lorentz trans
formation ist

If we were to view j as a convection current produced by the 
motion of a single particle* rather than by the motion of a 
nonlocalized many body system, weuwould calculate the velocity

(1)

(2)

Of course the current is still space-like and*
(3)

of the charge flow as*
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This is to he compared with the velocity transformation of 
a tachyon, starting from a frame in which it has infinite velocity 
in the plus x direction. We make a Lorentz transformation of 
velocity u of this zero energy taehyon (i.e. y  = 00 ° )

/ ^r_ Zl ____   J x f (5)
or-?00 _ u^_

Comparing equations (4), 6£), and XV-(9) (the Cherenkov condition)* 
we recognize the transform condition between an inertial frame

Ih'ft*11 tf’S.in which a tachyon has^velocity and one in which a tachyon 
velocity is equal to v*. In equation (*0, we see that since the 
Lorentz transformation velocity is less than c, the effective 
current velocity for a space-like current,is always greater than 
c. Also note that if 0 , However, such a spacelike
current is quite common, in fhct the usual case. We certainly

■v'e.Loc L iy
do not ascribe any significance to this one particle^which 
becomes ^  when . Because of the many particle nature
of the current, we can not say that the current is a charge 
density times a physically significant velocity. Similarly, 
for tachyons (which also seem to be very nonloealizable ([ 69J  

Peres) perhaps there is no justification for saying that the 
current of energy (i.e. the momentum.) is,the energy times a

— fz "XTphysically significant velocity, i.e. , Perhaps the
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( fact that >  c has as little significance as does an anal
ogous fact in the above example for electric current.

, /Note that in the tachyon- case At becomes negative when
£ r ^ c o w € -s  •'C t / n c > e r  lo r<z n~tir 'ti'<*-'>stc,nvccttt>n. riuf"
A t f is based on the "reasonable" assumption that 

and vr is the velocity used in A-t — if we were to
reject this idea of v> c as we did with currents, then a V would
not change sign (it wouldn't even exist), and we would not use 
the reinterpretation principle of BDES.antte would be forced to 
deal with the negative energies in some other way.

This leads one to consider the possibility of considering 
the spacelike four-momentum solutions of the Klein-Gordon, 
equation as positive energy flowing in the direction of p and 
negative, energy flowing forward in time in the (-)p direction.

( Hence, in a certain inertial frame, the energy density can be 0
but we still have a net flow of energyi i.e. p / 0. Tife previous
ly was interpreted as velocity. In the usual interpretation 
of E « 0, v * « t apparently no energy is transported because
A t  » 0., However, with the electric current system analyzed
above, we have net transport of charge even though the charge 
density at intermediate points is always zero, in one inertial 
frame. If we reject the single particle superluminal velo
city interpretation of spacelike four-momentum, then in a frame 
in which, Er * 0 the velocity is not op and the process need not 
be instantaneous. Then the duration of nonzero p can be finite 
and henheyeifeWeeimtgyptBi: itfiiB as positiye and negative energies 
flowing in opposite direction^ we have net energy transfer.

The present visualization of w V ®  Klein-Gordon solutions
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then leads to retention of their negative energy and nonlocal- 
izability aspects, which are similar to those of the electric cu 
current, The usual reason for rejecting the negative energies 
(propagating forward in time) is the instability that arises. 
However, analysis of the Klein-Gordon equation has
shown that the solutions may indeed be nonlocalizable and/or 
unstable ( [69]  Aharonov, Komar and Susskind).

We thus have a picture of energy flow without the necessity 
of a net energy density in intermediate regions, similar to the 
transport of charge with spacelike electric current.

We need now a conserved quantum number in order to keep 
the spacelike field from "blowing up".

The conclusion we may draw is that the negative mass 
squared Klein-Gordon equation may describe physical phenomena 
without representing superluminal sigaals.
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C
Charge Density and Form Factor

We have assumed that the source is a scalar with velocity
greater than c. Both for a c number source with prescribed
constant velocity, and for a quantum source free to recoil
upon emission of the 7T particle, there are important differ
ences as compared with the treatment of ordinary form factors. 
The "internal” state of the tachyon is assumed to be unchanged 
by the individual emission process.

Generally, the form factors are assumed to depend on the 
invariant quantities which can be formed from the four-momenta 
at .the vertex p^, p^, k^, (̂ 6] Gasiorowicz).

Figure (ka) shows a7T exchange between a proton and another 
particle. The shaded bubble at the p-7Tvertex represents the 
proton form factor. Figure (kA) depicts emission of a real pi 
particle by a tachyon. In figure faa) p^ and p'*1 are assumed on 
the mass shell. Hence the form factor is a function only of
t = (k)2.si&a:Bce v< c, k cannot be on the mass shell. However,
for the situation in which v>c (case b), we may put k on the
mass shell also. Then the form factor would be a function of,

- t =  =

We see, since this is constant, that the Cherenkov radiation 
would not be cut off by the form factor and would lead to a 
divergent energy loss^ he "Vvolume" of the mass hyperboloid 
for the peon is infinite.

