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We extend the previously developed one-dimensional causal theory of tachyons to three dimensions. The
result is a three-dimensional theory of interacting tachyons in which coordinates in reference frames with
subluminal relative velocity are related by the Lorentz transformations, and in which no paradoxes involving
causal loops can arise. The resulting theory involves a preferred spatial direction and preferred velocity
perpendicular to that direction, so that physical laws governing tachyons are not invariant under rotations
or proper Lorentz transformations. This lack of invariance should manifest itself even in processes involving

only bradyons, to the extent that coupling to virtual tachyons is important. We discuss the limits which
experimental evidence on the validity of rotational invariance places on tachyon couplings in the theory and
possible additional experiments for searching for lack of such invariance. In general the limits which existing
evidence for rotational invariance places on tachyon couplings in our theory are much less stringent than the
very low limits on tachyon coupling strengths which were obtained in a recent experimental analysis of
Danburg and Kalbfleisch; we propose a possible mechanism which might allow tachyon couplings of a
reasonable magnitude without producing observable effects in the experiments considered by these authors.

Experimental searches for the tachyons pre-
dicted by the theory of Bilaniuk, Deshpande, and
Sudarshan' have yielded consistently negative re-
sults. ' One recent experimental analysis' seems
to place particularly drastic limits on the coupling
of tachyons to ordinary matter, and must cause
considerable pessimism as to the existence of
tachyons with couplings of sufficient strength to
allow their detection. On the other hand, some
other recent experiments seem to suggest, or at
least allow an interpretation in terms of the exis-
tence of tachyonic celestial bodies. 4' The most
striking example is in the study of the quasar
3C-279 made by means of very-long-baseline
interferometry which yields results whose most
direct interpretation is that the object contains
components which are flying apart at several times
the speed of light. 4 Also Weber's observations on
gravitational waves' can be interpreted in terms
of gravitational radiation by dense aggregates of
tachyonic matter. 6 The above, coupled with the
intrinsic interest of the problem, suggest that it
might be worthwhile to attempt a new approach to
a theory of tachyons.

Gne such approach is the extension of the Lorentz
transformations to inertial coordinate systems
having relative speeds greater than that of light. ' "
This approach can be developed within the frame-
work of special relativity only for a, one-dimen-
sional space. Some attempts have been made to
extend this model to three dimensions" "but the
situation as regards these results is far from
clear. '4 We do not wish to discuss these attempts
in detail here, except to observe that one either
appears to encounter problems of consistency and
physical interpretation, "'"' or else one obtains
a situation in which tachyons and bradyons can
interact only by the exchange of internal quantum
numbers and not 4-momentum. " We note that the
latter situation would offer no solution to the
problems discussed in Befs. 4-6. In this paper we
propose a procedure, which we believe is the only
feasible approach, for extending the results of
Refs. 7-10 to three dimensions.

The results yield a theory of tachyons with the
following properties: The space-time coordinates
of events in reference frames moving with sub-
luminal relative velocities are connected by the
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Lorentz transformations; tachyons and bradyons
can interact with exchange of 4-momentum; no
paradoxes involving causal loops can arise. The
results of the present paper are, perhaps, of
interest simply in demonstrating the existence of
a theory with these three properties, which to our
belief has not hitherto been done. The "price"
one pays is that in the theory presented here cer-
tain physical laws (those involving tachyons) are
not invariant under either rotations or proper
Lorentz transformations. " (The theory also vio-
lates invarianee under space inversion, although
this is perhaps less alarming to one's sensibil-
ities. ) Whether this lack of invariance rules out
the present theory on experimental grounds depends
essentially on the (unknown) strength of tachyon-
bradyon couplings. We will discuss this question
somewhat further below.

In the interest of clarity for the three-dimen-
sional case discussed here, we first summarize
the argument which shows that causal loops cannot
arise in the one-dimensional model discussed in I
and II. There are two crucial observations. First,
if the separation in time between two events on the
world line of a particle is positive in some refer-
ence frame, then the generalized Lorentz trans-
formations imply that the separation in space be-
tween the two events will always be positive {or
always negative, depending on the choice of di-
rection of the spatial axis) in a reference frame
having superluminal velocity (P&1) with respect
to the original frame. Secondly, if a particle is a
tachyon in one reference frame, it is a bradyon
in any reference frame moving with speed greater
than c relative to the first frame. From these
observations it follows that if a particle always
travels forward in time in a reference frame
where it is a bradyon (e.g., its rest frame) then
it always travels forward in space (although per-
haps backwards in time) in reference frames in
which it is a tachyon. It is then easy to show that
it is impossible to send a signal around a loop by
using any combination of tachyons and bradyons in
such a way that the signal returns to the same
point in space at a time ear1ier than it was sent,
and hence the type of paradoxical behavior in
which an event occurs if and only if it does not
occur is avoided.

