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INTRODUCTION
Among the theoretical developments of the present century, the
theory of relativity occupies a unique position. While it had its birth in
the attempts to understand and reconcile the various phenomena involving the propogation and interaction of light, the theory itself is nothing
short of a revolution in our ideas about space and time. This revolution
has been so completely successful that nowadays we hardly think seriously
of a physical theory which is not in accordance with the principles of the
theory of special relativity.
Some of the far-reaching conclusions of the theory of relativity are
already part of our general knowledge, including the equivalence of mass
and energy and the familiar equation
E = mc2

(I)

-the increase of the effective mass of a rapidly moving body and the
relativity of simultaneity. It is no longer possible to think of time as an
absolute entity common for all observers and providing a universal background with respect to which events happen. Space and time can no
* Work supported by the U.S.A.E.C.
t Present address: Center for Particle Theory, University of Texas at Austin,
Austin, Texas 78712
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longer be thought of as distinct and separate. By the same token, energy
and momentum are components of the same physical quantity and can
be transformed into each other. The four-dimensional space-time continuum alone can be endowed with the status of a background for
physical events.
The "obvious" laws of Newtonian mechanics stand amended. The
mass, which is a measure of the inertia of matter, is now no longer a constant quantity for a body but depends on the state of motion of the body.
Since the state of motion depends upon the observer, the mass of a body
depends upon the observer! The rule for calculating the kinetic energy
of a body is no longer the same as in Newtonian physics though it reduces to it in the limit of slow speeds. But the most unusual change is
in the velocity composition law: If a body moves with a velocity v with
respect to an observer who is himself moving with respect to us with a
velocity u, the velocity with which we observe the body is not
v'=v+u
but a more complicated function. This happens because the space and
time coordinates are measured differently by differently moving observers.
In the special case of motion along the same direction as the relative
velocity, the relativistic law of velocity addition has the form
v' = (v + u)(l

+ ?)-I

(2)

In particular, if v and u are both less than c, the velocity of light, so
would the resultant velocity be less than c.
THE POSTULATE

CONCERNING

THE SPEED OF LIGHT

In all these phenomena, the speed of light plays a very special role.
It appears in this fashion since the theory of relativity was formulated
so that the speed of light was an invariant independent of the state of
motion of an inertial observer. In Newtonian physics, there were no invariant speeds. The existence of this invariant speed at once highlights
the departure of relativistic kinematics from their Newtonian counterparts and provides an absolute scale for speeds.
The two basic postulates of the theory of relativity are:
I. the principle of equivalance of inertial observers;
2. the invariance of the speed of light.
The first postulate demands that the physical laws as deduced or enunciated bv anv two inertial observers should be identical. Since the law of
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inertia is a statement about accelerations, if one observer is inertial, any
other observer whose coordinate system is oriented in any fashion and
moving with constant speed relative to him is also inertial. This together
with the freedom to choose the origin of space and time coordinates provides us with a ten parameter family of inertial observers. All these 0010
observers should agree with regard to the physical laws. Of course, they
will not agree with regard to the description of events and processess. In
particular, absolute orientation and absolute simultaneity no longer exist.
The postulate concerning the constancy of the velocity of light is
an essential ingredient and distinguishes relativistic mechanics from
Newtonian mechanics. The postulate leads to the characteristic velocity
addition theorem and other results of relativity theory. But in the earlier
literature, particularly in the writings of Poincare and Einstein, the
speed of light is treated as the absolute limit of all speeds.1They state
the second postulate in the form:
2a. the speed of light is the upper limit to the speed of objects.
Since such an upper limit can be approached arbitrarily closely it is
also an invariant speed, and the postulate 2 can be inferred from the more
restrictive postulate 2a. However, 2 permits the existence of objects
traveling faster than light.
We shall start from postulates land 2. It can be shown that we
can derive the conventional form of relativity from these two postulates.
In particular, we have the following transformation laws for energymomentum, space-time coordinates and the relation between mass and
velocity:
E' = E cosh (} + cp sinh (}
cp' = E sinh (} + cp cosh (}