To' ddal with this problem, and to see what kind of function 
a tachyon form factor would be, we must first analyze the
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situation for v<c more carefully.
Sometimes the phrase "invariant function" is used where 

the phrase "scalar function" might be employed (see/j&3j 
Schrddinger, for example). However, the designation "invariant 
function" is also used in a more restricted sense. If we have 
a Lorentz transformation^ , a) such that x' =/Jx+a then a 
"scalar" function is one that satisfies*

That is, the transformed function, evaluated at the transformed 
point, has the same value as the original function at the 
original point. Compare this with the concept of an "invariant" 
function as used in the following sense*

That is, the "original" function evaluated at the transformed 
point has the same value as it has at the untransformed point, 
if the transformation is a homogeneous Lorentz transformation. 
In the former case the function F can be arbitrary; F' is 
determined by F and the transformation. In the latter case 
F can be an arbitrary function of x2 (and sign (x) if x is 
timelike) which are the invariants formed from x'*, But on 
any one branch of the hyperboloid x2 = constant, F is constant. 
Well known examples of invariant functions are the functions 
A »A*fA tAjr, formed from the commutator and other vacuum 
expectation values of a "scalar" field ( j6 lj Schweber). To 
avoid confusion, we will use "invariant" only in the latter

(2)

( (3)
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sense, distinguishing it from "scalar".
The form factors for ordinary particles are usually 

taken to be "invariant functions" without much comment. We 
need to examine this more carefully. These particles are 
taken to be "elementary systems" whose states form a represent
ation space for an irreducible representation of the inhomo- 
geneous Lorentz group. The mass and spin, (m, s) label the 
particular representation and this determines the kinematic 
description of the free, noninteracting particle (|6lJ Schweber).

We investigate the symmetry of the form factor in the rest 
frame of the scalar particle. It is then natural t& say that 
the form factor will be invariant under the subgroup of the 
inhomogeneous Lorentz group which leaves the wave-vector 
invariant, i.e. the little group. In the particle rest frame 
we havei

p'* = (m,0,0,0)
Therefore, the little group is 0(3)— the group of rotations in 
ordinary three dimensional space (j62jHamermesh). In general, 
the irreducible representations of this little group are denoted 

j we take j = 0 for a scalar particle. The form factor 
will therefore have the symmetry of the little group 0(3) if 
it is a function of the invariant r2 = x2*y2+z2 or of k2 only.

For a time varying charge the idea of spherical symmetry 
refers only to a measurement of the charge distribution on a 
three dimensional hyperplane perpendicular to the time axis in 
the rest frame of the "center" of the charge. We may then 
require as an additional assumption that it is static and
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^ therefore not a function of t.
Tn this standard frame the form factor F, by virtue of 

its supposed symmetry, has no additional four vectors assoc
iated with it. The invariant form factor F can then only be 
a function of the invariant t = k2, since all other invariants 
formed from p^, p^, k^ can be written in terms of t = k2 when 
(pO2 = m2 = (p'* )2.

If the form factor did not possess this symmetry (0(3)) 
there would be other intrinsic four vectors, n'*, to form 
invariants with p"*, p'* , k'*' . F would still be an invariant 
function of these however.

If the symmetry in the z direction were broken by some 
interaction with an external system we would.find that F0 

( would then be a function of x2+y2,z. There would then be an
additional four-vector m^, of which the would be a function.
The little group of the free particle 0(3) would then no 
longer apply, and the form fa-̂ 'would no longer be an invariant 
function since an external influence would probide a preferred 
direction. In addition, if the world line were finite*y°0 
would have to be multiplied by ^(t-tj) - 0(t-t2)j • The 
charge density* would still be static for intermediate times.

For ordinary particles where the "in" and "out" states 
can be considered to be asymptotically free, these comments 
are irrelevant since the deviation from a true invariant 
function is infinitesimal. We only make these distinctions 
for later comparison with the form factor and charge density 
of a tachyon whose world line is finite.

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



f  V*/

We now proceed to investigate the dependence of the 
tachyon form factor on the variables x'* . First we look at 
the free (infinitely long world line) spin 0 tachyon. This is 
the only finite dimensional unitary representation of the 
inhomogeneous Lorentz group for spacelike four-momentum 
(j58} Shirokov). The standard frame for investigating the little 
group in this case is one in which the energy is zeroi

p^ = (0}0,0,m)
The little group is the subgroup which leaves p/K invariant.
It is therefore the non-compact group S0(2,l) of rotations in 
pseudo-euclidian space with two space (x,y) and one time 
coordinate. It contains rotations about the z axis and Lorentz 
boost transformations in the x-y plane. That the latter 
leaves p^1 invariant is readily verified by calculating the

Atransformed energy or momentum for a boost m- -4- 2 .
The little group leaves invariant the form (t)2 - (x)2 - (y)2 

? 2 2and k̂  - kx - ky . Corresponding to the condition which 
picked out spacelike three-planes perpendicular to the t axis 
for ordinary particles— as the spaces in which f 0 displayed its 
symmetry— is the following condition! for tachyons. In the 
standard frame in which E r = 0 the world line of the tachyon is 
parallel, to the z axis. We define Fe by first studying its 
values on the three-planes perpendicular to the z axis, planes 
which are left invariant under the action of the little group.
The 0 in F0 now refers to the 0 energy in the standard frame.
In general, Fc may be a function of z.