We should perhaps clarify what is meant by say-
ing that a particle travels in a certain sense along
its world line. The assumption underlying I and II,
as well as most other discussions of possible
causal anomalies, "is that there is a unique di-
rection along the world line of a particle in which
information flows, which we might call the causal
direction. For example, if here exist particles
with world lines connecting two pieces of apparatus,

x = p, y (x'+ Pt'),
t= gy(t'+Px'),

(1a)

(1b)

where we have taken the x and x' axes to lie along
the preferred direction and P is the velocity (in
units with c =1) of 8' relative to S. p and y are
given by

y= ]1—P'( 't2

and
1 for P&1

for P &1

To Eqs. (1a) and (1b) we adjoin the usual trans-
formation equations for the coordinates in the di-
rections transverse to the relative velocity of the

say A. and A', then one of these, say A, can be
called the source and the other, say A', the de-
tector (or A the cause and A. ' the effect) by ob-
serving that if A is turned off from time to time,
say by the output of a random number generator,
then there are corresponding time intervals during
which particles never appear at A', while no
correlation will exist between turning off A' and
the appearance of particles at A. (This formula-
tion of the distinction between cause and effect is
essentially that of Newton. )" The causal direction
along the particle world lines is then from their
appearance at A to their appearance at A'. We
then make the assumption, based on our every-
day experience, that the causal direction along
the world line of a partic1e is in the direction of
increasing time in reference frames in which it is
subluminal. When we say that a particle travels in
in a certain direction along its world line, we mean
the causal direction. Presumably a tachyon whose
causal direction is backward in time, and forward
in space, which will have negative energy, ' will
appear to be a positive-energy tachyon traveling
forward in time and backward in space in accord-
ance with the reinterpretation principle. ' Thus
there would apPear to be tachyons traveling in both
directions in space, although in fact, according to
the theory in I and II, all tachyons "really" travel
in the positive spatial direction, in the sense that
that is the causal direction along their world lines.

To generalize the considerations of I and II to
three dimensions, we suppose that for some pre-
ferred direction in space there is a class of coor-
dinate systems, which we call preferred coordinate
systems, whose relative velocities are along that
direction (but may have magnitude greater or less
than c) such that the coordinates of events as seen
in two of these systems, say S and S', are con-
nected by the extended Lorentz transformation
equations of II, namely:
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two reference frames,

O'=S p

g =g'.
(lc)

(1d)

We refer to the preferred direction as the "tachyon
corridor. " For P&1, Eqs. (1) are, of course, just
the ordinary Lorentz transformations.

If we now let S' move with superluminal velocity
along the tachyon corridor relative to S, we may
define the complete set of reference frames ad-
missable in our theory. (This is the same as the
set of possible velocities for particles with rest
mass 0, since one assumes that the set of ad-
missable reference frames are defined by the set
of possible particle rest frames. ) These consist
of the set of all reference frames having any pos-
sible velocity of magnitude &1 in S, which we will
call reference frames of class I, and those having

any possible velocity of magnitude & I in S', which
we call class II. The two classes are well defined,
since, from II, one knows that if the x component
of the velocity of a particle in S' is less than unity,
then the x component of its velocity (and therefore,
of course, the magnitude of its velocity) in 8 will
be greater than unity; this clearly holds also in
the three-dimensional case, since the transforma, -
tion equations for x and t are same as in the one-
dimensional model.