(3)

ct' = ct cosh (} + x sinh (}
x' = ct sinh (} + x cosh (}

(4)
(5)

where
(6)

tanh9=!:!.c
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With the speed-of-light postulate in the form 2, it is possible for objects
to travel faster than light. Their existence does not contradict any of
the physical consequencesof the theory of relativity, since neither the
Lorentz transformations (3) and (4) nor the relativistic mass law (5) require the velocity of light as an upper limit!
RELATlvlsnc

CLASSIFICAnoN

OF PARTICLES

"The relativistic energy-momentum four-vector can be geometrically
represented in a Minkowski diagram3 of which a two-dimensional section
is shown in Fig. I. The energy and momenta connected by (8) trace out
a hyperbola (which becomes rectangular in the units in which c = I; we
shall adopt these units in the sequel). By convention, the energy is taken
as positive and only one branch of the rectangular hyperbola is involved.
As we change the frame the representative point changes. The energyvelocity relationship is displayed by the Kamath diagram4 in Fig. 2 where
E-l is plotted against the velocity u to obtain a half ellipse. The

Fig. 1. Energy-momentum relations.
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relations.

energy-momentum hyperbola is the section of a four-dimensional hyperboloid of revolution of one sheet. And the mobility (inverse energy)velocity ellipse is the section of an ellipsoid of revolution. The dependence
of these figure on the rest mass ma is indicated by the second curves
in Figs. 1 and 2. We verify, in particular, that the speed of these particles
are always less than the speed of light and that as the speed approaches
that of light the mobility decreases. It is clear that these particles cannot
be accelerated to speedsgreater than that of light.
The particles which travel with the speed of light are represented
by the degenerate limit of these rectangular hyperbolas which are the
upward half of the light cone. The corresponding mobility-velocity relation degeneratesto a pair of vertical lines.
We can now proceed to display the faster-than-light particles. The
rectangular hyperbolas with E2 -p2 negative are two-dimensional sections of a hyperboloid of one sheet. For these objects the speed is always
larger than the speed of light. The corresponding mobility curves are
hyperbolas with oblique asymptotes. They do not intersect the mobility
axis since they do not have areal rest mass.
We can classify particles according to this geometric display into
three invariant classes} Class I consists of all slower than light particles
which, hence, possesspositive values for the square of the rest mass.
Mlltter II.~fllmilillr to 11~helon!lS to thi~ class. (;Ia&~II consists of all ob-
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jects which travel with the speed of light and, hence, vanishing rest mass.
In addition to light itself, the four kinds of neutrinos that have been
identified in weak interactions belong to this class. Finally, Class III
consists of all objects that can travel faster than light. The rest mass
should be imaginary in this case so that the square -of the rest mass is
negative. Since we shall be most interested in such particles, we shall
refer to them collectively as "tachyons."
The fact that the tachyon rest mass is pure imaginary does not cause
any difficulty since the energy-momentum relations (5) and (7) imply
real values for the energy and momentum. Energy and momentum are
directly measured physical quantities which are conserved in collisions
and reactions; but the rest mass itself is a construct. In special relativistic
classical mechanics, the square of the rest mass is defined by the relation
(8). Even when we proceed beyond special relativity by including gravitation it is the stress-energy tensor rather than rest mass density which
is of relevance. Since the particle is destined to be always at a speed
greater than that of light, there is no question of measuring the rest mass
by equating it to the energy of the particle at rest.
Indeed, when we are considering a particle of Class I the standard
state for the particle is one in which all but one components of the
energy-momentum vector vanish. In this case the momenta all vanish so
that the particle is at rest. The energy is now equal to the (absolute
value of the) rest mass of the particle. For a Class II particle, it is not
possible to have a state in which all but one momentum components
vanish. But we can choose it so that only two components are nonvanishing one of which is the energy and the other may be chosen along the
z-axis. Moreover, the magnitudes of these may be chosen to have any
preassigned value. The sign of the energy is positive in both cases.
Particles of Class III have an entirely different nature; in this case
the standard configuration is one in which the energy vanishes and the
momentum may be chosen to lie along the positive z-axis. The magnitude
of the momentum is equal to the absolute value of the rest mass. Sin~
the energy vanishes and momentum is finite, rather than the particle being at rest, the tachyon travels with infinite speed.
This transcendent state of zero energy and finite speedof the tachyon
illustrates once again the dramatic departure from the restrictive postulate 2 permitted within the theory of relativity. It is also to be noted that
while ordinarily greater speeds are associated with greater energies, for
tachyons the opposite is true; the transcendent state has zero energy.
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OF VELOCmES