The symmetry of the little group is defined only in the
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(.
three surface perpendicular to zi i.e. it consists of 
rotations about z and boosts in the x-y plane.

SO(2,1) symmetry of F„ only imposes the formi

just as 0(3) imposed the form

Fo * x+ £ +i* + )  e r  ' i  i ^ )  ̂  f  (-% >

We take it as given that the form factor of a free 
tachyon field is an invariant function of the tachyon para
meters. The conv-iuS/.oa that the form factor for tachyons is 
an,invariant function only of t = k2 now follows from the 
observation that Fe picks out no preferred direction in the 
three-plane perpendicular to z. The z direction itself (the 
direction of the tachyon velocity) doesn’t, provide an addition
al four-vector since it is just proportional to pf.

■. Therefore, for Cherenkov radiation for^t = the form 
factor is a constant.

; For the Fourier transform of the c-number charge distrib- 
utipn the constancy is seen in another way. In general
since (k'*)2 = (lcA) ‘'i

01  t x °i ** „ 7 ^  /  z-- A i 7  -  + - A

whepe the ic’s refer to the standard inertial frame. In this 
frame the tachyon velocity is infinite. If the k^refer to a 
Cherenkov radiated pi particle then we have from Chapter IV, 
equation (O, for the c number nonrecoiling casei

K =  *zvr
Hence
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k - ko/v X  =  oz r'irr-><to*
and

kp - kx2 - ky2 * (kA)2 
That is, the pi particle is emitted perpendicular to the z 
axis. Therefore

So we see that both the tachyon charge densityP-(K) or
form factor F1r(k/) are constant for the case of Cherenkov

P 2 °radiation where t = k = in. , k = 0. This suggests the
7T z

following possibilitiesi
1) p0 (°JA) evaluated at is finite. Therefore F («<yO 

provides no cut off to the radiation leading to divergent 
Cherenkov energy loss. This implies either that tachyons 
cannot exist or that they cannot interact in this way.

2) F0 is zero when evaluated r.t but finite at some 
other values of t * k . Hence there is no, Cherenkov radiation 
at all l?ut the tachyon may interact with other particles 
through exchange of virtual 77a .

3) The analysis of the form factor with noncompact little 
group SQ(2,l) has presented us with another reason to believe 
there is no sense in considering a free tachyon field even as 
a first approximation.

To proceed further we take the third point, of view and 
argue tl̂ at the symmetry of the little group is broken by the 
interactions and in particular, by the finite world line of
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the tachyon. According to the arguments based on the little

We assume (analogously with the time dependence of the 
ordinary particle created and destroyed at tf and t£) that the 
tachyon form factor does not take on any additional dependence 
on z in between z( and Z£» the end points pf its world line.
It seems reasonable to assume that the source and sink of the 
tachyon,are at least of finite and probably of microscopic 
extent in the x-y plane and their motion defines an average 
inertial frame in the *-y plane. Hence, the symmetry due to 
the freedom of Lorentz transformations in the x-y plane is 
lost by the events of creation and annihilation. We assume 
that the rotational symmetry about the z axis is retained. 
Hence the form factor (and the charge distribution)in the 
standard frame of the form*

Because of the presence of a finite source, and sink we have 
thus lost the noncompactness. To obtain the form factor in any 
other frame in which the tachyon has velocity vr we use the 
scalar property of .

To make a Lorentz transformation in the z direction ( £ I I ) 
from velocity vr to infinite tachyon velocity and 0 energy, usei

group we found*
Fc (x,y,z,t) « F0 (t2-x2-y2,z)

A

and Fe(kA) = F̂, (k02Tk* - ky2,kz)

F (x2+y2,t) 0 (z1,z2)
where
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. (  i r - K  _/ -if'   —
L  /~ U.V

or
<  =  f • “) <  ■= ̂  ( / -  ̂ « X  =  ®

Therefore
U  ^  and /  ___ / ----  __. _2{r-____

and this gives us the Lorentz boost to the standard frame*
4 Uh)K  ■ =  (t - - -(z-TT'.-ifcrj (e)

Hence, using ( y ), ( r )  and ( (, ) :

we have assumed that the transform of the © function in z
can be replaced by a © function in (t). This implies a certain
localizability of F (following from that ill the source and sink).