We take the transformation equations connecting
the coordinates of an event in two reference frames
of the same class to be the Lorentz transforma-
tions, which agrees with Eqs. (1) for the special
case that the relative velocity of the two reference
frames is along the tachyon corridor. We take the
procedure for transforming from a general ref-
erence frame of class I, say S„ to a general ref-
erence frame in class II, say S„ to be given by the
following prescription. Transform from S, to
some one of the preferred reference frames, say
8, belonging to class I using the ordinary Lorentz
transformation. Then transform from S to one
of the preferred references frames in class II,
say S', by an extended Lorentz transformation
along the tachyon corridor, using Eqs. (1). Final-
ly, transform from S' to 8,. The theory not only
introduces a preferred direction in space, but it
introduces a preferred velocity, namely that of
the preferred reference frames, in the plane per-
pendicular to the tachyon corridor. That is to say,
simply, that the set of preferred reference frames
are, in fact, preferred; reference frames with a
nonzero transverse velocity relative to the pre-
ferred frames enter the theory on a different foot-
ing. On the other hand, there is no preferred
speed along the tachyon corridor in the theory.
Equations (1) do not distinguish any particular

value of the relative velocity along the ta,chyon
corridor (except, of course, ~P~=1 is not allowed),
so that the theory is invariant under proper Lo-
rentz transformation in that direction.

The recipe for transforming to a reference
frame with superluminal velocity is consistent in
the sense that it does not depend on the particular
choice of which of the preferred reference frames
one uses in the intermediate steps. This follows
from the group property of the ordinary Lorentz
transfor mations with P & 1, and of the extended
Lorentz transformations of II for the case of a
single spatial dimension. The result of this pre™
scription is not, as may easily be seen, the same
as using an extended Lorentz transformation along
the direction of the relative velocity of Sy and S,.
One cannot construct a consistent theory using the
latter procedure, since the group property is not
obeyed even after spatial rotations are included;
it is this fact which forces the introduction of the
tachyon corridor as the preferred direction along
which one can use the extended transformations.

Since Eqs. (1a) and (1b) are the same as in the
one-dimensional theory, it follows by the same
arguments as in the one-dimensional case that
the three-dimensional theory is free of causal
loops. We suppose that the time component of an
interval along the world line of a particle in the
causal direction is always positive in reference
frames, say those of class II, in which the particle
is a bradyon. Then it follows from (1a) and (1b)
that, in reference frames (those of class 1) in
which the particle is a tachyon, the component of
the interval along the tachyon corridor (the x axis)
will always be positive. The tachyon corridor
pl.ays the same role for tachyons as the time axis
does for bradyons. In the same way that the com-
ponent of the world line of a bradyon along the time
axis is always increasing, the component of the
world line of a tachyon along the tachyon corridor
is constantly increasing. Hence the same argu-
ments as in I and II guarantee that no combination
of tachyons and bradyons can be used to send a
signal around a path in space-time so that it re-
turns to its starting point (or, indeed, to any point
with the same x coordinate as its starting point)
at a time before it was sent.

The foregoing remarks indicate that we have,
indeed, a consistent theory containing interacting
tachyons, in which coordinate frames with sub-
luminal relative velocity are connected by the
Lorentz transformations, and in which causal loops
cannot arise. We now examine several experi-
mental consequences of the theory and consider
briefly whether it can be excluded on the basis of
exper imental considerations.

We first note that it follows from Eqs. (1) that,
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in the preferred coordinate systems, the angle
between the velocity vector of a tachyon and the
tachyon corridor is less than 45'. This is easily
shown. Suppose a particle is a bradyon in 8' with
speed v'&1. Let v~'~ and v~ be the components of
its velocity parallel and perpendicular to the
tachyon corridor. If v~~ and v are the corre-
sponding components in S, where the particle is a
tachyon, Eqs. (1) yield immediately

VII+p
v

g
p

1+v, p

where p is the velocity of S' relative to S. It is
then easy to show that

(1 —v')' (P' —1) + (1+Pv(i)'

(1 p")'

(4)

whence, remembering that v'&1 and p&1, it fol-
at once that v~~

2 & v~2.

In a reference frame having a velocity u in a di-
rection perpendicular to the tachyon corridor rel-
ative to a pr eferr ed refer ence frame, the velocity
vectors of tachyons are confined to a cone whose
opening angle is of order tan '(1 —u') ' '. It is
amusing to note that it would be possible, depend-
ing on the velocity of the earth relative to the
tachyon corridor and on what the orientation of
experimental apparatus relative to the preferred
direction happened to be, that a particular experi-
mental arrangement for a tachyon production ex-
periment might be incapable of resulting in the
detection of tachyons, even if their production
were possible.

Next we observe that the transformation equa-
tions (1) do not leave invariant the magnitude of
the scalar product a,bo —a, b, —a2b2 —a,b, of two
four-vectors "a"and "b"under a transformation
to a coordinate system with superluminal velocity.
This is true because, as discussed in II, for P &1
Eqs. (la) and (lb) give

2 ]2 gp2 p2
0

Thus Eqs. (1) result in

Ob0 +1b1 2b2 a3b3 = a b —a0 b0 Q2 b2 3 b3

(8)
where we have taken the "1"axis to be along the
tachyon corridor.