We have already seenthat the three classesof particles are invariant;
a moving observer would see a tachyon as a tachyon; a slower than light
particle as a slower than light particle and so on. It is instructive to see
this invariance explicitly in terms of the velocity composition law. To
simplify matters we shall again consider only the special case when both
the particle velocities v and the relative velocities u between the particles
lies along the z-axis.
The velocity composition law is
v' =~=cf>(u)

(9)

For fixed value of v~c and variable values of u<c the function cf>(u)
defined by (9) is plotted in Fig. 3. We note that for Class I the resultant
velocities are always between :f:c; for Class II it is always c. For Class
III the speed lies above c but for the relative velocity u = c2/v the function cf>(u)develops a pole and the tachyon is observed by the moving observer in the transcendent state of zero energy and infinite speed. But
unlike the infinite speed of nonrelativistic physics, the transcendent state
is extremely unstable; the smallest change in the velocity of the moving
observer would make the observed speed of the tachyon finite. As the
observer's velocity shifts from one side of the critical value to the other
side, the tachyon abruptly changes the senseof its motion.
For slower-than-light particles there is no such critical velocity of
the observer. Yet the analytic functions cf>(u)for different values of the
parameter v/c have the same essential structure. The function always
has a pole at u = -c2/ v, but when v < c this occurs for lul > c, that is for
a frame velocity larger than that of light which we had excluded as being
unphysical.
The transcendent state of the tachyon reintroduces into relativity
theory the notion of instantaneous transmission of impulses. In nonrelativistic physics, this could be brought about by considering a rigid body
and considering impulses transmitted by it. For an elastic body
there is a definite compression wave which would start out at one end
and travel with finite speed to the other end; and the passageof the wave
implies transport of a finite amount of energy. As the coefficient of
elasticity increases the speedof the elastic wave increasesand at the same
time the transported energy decreases;in the rigid body limit the impulse
is transmitted instantaneously with no energy transpOrted at all. Rigid~
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Fig. 3. The law of addition of velocities.

bodies were excluded from relativistic physics precisely because of this!
We now see that it was unnecessary. The rigid body in relativity theory
is, of course, more complex than the nonrelativistic rigid body since it
could transmit finite speed impulses also.
PROBLEMS

WITH FASTER-THAN-LIGHT

PARnCLES

It has been customary to argue that not only are tachyons excluded
by the postulate 2a but are inconsistent with relativistic notions. Several
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such arguments appear in the existing literatures and they turn out, on
closer examination, to be paradoxes rather than contradictions. We shall
discuss some of these objections here, since they are crucial to the interpretation of tachyon processes.
We have already dealt with the problem of imaginary rest mass: it
is no problem at all, since the physically interesting quantities continue
to remain real.
The Problem of Negative Energies
The second objection concerns the existence of the transcendent
state of tachyons. It is then possible to achieve instantaneous synchronization of clocks at all points in space; this appears to conflict with relativistic notions. Actually, this again is no problem; what is against the
spirit of relativity is the absolute synchronization of distant clocks. The
synchronization obtained using tachyons is not absolute; a moving observer would not consider these clocks to be in synchronization, but
would claim that there is a systematic lack of synchronization. This
state of affairs comes about because of the elusive nature of the transcendent state; an observer moving with a slightly different velocity
would see the tachyon moving with a finite speed.
There are two rather significant objections stemming from the
relativistic transformation equations (3) and (4). Consider first the behavior of the energy-momentum four-vector under transformation. We
see, in particular, that the energy could take on negative values;
E' = E cosh 0 + cp sinh 0<0
provided that
t"nhll--".E
-._~~~