 ̂ The term (z-t£t) does show the dependence one would expect for
an object traveling along the z axis with velocity v.

We now see that the noncompact parts of the tachyon form 
factor are no longer present. They have been avoided beaause 
of the necessity of having at the ends of the tachyon worldline 
a tachyon source and sink of finite spatial extent which are 
not invariant under boosts in the x-y plane.
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( Appendix £>
Beta Decay 

Inner Bremsstrahlung Type Radiation 
Massive Field Case

In Chapter IV we considered the situation in which a t 
tachyon is created at a time -T/2 and then destroyed at T/2, 
displaced by vT along the z direction. No account was taken 
of the existence of the charge on the source and sink before 
and after the tachyon ujor lA t i n * .

More realistic perhaps, is the situation where the charge 
exists at rest before the tachyon is created and again dis
placed by vT after the tachyon is absorbedi e.e.

—  ( 1 )  

- =  J  i

( _ / ( x , s - r T j e * ; t > T L

The charge is adiabatically switched on and off at ^ 00 to 
handle convergence problems in the integrals.

We then hare, _  oJr-
■= +  4V +

(/«)

(2)

(3)

<f>jrv -  ^  __

-  U J J l T c )  P ®
_  "  ( f v a J

/ cf1̂ __________________ cr
C p -—  go u ccfci o _JJL “ ̂  (

difc el_ p W e  &. <iir',*r (T e_ll pU; e*‘ dJt-W e" .

_ 1 * ^ ~~t )  in )
-  u>.i y
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( Hence, combining d  ^  ^  and picking out the coefficient
Of

O T ) *  C > ^ A
as before*

cuX 
^Az.

-  / .
1)0 w

« r _
3)

-4 M  j ■ (y+r-^ir)

c ;
' J T K ) ^  < 3 V 7 /‘ -

Combining the last two terms we obtaini (multiply first term 
by

{ ^ - < 0  l y r ^ J* *  =

a <x
f-{e ice \

a a*-^'
A

;  f S t  -  ( i  )
C y t c

(/S")

Note that if v<*c there is no pole and no Cherenkov radiation. 
The second term never has a pole if / 0. The second term 
is the amplitude associated with destroying a charge at Z«Q, 
t= -T/2, and creating it again at Z * vT, t = T/2.

^  is real)

a

From ( 75") we see that (a s s u m e ^ f = p -^  bo^

,  = / a 7 V / a ' / - ( U )

■ ( ^ i  V  J  Ciu - c K f )

vl

Hence, we see a portion which grows in tim (T), i.e. ( CL f  ,
which gives the Cherenkov radiation. The remaining part is
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associated with creating and then destroying the tachyon while 
also destroying and creating the charge at rest. This is 
analogous to radiation emitted during beta decay ( { 6 2 j Jackson) 
when an electron is created already travelling at an appreciable 
velocity.

f
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C Appendix £;
Further Analysis of Generalized Cherenkov Radiation 

From a 0 Number Source

We calculate the interpolating field rather than the "out" 
field in order to see both the radiated and "virtual" particles 
associated with a superlurainal source. <$> ^

where ( [6 2 j Henley and Thirring)i _ / .

Now, using the result fory^ in equation (IV-21) and switching 
P  on adiabatically ( .

( p , t ) = t i t * )  t U )
•CO ^

Performing the integration over r* as in (IV)i

<*> ^

The inteitegration over t* is ,

— -  +  — 1-‘4 + i ilT+-> Cr)

Following Henley and Thirring, we write the result in a form 
which allows us to pick out alc+ And a^j except that here the
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time dependence is not that of a free field so we seek a (t).K
Make thatchange of variable k —? - k in the first factor of 
(5) and in the other terms which multiply it in equation (*f). 
Also assume j> &  is real so that . Then, compar
ing the two terms ( plus ) with the standard forrat

we obtaini , v,, ̂  / ,4- , . i
=■ A * e +  e  * S) ^

[ c W 1

I) HTo separate the virtual and created particles, the latter 
having the free field time dependence, use the relation*

■+ ‘TTcf

therefore from (7) and (8) _
- c ' V *  / / L Ĵ h \/iC2~ — 

a.fcy - q  .“fe =  £>— *— —  e  5 /  ' *  w j U'- -/- /

s \  —  t  ^  /  - / - A a  i I
4 ; 7 r S M < 1/')e

That the second term in equation (9) gives the real, created 
particles is seen by the time dependence or by the presence of 
the delta function, which we saw in (IV-30) will give a linear 
growth in time of the number, when it is squared.

