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& ABSTRA T - The chronologic exr of events along 2 space—like
path is T invarl t der LO rranst ations: as wellkn W . This
ied to early coB jon tha rachyons give rise t causal anoma
1ies relatiVv sti exsio Stuckelberg eynman “SWitching proce
dure’ ( h invoke uita t eliminate ge ano~
malies:. The appl atio wgwp" doe elim ate the motio b ckwards

in time. but interchanges the roles of sounce and datecton.

This fact triggered the proposal of & host of causal “paradox s".
Till nowW: however: it has not been recognized that such paradoxes can be
sensibly discussed (and completely solved: at "in M ophysi ny only
after having pr develop® the t hyon 1 jvistl echani

rart chowind h appl e "SWP" bo rhe caseé onddi
ny gpecl 1ativity: the case with rachyons- refully
xplOit kinema £ e tachy —exchand twee (ordinary podies-
Being ginall rackle e tachyon™ ausality problem, ces~

sively solve the paradoxes: (1) by Tolman—Regge; (ii) wY piranli 111) bY

gamonds i (iv) bY Bell. At last. we discuss & furthel; new paradox assoO
red with the transmission of signals by modulated rachyon peams -

1 - INTRODUCTION
it is well—known rhat the chronological order of the events
along 2 space—like path is not invariant under Lorent? gransfor”

mations.

would give rise €0 causal anomalies; Tolman's proposal of the
“anti—telephone paradox“ (*y, e-9-’ goes pack to 1917.

A relativistic yersion of the Stﬁckelberg—Feynman"Sﬁxching
Procedure" (also xnown 28 “reinterpretation principle“) was iP7
yoked in 1962 by gudarshan and coworkers(‘) as the suitable ool
ro solve those anomalies for rachyons: The application of the
“Switching“ does eliminate the motions backwards in time,“:“’
put has the consequence that the roles of source andcﬂieumnf get
interchanged (i.e-r they pecome in their turn frame—dependent ) .
This fact triggered the proposal of & host of causal paradoxes,

and & 1ot of discussions.

_
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Til]l now, however, it hag Not beep widely recognized -~ nor
sufficiently, emphasized—— that the Causg}l paradoxes can be sen-
Sibly discussed (angd, in our opinion, completely clarified and
Solvegq, at least "in microphysics") only after having properly
developed the relativistic Mmechanjeg of tachyons. We think it to
be the time, therefore, for reneweg View Over the whole

ativity, i.e, forgetting about tachyons. On the contrary,in Sect,
4 we shalj €Xtend, i, a preliminary form, the "SWP" o the cage
with tachyons. In Sect.S, then, We shajj carefully eXplojit the

kinematics Of the tachyon-exchange betweep two (ordinary)bodles.
Finally, We shalj be able ¢go tackle —in Sect, 7 the

Transformations, LT) which
sufficient reguirements: (1) o be linear

diag(+l,—l,—l,—l) = nuv. (3,



Egs. (1)-(3) imply that detgf =1; (L°o)23 1. The set of all
subluminal (Lorentz) transformation;_satisfying all our conditions
consists —as is well-known-— of four pieces, which form a non-
compact, nonconnecte@ group (the Full Lorentz Group). Wishing to
confine ourselves to space-time "rotations" only, i.e. :to- the
case det£.=+1, we are left which the two pieces

{L:}: L°s >+1; detL =+1; (4a)
{Li}: L’ <-1; detl =-1, (4b)

which give origin to the group of the proper (orthochronous and

antichronous) transformations

Lt =L ULl = {r,} U{L+} (5)
and to the subgroup of the(ordinary)proper ortochronous transfor

mations
- t
L, = (L.l (6)

both of which being, incidentally, invariant subgroups of the
Full Lorentz Group. For reasons to be seen later on, let us re-

write £+ as follows

L = LT

2
+ + 8 Z(2); % (2)={/+1}={+1,-11}. (5")

We shall skip in the following, for simplicity's sake, the sub-
script + in the transformations E+, E_+. Given a transformation

fi, another transformation Zf € fI_ always exists such that

tt- 1. o',wctes!, (7)
and vice-versa. Such a one-to-one correspondence allows us to
write formaly

+_ _pt .

.E+_ L, . (7"

It follows in particular that the central elements of £+ are:



€= (+1,-1).