The noninvariance of the four -vector scalar pr o-
duct has twoconsequences. First, taking a =h = (t, r),
a lightlike space-time interval with t' -r' =0, one
sees from (8) that t"—r" = 0 only if r = (x„0,0),
i.e., if r is along the tachyon corridor. Thus a
light signal in class-I coordinate systems will

have speed c in class-II systems only if, as mea-
sured by a preferred observer, it happens to be
moving along the tachyon corridor. Let us take
"our" coordinate systems, i.e., those with sub-
luminal velocity relative to the earth, as those of
class I. Clearly there is no direct conflict with
experiment in a prediction that the speed of "our"
photons, i.e., quanta of the fields which obey Max-
well's equations in our coordinate systems, do not
in general have speed c in class-II coordinate
systems, since we do not, after all, have any data
on the speed of light taken with apparatus at rest
in a superluminal reference frame. This result
does have some implications, however. Thetrans-
formation equations (1) are completely symmetric
between coordinate systems of classes I and II.
In particular c plays a special role for both classes
of reference frames, in that an object moving
with speed c in one reference frame moves with
speed c in every reference frame of the same
class; this is implied, of course, by the fact that
the extended Lorentz transformations are, for sub-
luminal velocities, simply the usual ones, con-
structed to make the speed of light invariant. It is
thus most natural and pleasing to assume that
physics is at least to some extent the same in the
two classes of reference frames. In particular,
it seems very natural to suppose that there are
fields which obey Maxwell's equations in reference
frames of class II—we might call these "their"
electromagnetic fields. " However, if our proposed
extended Lorentz transformation equations were
to be correct, "their" electromagnetic fields would
not be "our" electromagnetic fields (and vice
versa) since their field quanta do not, in general,
propagate with speed c, and hence the fields do
not obey Maxwell's equations, in our reference
frames. Hence, there is no reason to suppose that
the coupling strength of their photons to our
charged particles is given by the electric charge e;
for that matter, the coupling between a class-II
photon and a class-I particle might not even have
anything to do with the particular property which
we call electric charge which governs the coupling
of class-I particles to the fields obeying Maxwell's
equations in class-I coordinate systems. Thus
even if there are "charged" tachyons, i.e., tachy-
ons which behave in class-II reference frames
the way ordinary charged particles behave in our
reference frames, the present theory would imply
nothing about the way in which they would couple
to ordinary matter; in particular, their coupling
to ordinary matter might be arbitrarily weak, so
that no minimum rates for the production of tachy-
ons would be implied. This is, of course, a two-
edged aspect of the theory. On the one hand it
means that the negative results obtained thus far
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in experimental searches for tachyons' certainly
have no absolute implications about their nonexis-
tence. On the other hand, it could well be that
even if tachyons exist, their coupling to ordinary
matter would be so weak as to make their obser-
vation, for all practi:cal purposes, impossible.

The second consequence of the noninvariance of
the magnitude of the four-vector scalar product,
as expressed by Eq. (8), is that one will observe
a continuum of "rest masses" for tachyons. Equa-
tion (8) implies that the energy and momentum of
a tachyon in a preferred reference frame obey

p ~ pg ~ 2p (9)

where m,' is its rest mass in class-II reference
frames where it is subluminal, and P~ is the com-
ponent of its momentum perpendicular to the tach-
yon corridor. %e assume, as implied by the ex-
tended principle of relativity, that m,' has a defi-
nite value, just as the rest mass of a bradyon has
a definite value in class-I reference frames. Then,
from (9), it follows that the value of the "rest
mass, " i.e., E'-P', of a particular kind of tach-
yon wiH have a unique value in class-I reference
frames only for those particles having the same
transverse momentum in the preferred reference
frames. There is, of course, no violation of sym-
metry between the two classes of coordinate sys-
tem involved here. In class-II coordinate systems,
which include all tachyon rest frames, tachyon
rest masses have well-defined real values, and
class-I bradyons (bradyons in class-I systems)
would be observed to have a continuum of negative
values for E"-P"-. One further observation may
be made. The one-dimensional theories involving
extended Lorentz transformations to superluminal
reference frames' "kinematically resemble the
previous tachyon theories. ' It is clear from (9)
that the present three-dimensional generalization
does not, except along the tachyon corridor.