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



However, there is another interesting aspect of the re-
ii iilation between real and virtual particles which equation (9) 

demonstrates. The second term as a factor of i which the first 
term lacks. We would like the total number of particles to

ii //equal the number of virtuals plus the number of real particles 
so that it makes sense to distinguish between them. But we 
also want the amplitudes to be additive. So if we writei

.—     i £ A t  j- - - - - -  t ̂ a.
a ro-rm ~  e  ' t - J ̂ re<u ^

and require
+  ~ — AJ ~  ~h

0 ^ %  ~~ 'TtilAL wr t ^ L

then we findi
£  _

/"1 This serves as an additional justification for considering
only the second term in equation (9) as representing the created 
particles, since the first terra differs by *̂ /2 in phase. The
first terra is the reactive part, the second term the ’’resonance"

■fpart of the^response to the superluminal object.
Using the relation for the square of a delta function and 

equation (9) above, we arrive at equation (IV—31) for dn^/dt.
* 'fThe total number of virtual particles is, from equation 

(? ) and (7a)«

Where, in equation (10), we retain the factors of in order 
to give a means of dealing with the square of a Cauchy principal

(10)
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( value. Now assume cylindrical symmetry, and change the
variables from kx , kz, to ̂ , kz which yields i ( ^

W
d  -A ~ ~i- /1 ^  ^  ~= *-7T U. d<Jj

i

This is rather obvious but can also be verified by computing 
the Jacobian.

Since ^  0 ̂  **V • Note that if
we first set ®( = 0 the number of virtual particlss for v > c 
diverges. If however, we first assume that J *  is approximately 
constant up to an — max and kz max and essentially zero beyondj 
we can investigate further the dependence on °< . Assume <=<

is small compared with kz max . Then a little algebra trans
forms the integral over kzi ^  v

f A ~ K f a - v /  \ S K i " >

k l  J r 7 S ^ 5 v 5 '  ~ * 4 , .

c * yir)

Ot
The limits on the integral may be taken to be approximately 

- 00 by our assumption about . The integral over in
equation (11) now simplifies since the factors drop out 
after the integration from - ao - p * 00 over . We have then
approximately!
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C  a / ^ ,w ‘ ~  -t. £  6 ^ - % - ) / ?  -  (is)Ĉ.

The constant A contains the (finite) value of the integral 
over and the factors of v, etc. By the term &  we see
that the number of'virtuals'for a Cherenkov radiating parti
cle (v>c) grows linearly in time, as does the number of real 
particles as found in (IV-31). Note that this is true for 
■>'V̂ tc, in general, assuming contains the requisite Fourier 
components.

In order to interpret this, look at equation (11) in the 
case v = 0, taking care to restore factors of 
In the case * 1 ^ °  there is no singularity for Jar <* = ° since 

Wyf . However, for the singularity that arises
is the well known infrared catastrophe appearing here in the 
switching on of the charge rather than in brerasstrahlung.
From equation (11) one sees that the divergence is of the form 
dk/k as usual.

When we retain the factor of °C the growth of /yvir'fcual can 
be seen in k space to be owing to the behaviour of the Fourier 
transform of the time dependent^0 , which approaches resonance 
( w  = ° ) as t->=o . In ordinary space the growth of ,/\/v*r'fcual

-the r e ' t ccr<i«i.t/o/i o-f-
is associated with^the field, <p being zero for r>ct^c/& 
and increasing for r < ct because of the switching on of the 
charge.

In figure (Id) we compare the situation to that of an un
damped harmonic oscillator which is driven at various frequen-
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cies. The condition k4ir corresponds to driving on
resnnance, and for a harmonic oscillator leads to an amplitude 
growing linearly in time. The other, neighboring frequencies 
are not on resonance, but are so close that they also give 
rise to large amplitudes. Also, the closer to resonance the 
longer it would take to reach the maximum amplitudei in fact, 
it would be proportional to the inverse of the beat frequency 

• The general solution for an undampfed driven 
Harmonic Oscillator, if the resonance frequency is denoted by 

and the driving force has frequency , isi

Note the ̂ /2 phase difference in the driven term and compare our 
previous comments on the essential difference between "reactive" 
and "resonant” response. Also note in this case that the 
"catastrophe” exists at frequencies approaching the resonant 
frequency, (equation (1*0)

Hence we view the "Cherenkov catastrophe” of a divergent 
(if o{-<=> ) or linearly increasing (if is small but finite)
number of virtual particles as due to the infrared catastrophe 
"transformed" to superlight velocity, (i.e., if v = 0 the pole

( relate to initial conditions* and ifwhere C. D

C_c.s1.tJ4t  ) A ^ ĉ C t  ~h
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v > c .

ore
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is at CD ■ 0. This transforms for v> c to a pole at 
But, whereas there is no infrared catastrophe for m^j* 0 and 
v * 0, we do find it for any m^if v> c. Furthermore, the super- 
luminal case would not be subject to the usual interpretation 
of the infrared divergence because the energy of the diverging 
number of virtual quanta does not go to zero.

In ordinary space these diverging Hvir$j»al " quanta are 
apparently associated with the parts of the field within the 
Cherenkov cone which are very near the shock cone.