=cp

c

(10)

v

which is always possible since v>c. We thus seem to have negativeenergy tachyons. Negative-energy particles seem to be at variance with
our common sense notions and, in particular, with the second law of
thermodynamics since they seem to provide an inexhaustible source of
energy; we have simply to emit a vast number of negative-energy particles. Like the national debt we will have a huge overdraft of energy,
but then, like the national debt, who bothers? The appearance of negative energies from the geometric Lorentz transformations is inevitable.
We can see in Fig. I the locus of the energy-momentum vector: as the
relative velocity of the moving observer changes, th., representative
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point moves continuously from above the momentum axis to below it.
Such a problem did not arise for the Class lor II objects since if we start
out with E>O, no real Lorentz transformation is able to change the sign
of the energy.
The Prob]em of Trave] Backward in Time
A similar but distinct trouble comes in from the space-time coordinates of an event, The time elapsed between two events changes sign
under a suitab]e Lorentz transformation of the events correspond to the
emission and absorption of a tachyon. Without ]ossof generality, we may
consider the emission event A to occur at x = 0, t = ° and the absorption event B at XI' tl according to one observer SI' A moving observer S2
would assign coordinates X2' t2 to the event B, Since ctl>lxll, it follows
that there exists a suitable observer for whom t2 is negative. It appears
that in that frame we have an absorption process Bt which takes place
before emission process At even through the observer SI finds the absorption B to occur later than the emission A. It appears that the tachyon
appears to travel backwards according to the observer S2very much like
the adventures of a certain young lady:
There was a lady named Bright
Who travelled faster than light.
One day she took off in a relative way
And came back on the previous night!
Both these difficulties have to be resolved before we can accept
tachyons as physical entities. The resolution of these two difficulties depends on the fact that they are related. The components of the interval
AB are proportional to the energy-momentum vector of the particle; and
the observer S2finds B' earlier than At if and only if he finds the energy Et
of the tachyon to be negative. Every observer sees positive energy
tachyons to be absorbed after they are emitted, but negative energy
tachyons appear to be absorbed before they are emitted!
THE SWITCHING

PRINCIPLE

Let us analyze the observations of SI and S2° The observer SI sees
that the emitting apparatus at the origin loses energy at time t = O and
at a later time t = t I the absorbing apparatus registers the gain in energyo
Thus, according to him
~EA < O
AEB > O
tA = O < tB = t1
(11)
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He interprets these events as the emission of a particle at the origin A
and its subsequent absorption at B.
But according to the observer S2' the apparatus at A gains energy
(having emitted a negative energy particle) at time t = O and the absorbing apparatus at t = t2 registers a loss in energy. Thus, according to him
AE~

<

0

A.E~

>

0

t~ = 0 > t'B= t2

(12)

As compared with the observations of SI' we see that the roles of the
events A and B are interchanged. Hence, based on his own observations,
the observer S2 will conclude that at B a particle is emitted and that the
apparatus at B would lose energy; at a later time the apparatus at A
absorbs the particle registering a gain in energy. Hence, the observers S2
and SI will "see" the same set of process at A and B differently. The
emission and absorption processesof one observer are seen as absorption
and emission processesby the other observer. But both observers see only
positive energy tachyons and they are always absorbed after they are
emitted.
If the tachyon carried an electric charge Q we will also have, according to the observers SI and S2
~QA