The most startling aspect of the present theory
is the lack of invariance under rotations and under
pure Lorentz transformations perpendicular to the
tachyon corridor. If tachyons couple to ordinary
matter, one will observe a lack of invariance even
in processes involving only bradyons because of
virtual tachyon effects. Since one is still suppos-
ing that reference frames with subluminal rela-
tive velocities are connected by the usual Lorentz
transformations, the experimental predictions
which provide the principal support for our belief
in special relativity„nBmely the validity of rela-
tivistic kinematics and the invariance of the speed
of light, can hold equally well for the present the-
ory, so that the success of these predictions pro-
vides no evidence against the tachyon corridor
idea. In principle the lack of invariance under

proper Lorentz transformations would appear,
e.g., as a difference in the values obtained for the

PP cross section in two measurements taken with
the same beam 12 hours apart, when the earth' s
rotation will have caused the direction in space of
the incident beam to reverse. The two experi-
mental situations differ only by the fact that the
center-of-mass frames in the two cases are con-
nected by a proper Lorentz transformation along
the beam direction. It is not clear what the experi-
mental limits on such a variation are, since it has
probably not been looked for explicitly when such
cross sections have been measured. In any event,
as we will see, experimental tests of rotational
invariance put sufficiently small limits on the
magnitude of tachyon-bradyon eouplings that any
effects of the type we are discussing due to tachy-
ons would be unobservable. %e remark in passing
that, on general grounds, a careful search for
variation in the PP cross section with the earth' s
rotation, i.e., with the velocity of the center-of-
mass system would, to the extent that systematic
effects could be eliminated, be useful for estab-
lishing limits on (or detecting) a noninvariance
of the strong interactions under proper Lorentz
transformations, something on which there does
not seem to be much in the way of existing experi-
mental evidence.

The lack of rotational invariance (RI) in the
present theory, and the consequent viol. ation of
conservation of angular momentum, might be
expected to manifest themselves more readily. The
best experimental limits on the violation of RI
would appear to come from the validity of selection
rules derived from angular momentum conser-
vation in electromagnetic decays of nuclei. Some
very long lived nuclear levels are known which
decay primarily by the emission of E5 multipole
radiation, although the reduced decay rates for
these transitions are down by factors of the order
of 10"compared to the numerous measured rates
for E2 (electric quadrupole) radiation. " (Pre-
sumably the E5 reduced rates are even smaller
compared with those for electric dipole transi-
tions, but rather little data are available on the
latter. ) The factor of 10", as well as the rates
for other multipole transitions, are in rough
agreement with the general theoretical expectation
that the rate for emission of multipole order / is
proportional to (8/X)'"', where 8 is the nuclear
radius and X the wavelength of the emitted radi-
ation, so that the low rates for the E5 transitions
are certainly due primarily to the high multipole
order, and not to any details of the nuclear phys-
ics. The fact that the transition occurs by the
emission of such a high multipole is due, of
course, to the large difference in the angular mo-
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mentum of the initial and final states. The fact,
then, that these transitions occur with such ex-
tremely slow rates implies that the eigenstates
of the nuclear Hamiltonian correspond to definite
values, J&, of the angular momentum with a max-
imum admixture of other values being of the order
of 10 ' in amplitude. (If the admixture consisted
almost entirely of states with angular momenta
differing from the J& by +1, the limits on the ad-
mixture would be only about 10 ' in amplitude.
There seems to be, however, no obvious reason
why a violation of RI of the type we are considering
here would lead exclusively to admixtures of states
differing by only + I in angular momentum. ) This
result then implies a bound on the square of the
coupling constant between nucleons and virtual
tachyons of about 10 ' times the square of typical
strong coupling constants, or 10 ' times the fine-
structure constant. Similar arguments for the
rotational invariance of the nuclear Hamiltonian
arise from the validity of selection rules in nuclear
P decay, although the implied limits in that ca,se,
while comparable, appear somewhat less stringent.
The P-decay selection rules imply an additional
kind of restriction on tachyon couplings. Namely,
if there exists a tachyon state which couples both
to a proton and antineutron, and to a lepton pair,
i.e., an electron and antineutrino, with coupling
constants G~„-, and G, „-&, respectively, then one
must have G~„-, G, —„,~10 'G, where G is the usual
coupling constant in the current-current theory of
weak interactions; that is, the product G,-„,G, „—,

must be less than about 10 "times the square
of typical strong-interaction coupling constants.
If this were not so, tachyon exchange could com-
pete with the conventional weak interactions to an
extent that would violate the observed validity of
P-decay angular momentum selection rules, not
because the initial and final states do not corre-
spond to definite values of J, but because the
interaction Hamiltonian would contain a piece
which would not transform as a scalar under rota-
tions.