Usually, even the piece (4b) is discarded. Our present aim is
to show —on the contrary— that a physical meaning can be
attributed also to the transformations (4b). Confining ourselves
here to the active point of view (cf. ref.(74) in the following
and references therein), we wish precisely to show that the the-
ory of SR, once based on the whofe proper Lorentz group (5) and
not only on its orthochronous part, will describe a Minkowski

space-time populated by both matter and antimatter.

2.1. The Stiickelberg-Feynman "switching principle"” in SR

Besides the usual postulates of SR (Principle of Relativity,
and Light-Speed Invariance), let us assume —as commonly admit-
ted, e.g. for the reasons in Garuccio et al (5), Mignani and Re-
cami (% -~ the following:

Assumption - <<negative-energy objects travelling forward in time
do not exist>>. We shall give this Assumption, later on, the
status of a fundamental postulate.

Let us therefore start from a positive-energy particle P
travelliné forward in time. As wellknown, any orthochronous LT
(4a) transforms it into another particle still endowed with pos-
itive energy and motion forward in time. On the contrary, any
antichronous (= non-orthochronous) LT (4b) will change sign

—among the others— to the time-components of all the four-vectonrs

associated with P. Any g} will transform P into a particleP'en-
dowed in particular with negative energy gﬂg_motion backwards in
time (Fig.l).

In other words, SR together with the natural Assumption
above impfies that a particle going backwards in time (Godel(’))
(Fig. 1) corresponds in the four-momentum space, Fig. 2, to a
particle carrying negative energy; and, vice-versa,that changing’
the energy sign in one space corresponds to changing the sign of
time in the dual space.It is then easy to see that these two para-
doxical occurrences ("negative energy" and "motion backwards in
time") give rise to a phenomenon that any observer will describe
in a quite.onthodox way, when they are —as they actually are—
simultaneous (Recami (%), (8) and refs. therein).

Notice, namely, that: (i) every observer (a macro-object)
explores space-time,Fig. 1, in the positive t-direction, so that
we shall meet B as the first and A as the last event; (ii) emis-

sion of positive gquantity is equivalent to absorption of nega-
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tive quantity, as (=)-(-) = (+)+(+); and so on.

Let us now suppose (Fig.3) that a particle P' with negative
energy (and e.g. charge -e) moving backwards in time is emitted
by A at time t, and absorbed by B at time EZ‘:El' Then;it follows

that at time t, the object A "looses" negative energyand charge,

1
i.e. gains positive energy and charge. And that at time L]
the object B "gains" negative energy and charge, i.e. fooses pos
itive energy and charge. The physical phenomenon here described

is nothing but the exchange jrom B to A of a particle Q with pos

{tive energy, charge +e, and going foiward in time. Notice that
Q has, however, charges opposite to P'; this means that in a
sense the present "switching procedure" (previously called "RIP")
effects a "charge conjugation" C, among the others. Notice also
that "charge", here and in the following, means any additive
charge; so that our definitions of charge conjugation, etc., are
more general than the ordinary ones (Review I(9), Recami (10) ).
Incidentally, such a switching procedure has been shown to be
eguivalent to applying the chirality operation Yg (Recami and

zZiino (11)).

2.2. Matter and Antimatter from SR

A close inspection shows the application of any antichronous
transformation Ei, together with the switching procedure,to trans



form P into an object
Q=P

which is indeed the anfiparticle of P.We are saying thatthe concept
0f anti-matten is a punely nelativisiic one, and that, on the

basis of the double sign in [c = 1]

+ 2 2
- p- t+ mg (9)

E =
the existence of antiparticles could have been predicted from
1905, exactly with the properties they actually exibited when
later discovered, provided that recourse to the "switching pro-
cedure"” had been made. We therefore maintain that the points of
the lower hyperboloid sheet in Fig.2 —since they correspond not
only to negative energy but also to motion backwards in time—
represent the kinematical states of antipanticle P (of the parti
cle P represented by the upper hyperboloid sheet)}. Let us explicit-
ly observe that the switching procedure exchanges the roles of
source and detfecton, so that (Fig.l) any observer will describe
B to be the source and A the detector of the antiparticle E.