=

~Q'A =

-Q

~QB

=

~Q~

=

Q

Thus, if the observer SI seesa positively charged particle emitted at A
and absorbed at B, the observer S2 sees a negatively charged particle
emitted at B' and absorbed at A' .
We have thus resolved the difficulties with negative energies and
propagation backward in time at one stroke. All observers see only positive energy particles and they all arrive after they start. But the role of
tachyon emission and absorption processes are switched around when
suitably moving observers are involved. We shall refer to this principle
of reinterpretation2.6 as the switching principle.
It is for the first time in the theory of relativity that such a switching of the roles of emission and absorption have taken place. It is yet
another step in the far-reaching revision that the theory of relativity has
caused in our concepts of space and time. Just like the idea that distant
simultaneity is not absolute but depends on the motion of the observer,
the idea that emission and absorption are not absolute but relative to
the motion of the observer is unfamiliar but not intolerable!
Figures 4 and 5 illustrate the geometrical relationships in a two-dimensional Minkowski diagram.
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Fig.4. Tachyon propagation as seen by observers SI and Sz.

Frame Dependenceof Processes
The switching of the roles of emission and absorption leads to
different interpretations for the same process involving tachyons by different observers. Consider, for example, elastic scattering of a tachyon by
an ordinary (Class I) particle. There is always a suitable relative velocity
for which an event seen as elastic scattering of a tachyon by observer SI
will be seen as the decay of the ordinary particle into itself and two
tachyons (of opposite charges). The "spontaneous" decay as seen by S2is
possible only because the ordinary particle is moving with sufficient
energy and momentum in this frame; in the rest frame of the ordinary
particle it will not be able to decay at all.
A similar phenomenon is the possible "spontaneous" decay in flight
/

"

,

Fig. 5. The coordinate system of S2 as seenby SI, and tachyon propagation between
A and B.
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Fig. 6. Tachyon elastic scattering as viewed from two different frames.

of a stable particle into itself and a tachyon; normally such a decay
would be forbidden since the momentum transfer is space-like. But in
the present case this is precisely what is wanted. Such a decay is energeticallyallowed only whel;l the linear momentum of the particle is as large
as
q

-1"
m!n

-'If'"

where -.u2 is the square of the tachyon rest mass. The same event as
viewed by an observer in a different frame in which the stable particle
is at rest, or moving slowly, cannot show this particle emitting a tachyon.
What does the observer S2 see? We can carry out the elementary calculations to show that S2 sees a tachyon being absorbed by the stable
particle and consequently the stable particle moving off. There are a
variety of such processesthat one can play with, in which the switching
of the roles of emission and absorption give different views for the process
for different observers.
Absorbers and Detectors
One of the immediate implications of this state of affairs is that there
are no universal absorbers of tachyons. Doubtless we can contrive an
apparatus that will absorb and register all tachyons as judged by the observer in the frame in which it is at rest. But as soon as the apparatus is

,

"