%e also mention briefly experimental limits on
the violation of RI in various other situations. The
best limits in processes involving coupling to elec-
trons would again appear to follow from the val-
idity of angular momentum selection rules (this
time for atoms). Since one is able to observe only
first-oz der forbidden atomic transitions, because
of collisional deexcitation, whose decay rates are
down by factors of the order of 10' compared with
the rate for normal transitions, one obtains a
limit of about 10 ' of the fine-structure constant
on the square of the coupling constant between
electrons and virtual tachyons. %e also note that
the availability of vast amounts of accurate astro-

nomical data implies that any effects which violate
RI arising from a long-range force affecting all
mass equally must be very small compared with
the usual gravitational interaction.

There is comparatively little evidence for rota-
tional invariance in strangeness-changing weak
decays, and one might hope that these would af-
ford the opportunity of observing the RI-violat-
ing effects prediced by the present theory. Sup-
pose that tachyon couplings are such that tachyons
couple to baryons with strangeness change of
either 0 or 1, in the way that the weak vector
boson is assumed to do; that is, suppose, for
example, that there exists a tachyon which can
couple both to a, proton and antiproton, and to a
neutron and A. Then in the present theory, if the
magnitude of the tachyon couplings is comparable
to usual weak-interaction couplings, tachyon ex-
change processes can compete with those involving
S'exchange and could be expected to lead to such
effects as anisotropy in the decay K'-m'+ m' in the
center-of-mass system. It is not clear to us what
the experimental limits on such an anisotropy are,
but we suspect they are not very severe. This is
especially true since, depending on the times at
which data were taken and the orientations of the
tachyon corridor, the earth's rotation, unless cor-
rected for, may wash out the effect, since a fixed
direction in space will not correspond to a fixed
direction with respect to the experimental appara-
tus. The presence of such anisotropies could pro-
vide a method of detecting the effects of tachyons
obeying our theory if tachyon-bradyon couplings
are of the magnitude of the usual weak couplings.
(It could, of course, be that tachyon couplings
which contribute to weak processes are corre-
spondingly weaker than those which contribute
to processes which proceed by strong or electro-
magnetic interactions among bradyons, in which
case one would gain nothing by searching for tachy-
onic effects in weak processes. There is, however,
no a priori reason why tachyon couplings should,
for example, respect conservation of strangeness,
so it is possible that their relative importance
could be much greater in a process such as K-2v. )
However, the Fermi constant, G, is of order 10 '
in units of the Amass, i.e., about 10 times typ-
ical strong-coupling constants, Thus virtual tach-
yons even if coupled with the maximum strength
consistent with observations on the validity of RI,
could lead to anisotropies in If decay of only 130

,or less, which would be difficult to detect.
From the above limits on the ratio of tachyon cou-

plings to the fine-structure constant, one would esti-
mate an upper limit on tachyon production cross
sections of perhaps 10 ' times photoproduction
cross sections; the latter are typically of the order
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of 100 p,b. The upper limit of about 10 4
p, b on

tachyon production cross sections which is thus
-suggested if the present theory is not to conflict
with experimental evidence on RI is substantially
below the sensitivity of any of the experimental
searches for tachyon production, and is small
enough that even if tachyons described by the pres-
ent theory were to exist, and their couplings to
ordinary matter to have the maxj. mum values con-
sistent with evidence for RI, the detection of tachy-
on production would be very difficult. In addition,
of course, the small limits on tachyon couplings
in our theory mean that their direct observation,
even after having been produced, would be exceed-
ingly difficult. In particular we have seen that any
coupling they have must be much weaker tha. n the
usual electromagnetic couplings, so that those
experiments which look for Cerenkov radiation
from tachyons would not be expected to be success-
ful, leaving experiments of the missing-mass type,
which seek to observe systems of negative "rest
mass" squared, as the only hope for the direct
observation of individual tachyons; the feasibility
of such experiments with cross sections as small
as implied by our theory is, clearly, extremely
doubtful.