Although we have distinguished between real and “virtual" 
quanta here, the fact that they are arbitrarily close to the 
mass shell indicates that there is no clear cut difference 
between them other than the phase factor that we noted.

, We will now show that, depending on how the source is
switched on and off, they may or may not contribute to the 
Cherenkov radiation actually detectable. For a realistic 
switching we will see that they do in fact contributei i.e. for 
sudden switching we show that the "virtuals" are effectively 
real.

To further investigate the details of generalized Cherenkov 
radiation, we will compare a number of different ways of 
switching on the charge for different tachyon motions. We will 
calculate the asymptotic fields generated by these and refer 
to the above analysis of the interpolating field for comparison.

First, we adiabatically switch on the charge at rest until 
t * 0 and then jump to v> c and adiabatically switch it off.

( Note that we use different switching rates.
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f ,

°ci
(t)& -for

P C. J* ^ 4 c,r L̂*>'
r°°

^ , r  +  X + I

L= «f!4
c k ^ - r O

& 0 '
«(U

7 ci,

■ = 5 ^ J J d U
t

X-<

> & >  / > ' * *L oi-CO^ <J<-f ̂ t̂t

O " ^
,'U^

and
oCV6^

< y ^ H )

Ioo

make the change of variatte* ^  ~ f * / as in Chapter
IV.

f t

is in unapt

Ck"? P - t 'A* '  Q~lUJ-ĥr' 1 fl 4*) f^S,

Td^Piip^ > / <&jp'jTk?z u 4

In order for the second term to give the same Cherenkov rate 
asA(IV) if we take =*~i~ then the ^ij] term must contrib
ute an amount equal to the term in (16).

Compare equation (7m) where we adiabatically switched on 
the tachyon charge from -«*and calculated ^(interpolating field)
We see that except for a sign change, the second ter^Lf (16) is
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the same as the term in 7m

In 7a the two parts of a, i.e. the £ & and f U j parts
don't necessarily have the same time dependence. Here we see

h . ' /that if we switched off the source at t * 0, the virtuals,
i.e. M y  term, would take on the free field time dependence

* cJ and appear as created particles.
To check this we now calculate for a v>c particle

adiabatically switched on from - and then destroyed at 0. 
Using results from above for P  etc. / . , .t

e i e -f  p f k ,  e“ ‘~ ^
Hence. ^  L « - i

{CL %. ~  W  y •*- ̂  "
This is seen to be equal to the sum of what we called the real 
and the 'virtual*particles (Compare (10)).

Hence, <re conclude, since the "■virtualsH
are so close to the mass shell and also grow with time, that
they contribute to the measured Cherenkov radiation as well. 
This is an interesting point since a) the meaning of real and 
virtual is seen not to be clearly distinct here, and since b) 
if we adiabatically also switched the charge on and then off 
the reactive part would have cancelled out if ; i.e.
if we had equal rates of switching. To see this, note*

f ° ° e ^ '/. , _   I _  - J -  ' ftJ.~ M. jr)-L oi /’ /uf _

+  *
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This corresponds to the "resonant" term in the previous equa
tion. Hence, the "reactive" part which gave rise to the 
Principal Value term previously (df. equation (10)), is seen 
to be damped out if the rate of switching on equals the rate of 
switching off. Note that if the rates were different, we would 
not get this cancellation, (Compare H.0. analog). The factor 
of is needed here since this time of radiation is twice as
long.

(
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^ Appendix r
Massive Cherenkov Radiation 
from a Thin Spherical Shell

For a thin spherical shell of radius rD the generalized 
charge density ist

r -A a S (f~ r°^ (1 )C r) - 3 —Wr? { '
/

Hence the Fourier transform isi

( J )  =  ^  ^  J -

M r *

y/rrt (2)

Substituting this in eqaation H T  (36) we have the integral i
cv?

,  r° 

wherei

Although the value of the integral is affected for finite k* 
by the presence of nonzero , it is seen that for large k£ 
the integral is logarithmically divergent. This agrees with 
Sommerfeld's divergent energy loss for E-M radiation.

 =p> o o
J i r

(
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£ Appendix G
Electromagnetic Cherenkov Radiation for Hyperbolic Motion

The angle at which Cherenkov radiation is emitted has 
been derived for constant velocity of the source. In a medium 
it has been shown that the quantized electromagnetic field 
gives rise to a quantum correction to the angle which is a 
function of frequency. We pointed out however, that in a 
vacuum where n = 1 and v>c this correction is not present. 
This is due, essentially, to the fact that vy= 1 and hence,

( u>j -^ r ). But, there is still recoil since ft / 0. We
have shown that due to this recoil the tachyon undergoes 
hyperbolic motion and accelerates to velocity.