I

I

G

I

\

@

Fig.7. Spontaneousdecay of a stable particle as viewed from the two frames SI and
S2°
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seen in motion we see that it ceasesto absorb all tachyons; a range of
momenta exist for which the tachyons are neither absorbed nor registered.
Instead, there is a range of tachyon momenta for which our "passive"
absorber now becomes an emitter and to our dismay we would find the
apparatus solemnly registering the emission event as if it were a genuine
emission!
A maze of paradoxes can be set up using these ingredients. In the
next section we deal with some of these.
CAUSALITY
It has generally been taken for granted that the causal connection
between two events is "ordered"; that is, we could assign one event as the
"cause" and the other event as the "effect," and that these assignments
are invariant. All observers must concur in the assignment. In nonrelativistic physics, since time was absolute, there was no problem. In relativistic physics time is a quantity that depends on the state of motion of
the observer. But as long as all particles were moving with less than or
equal to the velocity of light and causal connections were established by
the emission and subsequent absorption of such particles, the cause-effect
assignments would be invariant, the cause always preceeding the effect.
This invariance of the assignments appears as such a natural expression
of the causal connection that it has even been identified with causality!
The Problem of Causality
We must re-examine this question here since we have already seen
that the roles of emission and absorption are switched around for tachyons
for suitably moving observers. Do tachyon processesviolate causality? If
by causality we mean invariance of the assignments of cause and effect,
tachyon processes certainly do violate causality. But is it necessary to
make this demand? In other words, just as we refined the speed-of-light
postulate of relativity theory without losing the essential ideas of the
theory, is it possible to refine the notion of causality so that tachyon
processesare causal?
To answer this question we ask: What should an observer, in isolation, see if he is to conclude that causality breaks down? Clearly, he sees
a closed causnal cycle, one in which a sequence of events are causally
connected, but they constitute a cycle. In other words, see that the present affects the past. With tachyon processesdoes this happen? We have
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already seen that as long as each observer sees only positive energy
tachyons there is no travel backwards in time. Each observer seeseffects
succeed causesand no one would see any causal cycle or an event affecting something in the past. No observer would see any violation of
causality. He would expect other observers also to see no violation of
causality. However, two different observers would disagree as to the
cause-effect assignments. But causality need not. be associated with the
invariance of the cause-effect assignments. Causesalways precede effects,
even for tachyons!
Nevertheless, the relativity of the cause-effect assignments leads to a
seriesof paradoxes. These paradoxes should all be resolvable on the basis
of the switching principle that we have discussedearlier, but it is instructive to see how ingeneous some of these paradoxes are. We shall discuss
three such paradoxes here.
Bobm's Paradox
Consider the following paradox proposed by Bohm7: Let SI and S2
be two observers moving relative to each other with their world lines intersecting at a point A. Let S3and S4be two other observers who are at
rest with respect to SI and S2' respectively, and let their world lines intersect at a point B. We choose B such that it is later than A according
to observers SI and S3 but earlier than A according to S2and S4. Let C
be an event on the world line of S3 later than A according to SI and S3
but earlier than B according to SI' S2'S3and S4. Then we can apparently
generate the following causal cycle: S3asks S4to signal S2 from B to A.

Fig.8. Bohm's paradox.
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At this point S2passeson the messageto SI who signals SJ from A to C.
But SJ now finds a messagesent by this route into his past; we can complete this cycle by C affecting A. How can this be reconciled with common sense?
To resolve this paradox, again we try the descriptions according to
the observer SJ (or SJ on the one hand and according to the observer S4
(or S2) on the other and see if any observer seesviolations of causality in
his own frame. Let us first take the observer SJ. He seesthe following
processes: (a) A signal from SI at A to him at C; C is later than A and
no anomaly is there (b) C acts as a cause for some effects at B; again no
anomaly; (c) He also seesa signal sent by S2at A to S4at C. But he sees
both S2 and S4 act as if S4sent it to S2' but since he is in motion with
respect to these observers he understands why their detectors are behaving in this peculiar fashion! Let us now consider the experience of the
observers S2and S4. They see the following sequence of observ~tions: (a)
S4 sends a signal from B to S2at A which is in accordance with their
notions of time sequence; (b) SI at A is now seen receiving a signal from
SJ at C, but S2and S4 now see SI and SJ act as if the message was sent
from A to C. But S2and S4consider this odd, until they realize that these
observers are in motion and their tachyon emitters and detectors have
such anomalies. (c) At the same time as SJ emits the tachyon signal they
see it initiating events at C that affect B but this is also in accordance
with the proper cause-effect time sequence.
Thus, we see a difference in the interpretation of the sequence of
events as "seen" by the two sets of observers. But each set of observers
has a satisfactory description of events and there is no anomaly with a
causal cycle. In either case, one seesC affecting B, but the real initiating
cause is at A according to SI and SJ while S2and S4consider C itself as
initiating the effect at Cas well as the messageto A. In other words, the
history as compiled by the two sets of observers would be different but
the two descriptions are both causal with the proper time sequence.