Actually, the strongest experimental argument
against the existence of tachyons is given by Dan-
burg and Kalbfleisch. ' They analyze several ex-
periments to look for decays of protons or elec-
trons into tachyons or tachyon-antitachyon pairs.
For protons, they find no evidence of such decays
in which the energy gain of the proton in the lab-
oratory system is greater than a few MeV. This
corresponds to a squared rest mass for the tachy-
on system, which is also the squared 4-momentum
transfer to the proton (the usual Mandelstam vari-
able i) less than about —0.01 GeV'. The analysis
of Danburg and Kalbfleisch leads to a tachyon-pro-
ton coupling constant squared of the order of 10 "
times the square of the graviton-proton coupling,
or about 10 "times the fine-structure constant.
For electons, comparable but slightly less strin-
gent limits on the strength of the coupling are ob-
tained, a,nd the results extend down to even smaller
limits on the magnitude of t. This analysis sug-
gests that one will never observe individual tachy-
ons, since even if they did exist with couplings
this weak, it seems unlikely that they would ever
be detectable. The fact that the experimental re-
sults extend to tachyon emission with very small
values of t seems to preclude any argument that
tachyons have couplings with a reasonable order
of magnitude but that form factors for tachyon
emission fall very rapidly with t. There is one
way around the conclusion that tachyon couplings
obey these very stringent limits however. Con-

sider the reaction

&(0)-&(-p) + &(+p), (10)

where B is a bradyon, T a tachyon or systemof
tachyons, and the symbols in parentheses are the
three-momenta of the corresponding particles,
so that we are in the rest frame of the initial
bradyon. If m, ' is the (negative) rest mass squared
of the tachyonic system, then the possible ener-
gies, E, , of the tachyonic system are

g(p2 ~m 2)1/2 (11)

Of course if (10) is to occur as a real process,
then conservation of energy requires that E, have
the value corresponding to choosing the minus
sign in (11); it is reactions of this type which the
results of Ref. 3 show can occur only with ex-
tremely small couplings. It seems conceivable,
however, that the nature of the interaction between
bradyons and tachyons is such that (10) can occur
only with a positive-energy tachyon, i.e., with the
choice of the positive sign in (11). We emphasize
that this is a relativistically invariant notion.
There will be reference frames in which the tachy-
on energy is negative, reflecting the spacelike
nature of tachyon 4-momenta. However, all ob-
servers will agree on the sign of the tachyon en-
ergy in the initial bradyon rest frame. Likewise,
some other bradyon would only be able to emit
tachyons u/ith Positive energy in its rest frame.
This assumption implies, of course, that (10)
can occur only as a virtual process, but this would
still allow the production of real tachyons in re-
actions such as B+B-B+B+T. Thus, if one
assumes that (10) can occur only with the plus
sign in (11), it would appear that the existence of
tachyons with couplings to ordinary particles of
such a magnitude as to at least give hope of being
able to observe them is not ruled out experimen-
tally; if they are described by the theory developed
in this paper, the limits on their couplings would
appear to be those discussed above which follow
from the observed validity of BI. If (11) can hold
with the minus sign, then the extremely low limits
on tachyon coupling strengths obtained in Ref. 3
hold, and the possibility of detecting individual
tachyons seems remote. As a matter of principle,
of course, tachyons described by the theory de-
veloped in this paper could exist in nature with
coupling strengths obeying the limits obtained in
Ref. 3, since these are many orders of magnitude
too small to lead to observable violations of RI.
It is conceivable in this case that massive tachy-
onic bodies, should they exist and couple coher-
ently to "our" luxon or bradyon fields, might be
detectable, even though individual tachyons would
not.
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(16)

The assumption that a particle can only emit
tachyons with positive energy in its rest frame has
another interesting result. It leads to the elimina-
tion of poles in scattering amplitudes in the vari-
able t which can occur for physical values of t
and hence result in infinite differential cross sec-
tions if single„stable tachyons can be exchanged,
as has been pointed out, e.g., in Ref. 20. To see
how thas comes about, consider a bradyon reac-
tion A. +B-A.'+B'. Let us work in the rest frame
of particle B, which we assume to be stable. Then,
in notation analogous to that in Eq. (10), the reac-
tion can be written