( In order to see what effect this acceleration has on
the direction of the Cherenkov radiation, we seek the form of 
the wave front. For constant velocity the construction is 
simple and turns out to be a straight line ( £58]Jelley).
The Huygens construction ( [6z \ Courant & Hilbert) yields the 
angle cos 0 = c/vr .

For hyperbolic motion the situation is complicated by 
the acceleration. In order to cope with this we make use of 
( /6ljWidder) Leibnitz's method for calculating the envelope of 
a family of curves. If a member of the family is given by 
the equation (with parameter c).

4 ( i > 7 j c) = °

Then the envelope is found by eliminating the parameter c 
between equation (1) andi

~c) $  —  o
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In the present case the curves are cirules centered on 
the retarded position of the tachyon on the z axis. The 
radii correspond to the distance light would have traveled in 
the elapsed time. See figure 14.

We now seek the shape of the envelope at the time at which 
the particle is at z = 0, y * 0, x * 0 and has velocity equal to 
infinity. In Chapter III we derived the equation for (tachyonic) 
hyperbolic motion.

2  = _ y ^ r

In order to indicate the method, we assume that the motion is
rectilinear. One can also calculate the envelope for a time 
at which the tachyon energy is very high. We are looking at a 
two dimensional crossection (z,y plane) with the particle 
approaching the origin from the negative z axis. From equation
(3) we see that the tachyon reaches the origin and infinite 
velocity at t = -g”*, which is the time at which we seek the 
envelope. The equation for the family of circles centered

r? -21 .1about z a—yt -g , y = 0 and with radius equal to c(t+g )
(so at t = -g”* the radius * 0) is

- i

The parameter of this family is t, hence ^frro from (2) 
yields

Eliminating t between these two equations with some algebra 
(remember a is negative) yields the equation of the envelopei 
(figure 14) /  , -/) / 5.̂  _  q- 2.

(4)

(5)

f a *  + (6)
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This is a half circle with radius g”1 and center at (z,y) = (O^g”1)
In three dimensions the two half circles should be rotated about the 
z axis to sweep out the surface of the wave front. It is seen in 
equation (6) that the same result holds for positive z as well, 
and z * 0 is the point at which the two tachyons annihilate. The 
figure shows that the Cherenkov radiation is focused (in three 
dimensions) at a ring of radius g~* centered about z = 0 in the 
x-y plane.

Looking at aj>osfi»tion z(t) at an arbitrary time t (see geo
metric construction in figure (i4), We see that (use equation (3))*

r  ^  a  —   £_
C^ '  c a t - f - i - f '  - v f t )

Hence, we see that, at least for hyperbolic motion the direction 
of radiation is given by the usual Cherenkov relation at each 
instant. From the point of view of the four-momentum conservation

For any other time one could also solve for the envelope 
(i.e. when v< ) in the same manner. Also, if z(t) is any other 
function of time written in a tractable form, equations (1) and 
(2) may be solvable.

For ordinary Cherenkov radiation in a medium with c >v> c/n 
undergoing ordinary hyperbolic motion the relevant equations aret 
(assume slowing down through c/n)

When one solves for the envelope of Cherenkov radiation the

For Cherenkov radiation of a massive field use the phase 
velocity for the vr field to obtain the wave front of each k 
component.

derivation in (III), this seems reasonable.

(8)

result is a hyperbola
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H
Motion of a Tachyon in a Constant 

Magnetic or Electric~Field

Magnetic Field«
The motion of a tachyon in a constant magnetic or electric 

field is calculated. The tachyon is treated as a classical 
particle. Although it is assumed to be acted upon by the 
usual electric or magnetic force appropriate to a particle of 
charge e and velocity vT, we assume for this calculation that 
there is no Cherenkov radiation.

We first treat the case of a magnetic field H which is 
along the z axis.

where T, the kinetic energy is constant in a magnetic field H.

and

"T d ' l r ^  iT K  H
a

or
^  =

u>h€.re : to =• e. c H
~T~

0L» d Svlvinp t  b/S I

' y ̂  ^  —  n r  I
/.. 1 T  ■■
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This relation is seen to be the same as that for an ordinary 
particle in a magnetic field ( j^jLandau and Lifshitz, here
after denoted L & L). That this should be true is indicated 
by our equation (9) from Chapter III ^ ̂ ~ -

Note that for a magnetic force the second term will drop out 
since F « v  x H.

For an electric field the situation has some new features.

Electric Fieldj
■**We assume the electric field E is constant and in the x 

direction. The motion is in a plane which we take to be the 
x-y plane. The equations of motion for the tachyon are«

—  e £T
/ xHence«

f f t )  “ € r h
The tachyon kinetic energy is»

(i)

We see from this that there are a number of different cases, 
depending on the tachyon parameters e, pc . If j fo ^ ( is 
greater than mrthen‘7~ will always be greater than zero and the 
motion will be similar to that of an ordinary particle; ^
leads to new solutions.