Ehlers' Paradox
The second paradox is due to Ehlers8 and involves only two observers SI and S2initially at rest relative to each other. At A observer SI
sendsa tachyon signal to S2which is received at B, later than A. The observer waits for some time and at C he decides to move off at a rapid velocity. A little later at D he sends out a tachyon signal to SI at E which

The Theory of Particles

Traveling

145

Faster Than Light I

is later than D according to the new time senseof S2 but earlier than A
(and, hence, earlier than B) according to SI. On receiving the messageat
E the observer SI is prevented from sending the messageat A to S2at B.
We have constructed a causal anomaly! Schild modifies the arrangement
by choosing S2 to be an apparatus, say a rocket with suitable instrumentation to receive a messageat B, fire itself at C and send out a tachyon
pulse at D. So there is only one observer SI and it appears that he encounters a causality paradox.
Since SI is the hero, let us take his experiences. How does he consider the processconnecting D and E? Since E is earlier than D, according
to SI it is a signal emitted from E to D. He does not see it as a message
from D to E. Two possibilities are there. SI could have seen a tachyon
emission at E which is absorbed at D. He could have E also affecting A
at which point a tachyon signal is sent to B and in turn causing C and D .
In this case there is no causal anomaly.
But suppose SI did not see a tachyon emission at E since he has not
switched on his tachyon emitter then but did send out the signal at A and
hence initiated the events at B, C, and D. The rocket at D sends out the

/
Is..

~
,/t//
51

52

Fig. 9. Ehlers' paradox.
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tachyon signal nevertheless; how do we now reconcile this with no event
at E? The answer lies in the usual behavior of tachyon detectors and
emitters in motion. If SI had his tachyon apparatus already activated to
detect all tachyons but to emit none, then S2in his moving frame will see
that the tachyon apparatus of SI not functioning as a universal detector .
So he will see that the signal sent out from D to E not being detected by
the "detector" and would scold SI for having a faulty detector .
What if SI initially arranged his tachyon apparatus to be a detector
of all the tachyons as seen by the new moving frame of S2? He will then
definitely "detect" the tachyon at E. But on closer examination of the
behavior of his own apparatus he will see that the "detector" is now
emitting a selected range of tachyon momenta and, in particular, the
emission at E which was absorbed at D by S2 and that this "detection"
at E initiated other events at A. Thus, the observer seesno anomaly.

Newton's Paradox
Essentially, the same ingredients are there in another paradox proposed by Newton,9 though certain quantum mechanical concepts are involved. Newton suggeststhe following: Let A be the event of a quantum
mechanical system emitting spontaneously a tachyon at (xi' tJ and B be
the event of absorption of this tachyon by another system at (Xl' tJ. Then
tl > tl and we will seea causal statistical correlation in that if the experiment is repeated many times and tl is chosen at random, then the times
tl at which B occurs will be correlated with tl. For a suitably moving
observer the same sequence of events would appear as emission at
Bt and absorption at At but this observer too should see a statistical
correlation between ti and t~ with ti chosen at random, but not with
t~ chosen at random. Does this not constitute a paradox, especially
since nothing was said about the state of motion of A or B? The
answer is that something should be said about the state of motion
of A and B before we could assert a statistical correlation of the
type we assumed: If the two systems were at rest in the first frame and
not in the second, the correlation we have asserted is true, but not necessarily otherwise. As long as there is a frame in which both the emitter
and detector are at rest there is no ambiguity about the direction of the
correlations. There is thus no paradox: moving emitters and detectors
are found to have unusual properties, a conclusion that we had previously
~aAA

The Theory of Particles

Traveling

Faster Than Light I

THE ROLE OF FASTER-THAN-LIGHT
TIVISTIC PHYSICS

147

PARTICLES IN RELA-

We have now seen that in spite of the unexpected properties of
tachyons no causal anomalies would be detected by anyone observer. Let
us now consider the implications of the existence of such objects for
physics. Since we have not considered the quantum-mechanical aspects
of the problem we shall not concern ourselves with the implications for
elementary particles.
The most striking possibility is for space communications. Even the
nearby stars are light years away. Hence, if we are ever to establish
galactic communications and soundings we should use a beam with a
speed far in excessof light. It is almost imperative that such faster-thanlight objects should exist since otherwise such a lot of the universe would
remain unknown to us.1oAfter all, our optical and radio astronomy
studies should be properly considered as galactic archeology and cosmic
paleontology! What we find is what existed so long ago. In our primitive
state of the art of cosmology this hardly matters, but it is an exciting
possibility that we might be able to study the universe as it is!
The universe as we now see it seems to be expanding with the
distant neublae receding with a speed proportional to their distance from
us. There exists a Rubble horizon at which the recession speedsequal the
speed of light; matter beyond this is in principle unobservable if no object can travel faster than light. But with tachyons existing this need no
longer be true.