&(0)+&(0)-&'(p- q)+&'(q) . (12)
We consider the contribution to the scattering from
the process in which particle B emits a virtual
tachyon T of three momentum -q, later absorbed
by A, and recoils as a B'; that is, we consider
the contribution in 2nd-order perturbation theory
from an intermediate state containing A(p), B'(q),
and T(- q). Let nE be the difference in energy of
the B' and the B so that

aE=(m~ '+q')'~'-m~, (13)
where the stability of B implies ma~ ~m~ so that
nE&0. [Note that it follows from Eq. (9) that
q' &0 provided the tachyon is not massless; there
are no zero-momentum tachyons, just as there
are no zero-energy bradyons, . except in the case
of massless particles. ] Now one will get an in-
finite contribution to the cross section, coming
from the vanishing of the perturbation-theory en-
ergy denominator, whenever the energies of the
intermediate and initial states are equal, i.e.,
when

6E = —Er(- q), (14)

where the tachyon energy E~ is given by

Er(- q) = +[q'+(mr(-q) ']' ', (15)

and mr(-q) is the observed "rest mass" of the
tachyon when it has momentum -q; we remind
the reader that, from Eq. (9), the value of Er'
—q' depends on q. For Eq. (14) to be satisfied,
it must be true that

f =(~E)2 - q'
=[mr(-q)]' .

In the case of the exchange of ordinary particles
with positive m' the analog of (16) gives no prob-
lem, as it always leads to a pole at a value of I;

outside the physical region. However for tachyons
m&'& 0, and the value of t satisfying (16) can be in
the physical region. However, the infinity only
occurs if Eq. (14) is satisfied, and since nE &0,
that implies that one must take the minus sign in
(15). If it is true that tachyons are only emitted
with positive energy in the rest system of the
emitting particle, then the energy of the exchanged
virtual tachyon is given by (15) with the plus sign,
(14) is not satisfied, and no infinity occurs.

The problem of infinities in scattering amplitudes
can also be avoided as in Ref. 20, where it is
postulated that only unstable tachyons are ex-
changed, i.e., that one exchanges systems of tachy-
ons which can have a spread of energies for a given
momentum. [Note, incidentally, that the spread
in energy, or mass, corresponding to the presence
of an unstable system, is different from the de-
pendence of mass on momentum in the present
theory as exhibited in Eq. (9). In the latter case,
one can have tachyonic systems which have a def-
inite mass corresponding to any particular value
of their momentum, albeit the value depends on
the momentum. In the case of an unstable particle,
the mass can vary even when the momentum is
unchanged. ] The authors of Ref. 20 use such a
model to explain some of the structure in momen-
tum transfer observed in strong-interaction dii-
ferential cross sections. Tachyons obeying the
theory presented in the present paper could not,
of course, do this even if unstable, since they
must be coupled far too weakly in order to avoid
observable violations of RI. However, in a theory
with only unstable tachyons, which cannot prop-
agate over long distances, it would appear that,
at least as a practical matter, problems with caus-
al loops would not arise. It was largely to avoid
these problems that we were driven, in the present
work, to a theory with a preferred spatial direc-
tion. Hence if one is willing to forego the possi-
bility of stable tachyons, there is presumably no
reason to abandon RI, and hence no need to assume
a limit on the strength of tachyon couplings.
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It is often said that the speed of a freely falling test particle in the Schwarzschild field approaches the
speed of light at the Schwarzschild radius. It is shown that this is not the case.

Many discussions of motion in the Schwarzschild
field say that the speed of a freely falling test par-
ticle approaches the speed of light as the particle
approaches the Schwarzschild radius; Refs. 1-5
indicate a sampling of such discussions. One
might infer from these sources that a test particle
does, in fact, cross the Schwarzschild radius with
the speed of light. It is the purpose of this note to
emphasize that this is not the case. (For simplic-
ity, only radial geodesics will be discussed. )

Before giving what I consider to be the correct
description, it may be instructive to examine
briefly two of the "standard" treatments; other
treatments may be analyzed in similar fashion.
Zel'dovich and Novikov say' that the velocity they
use "has direct physical significance. It is the
velocity measured by an observer who is at rest

(r, 8, P constant) at the point which the particie is
passing. " The coordinates referred to here are
the usual Schwarzschild coordinates; with a suit-
able choice of units, the line element may be writ-
ten as

ds' = (1 —2m/r)dt' —(1 —2m/r) 'dr'

—r'(de'+ sin'8dg') .

It is clear from Eq. (1) that an observer "at rest"
at the Schwarzschild radius, y =2', must move
with the speed of light. One might say, then, that
the reason a test particle's speed approaches the
speed of light is that it is measured by a family of
observers whose speeds approach the speed of
light. There is no reason to conclude from such
measurements that the particle actually reaches