The tachyon velocity is,i>i ^  r K (/e'1 •’

^

Therefore»

x *  J/* 'j— -
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r

Hencei

Similarly we find for yi

4 #  ■= - h i  =  f ° t c'

J ‘
and i

r t  - r f ,
' H -  fJjl f t *  —  - ^  / 4 u -

d  ° ’ e£r^  Jfv y

The form of the solution to this integral will depend on 
the relative magnitude of and m.

case a) f >  +1

Set h
- -m  tat , then (3) becomest

Combining (2) and (̂ ) to eliminate t we obtain1

X , ( E S ’ c<ru ( k ^ :
<* fE \ 1*7 M  t

This is a catenary which is of the same form found for 
ordinary particles (f62jL & L p. 58)

We now look at the case for which /y^ ( K  y 

case b)
The solution for x as a function of t is still given by
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equation (2). To solve for y substitirifc' 
equation (3)

r f ' S e er *

' f t - i k  f

&  J W -

i
f

Hence

■ ? ~ 7 '
-  J V

and combining with equation (2) in order to eliminate t«

X  =  lE S l y i s U . / ' l l l ' ' )  

e £  \ + * % £ /

Now if f r y - ' * ! * case °)* we find :f,rom
X =- 7 ^  + c i ~

and from (3)*

Hence»

h  [ e  -  J J

Note in equation (2) that for case a) there
exists a real solfcfoon for x for all times t. However for 
case b) there exists no solution after a certain
time if fix and e have opposite signs. This corresponds to the 
necessity of having an oppositely charged antitachyon annihilate 
the tachyon when the kinetic energy T  becomes zero. See

(7)
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figure (15a). We also see from equation (2) in case b) that 
there may exist no solution before a certain time if ôX and 
e have the same sign, but that x then goes to plus or minus 
infinity as t - ^  . See figure 15b. Equation (7) describes 
both of these situations.

Figure 15b shows that a uniform electric field can create 
'Y -n r pairs. This is possible because there is no minimum 
energy required! they both have zero energy. Charge, energy 
and any other quantum number would be conserved. This 
instability of the tachydn vacuum in an electric field 
provides another reason for believing that tachyons cannot 
exist as free particles.

(
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(a)
_4 --------------- — ---------------------

x

<b» + ‘r fe ,r
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Footnotes

1. A number of the early papers on charges with super
light velocity are included in the extensive tachyon biblio
graphy compiled by Dr. Eleanor Maas of Swarthmore College 
for Dr. Bilaniuk, which they kindly made available to me* 
included are /O^Sommerfeld, |j39l Thomson, {92) Heaviside.

2. We find the asymptotic expansion(j|p9j Whittaker & Watson) 
of by integrating by parts repeatedly. For conven
ience we can assume to be spherically symmetric.

rf r  o) =  J  e '1 =

In this section only we take J k f  =

J J

I f  j-(k) ^  4t-

>*1v

If goes to zero at least as fast as does, then
le. , CL"t l̂ O-S'to.S o

Y  decreases .fast <*5 than r . The last integral goes to
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zero for r — , by the Riemann-Lebesgue lemraa((69/Whittaker 
& Watson) if we assume {(t) falls off sufficiently fast for 
large k to satisfy the conditions of the lemma.

If we integrate the second term by parts again we obtain*

We see that the first term vanishes if f(k) has a zero at 
least of the order 3/2 at k=m. The second term falls ogg 

faster than r”  ̂since the integral goes to 0 as r —
(the Riemann-Lebesgue lemma).

This procedure could be repeated indefinitely depending 
on how high the order of the zero at k=m is assumed to be.
By suitably choosing f(k) we see that the associated ^  
falls off for large r as rapidly as desired.

3. In Chapter III we found the condition for a sign
thechange of/radial component of the acceleration of a tachyon 

produced by a central field of force. The relation of these 
considerations to Cherenkov radiation and the dynamics which 
accompany it is shown in this footnote. In 1963 G. M.
Volkoff ((63) Volkoff), publicized the fact that the electric
field within the Cherenkov cone of a particle exceeding the 
velocity of light in a nondispersive medium points towards 
the positively charged particle. Hence a static positive 
charge behind the Cherenkov cone would experience a force 
and acceleration towards the radiating positive particle.
These two counter-intuitive direction reversals are seen to be

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



, / r t

complementary and to occur for the same conditions on cos ©. 
Two positively charged particles, one moving faster than 
light, the other slower, begin to attract each other when the 
rest particle falls within the Cherenkov cone of the tachyon.

For the case of a particle emitting electromagnetic 
Cherenkov radiation in a vacuum, Sommerfeld in 190^ found a 
mysterious speeding up produced by the radiation reaction 
force.

. , Note that the reinterpretation principle doesn't 
change any of the physics of tachyons, it only changes the 
labels we attach to things. In particular, this principle 
cannot help us with the fact that the Lorentz covariant 

{ generator of time translations (usually called the energy)
is unbounded below.

(
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