Let us stress that the switching procedure not only can,
but must be performed, since any observer can do nothing but ex-
plore space-time along the positive time-direction. That proce-
dure is merely the translation into a purely relativistic lan-
guage of the Stiickelberg (12} - Feynman (13) "Switching princi-
ple". Together with our Assumption above, it can take the form
of a "Third Postulate": <<Negative-energy objects travelling
forward in time do not exist; any negative-energy object P
travelling backwards in time can and must be described as its
anti-object E going the opposite way in space (but endowed with
positive energy and motion forward in time)>>. Cf. e.g. Caldirola

and Recami (%), Recami (8) and references therein.

2.3. Further remarks

a) Let us go back to Fig.l. In SR, when based only on the
two ordinary postulates, nothing prevents a priori the event A
from influencing the event B. Just to .forbid such a possibility
we introduced our Assumption together with the Stiickelberg-Feyn-
man "Switching procedure". As a consegquence, not only we elimi-

nate any particle-motion backwards in time, but we also "predict"



and naturally explain within SR the existence of antimatter.

b) The Third Postulate, moreover, helps solving the paradoxes
connected with the fact that all relativistic equations admit,
besides standard “"retarded" solutions, also "advanced" solutions :
The latter will simply represent antiparticles travelling the
opposite way {(Mignani and Recami ('*)). For instance, if Maxwell
equations admit solutions in terms of outgoing (polarized)photons
of helicity A = +1, then they will admit also solutions in terms
of incoming (polarized) photons of helicity A = -1; the actual
intervention of one or the other solution in a physical problem
depending only on the initial conditions.

c) Eqs. (7),(8) tell us that, in the case considered,any §¢
has the same kinematical effect than its "dual" transformation
;T, just defined through eq.(7), except for the fact that it
moreover transforms P into its antiparticle P. Egs.(7),(7') then

lead ( Mignani and Recami (15%!7))to write
-1 =PT=CPT, - (10)

where the symmetry operations P,T are to be understood in the
"strong sense": For instance, T = reversal of the time-components
of all fourvectors associated with the .considered phenomenon
(namely, inversion of the time 5£;>energy axes). We shall come
back to this point. The discrete operations P,T have the ordinary

meaning. When the particle P considered in the beginning can be

regarded as an extended object, Pavsic and Recami (*8 ) have shown
the "strong"” operations P,T to be equivalent to the space, time
reflections acting on the space-time both external and internal
to the particle world-tube. -

Once accepted eq.{(10), then eq.(7') can be written

¢_ g T= J T "
L1 =(PT) L = (CcPT)L,. (7"
In particular, the total—inversion_§¢==-l transforms the process
a+b~+c+dinto the process d +c~+ b+ awithout any change

in the velocities.

d) All the ordinary relativistic laws (of Mechanics and
Electromagnetism) are actually already covariant under the whole
proper group £

b eq. (5), since they are CPT-symmetric besides

being covariant under £+.



e) A few quantities,that happened (cf. Sect.4.4 in the fol-

are no more invariant un-
be

lowing) to be Lorentz-invariant underl € Lo
der the transformations LE€L . We have already seen this to

true for the sign of the additive charges, e.g. for the sign
of the eletric . charge e of a particle P. The
ordinary derivation of the eletric-charge invariance is

obtained by evaluating the integral flux of a current through a
surface which, under L , moves’changing the angle formed with
the current. Under E’LE .Ci the surface "rotates" so much with respect
to the current,that the current enters it through the opposite
face; as a consequence, the integrated flux (i.e. the charge)

changes sign.

3 - ON THE POSTULATES OF SPECIAL RELATIVITY

3.1. Foreword

Let us now take on the issue of Tachyons.
As wellknown, Superluminal particles have been given the
name "Tachyons" (T) by Feinberg (}?) from the Greek word Taxﬁs =

= fast. << Une panticule qui a un nom possede deja un debut

d'existence>> (A particle bearing a name has already taken on some
existence) was later commented on by Arzeliés (20). We shall call
"Luxons" (2), following Bilaniuk et al. (2) , the objects travel-
ling exactly at the speed of light, like photons. At last, we
shall call "Bradyons"(B) the ordinary subfuminal (22< gz) objects,
from the Greek word Bpadis = slow, as it was independently pro-
posed by Cawley(2l), Barnard and Sallin (??2), and Recami(?2});see
also Baldo et al (?%).