RESTORATION

OF THE lNInAL

V ALUE PROBLEM

The discussion in the previous sections show that causal anomalies
are not really present. Schildl1 has pointed out that the existence of such
objects, in fact, restores the principle of causation in relativity theory!
This comes about as follows: In the theory of relativity, if we retain the
speed of light limit on all signals, it is clear that at any instant a given
observer does not know the physical conditions allover space. Only the
events in his absolute past are in principle knowable for him. With this
information he can make some tentative predictions but events unknown
to him could vitiate this prediction even though he knew the "correct"
physical laws! The only method of testing a law is by reconstruction of
the past and in this it is not always possible to separate the physical laws
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Fig. 10. The problem of specifying initial data in conventional relativistic theory.

from initial conditions. In any case, the principle of causation cannot
then be used as a means of decisive prediction.
The existence of entities traveling faster than light removes this difficulty since the observer learns not only about the conditions in his past
light cone, but can, in principl~, learn about the conditions everywhere
in space at one instant of time. Hence, if he does know the physical laws,
he could predict the course of future events. Thus, tachyons serve to reintroduce the principle of causation into relativistic physics.
The possible existence of particles traveling faster than light is thus
a fascinating one. Our study shows that they are perfectly consistent with
the essentialprinciples of relativity theory and that, in a sense,they serve
to complete the framework of special relativity. We do not yet have any
decisive evidence for or against their existence. It would be of great importance to find out if such objects exist. In any case, there is an intriguing possibility.

APPENDIX
Action at a Distance and Faster-Than-Light Fields
The text dealt with faster-than-light particles and we saw that they
led to a causal connection between events separated by a space-like inter-
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val. Here we briefly describe a theory of action-at-a-distanceI2 which
contains such connections between space-like intervals and display its relation to a classical field theory.
Consider a collection of ordinary particles with a nonlocal action:
A = -~
Where G(X -y)

ma I dsa + -} ~ gagb II G(Xa -Xb)

dsadsb

is an invariant function to be specified later. We define
<P(x)= ~ gb I G(x -Xb) dsb

The equations of motion of the particles can be obtained by seeking the
vanishing of the variation of the action:

This is the same as the equation of motion of the particle in scalar field
t/>(x). But here t/>(x)is defined in terms of the motion of the particles in
terms of the invariant function G(x -y).
From the structure of the action function we know that G(x -y)
is invariant, symmetric in its arguments, and real. We shall choose it to
be the time-symmetric Green's function for a faster-than-light field:
G(x) = (21t)-4p f e1kX(k2+ ImI2)-1 d4k
so that
(~

-V2

-lmf)G(x

-y}

= o(x -y}

With this choice cf>(x}satisfies the equation of motion:
.o(x -Yb)

dsb

Instead of starting with the direct action-at-a-distance, we could
equally well have started with the coupled system consisting of the particles and the scalar field satisfying the equations of motion:
o(x -Xb)
M
maXa =

-gaY-:-

a4>

I1Xa
These

equations

could

be derived

from

the action

dst

E. C. G. Sudarshan

150

and treating the particles and the field as having independent degrees of
freedom.
These coupled equations can be solved in a perturbation approximation; the Green's function for the field may be chosen to be either the
time-symmetric (half-advanced, half-retarded) or the retarded Green's
function. The change from one kind to the other is equivalent to a change
in the choice of the initial field <f>in(x)by a term of the form
G adv(X

x(x)

Xb)} ds~

It is easily varified that X(x) is a solution of the homogeneous equation
(02 -Imr)x(x)

= O

It is interesting to note that the quantum field theory of tachyons6
naturally leads to a time-symmetric nonlocal interaction similar to the
one above.
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