Tachyons, or space-like particles, are already known to

exist as inteanal,intermed{ate states or exchanged objects (25).

Can they also exist as "asymptotically free" objects?

We shall see that the particular —and unreplaceable— role
in SR of the light-speed ¢ in vacuum is due to. its {nvariance (namely,
to the experimental fact that ¢ does not depend on the velocity
of the source), and not to its being or not the maximal speed
(see e.g. Recami and Modica (28)

Since a priori we know nothing about Ts, the safest way to
build up a theory for them is trying to generalize the ordinary
theories (starting with the classical relativistic one, only la-
ter on passing to the gquantum field theory) through "minimal ex-
tensions", i.e. by performing modifications as small as possi-

ble. Only after possessing a theoretical model we shall be able
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to start experiments: Let us remember that,not only good exper-
iments are required before getting sensible ideas (Galilei (327,
28)), but also a good theoretical background is required before
sensible experiments can be performed.

The first step consists therefore in facing the problem of
extending SR to Tachyons. In so doing, some authors limited them
selves to consider objects both subluminal and Superluminal, al-
ways referred however to subluminal observers ("weak approach").
Other authors attempted on the contrary to generalize SR by

introducing both subluminal observers (s) and Superluminal obsery
ers (S), and then by extending the Principle of Relativity

("strong approach"). This second approach is theoretically more
worth of consideration (tachyons, e.g., get igggnproper—masses),
but it meets of course the greatest obstacles (25) [in fact, the
extension of the Relativity Principle to Superluminal inertial fra
mes seems to be atradightforward only in the pseudo-Euclidean

space-times M(n,n) having the same number n of space-axes and of
time axes (2%)].

Let us first revisit, however, the postulates of the ordinary
SR.

3.2. The Postulates of SR Revisited

Let us adhere to the ordinary postulates of SR. A suitable
choice of Postulates is the following one (Review I; Maccarrone

and Recami (BQ) and refs. therein):

1) First Postulate - Padinciple o4 Relativity:<<The physical

laws of Electromagnetism and Mechanics are covariant (=invariant
in form) when going from an inential frame £ to another frame

moviné with constant velocity u relative to £.>>

2) Second Postulate - "Space and time are homogeneous and
space is isotropic".For future convenience, let us give this Pos
tulate the form:<<The space-time accessible to any inertial ob-
server is four-dimensional. To each inertial observer the 3-di-
mensional Space appears as homogeneous and 4Lsotnopic, and the

1-dimensional Time appears as homogeneous >>.

3) Third Postulate - Painciple o4 Retarded Causality:<<Pos-

itive-energy objects travelling backwards in time ﬁa not exist;
and any negative-energy particle P travelling backwards in time
can and must be described as its antiparticle E, endowed with
positive energy and motion forward in time {but going the oppo-
site way in space)>» See Sects.2.1,2.2.
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The Finsit Positulate is inspired to the consideration that
all inertial frames should be equivafent EFor a careful definition

of "equivalence" see e.g. Recami (8)); notice that this Postulate
does noif impose any constraint on the relative speed u = | u| of

the two inertial observers, so that a priori -= <u<+», The Sec-

ond Postulate is justified by the fact that from it the conser-—

vation laws of energy, momentum and angular-momentum follow, which
are well verified by experience(at least in our "local" space-
-time region); let us add the following comments: (i) The words

homogeneous, isotropic refer to space-time properties assured —as
always— with respect to the electromagnetic and mechanical phe-
nomena; (ii) Such properties of space-time are supposed by this
Postulate to be covariant within the class of the inertial frames;
this means that SR assumes the vacuum (i.e. space) to be "at
rest" with respect to every inertial frame. The Thind Postulale
is inspired to the requirement that for each observer the "causes"

chonologically precede their own “"effects" (for the definition
of causes and effects see e.g. Caldirola and Recami (%)). Let us
recall that in Sect.2 the initial statement of the Third Postu-
late has been shown to be equivalent —as it follows from Postu-
lates 1) and 2)— to the more natural Assumption that <<negative

-energy objects travelling forward in time do nof exist>>.

3.3. Existence of an Invariant Speed

Let us initially 4k{p the Third Postulate.

Since 1910 it has been shown ([gnatowski (3%y, Frank and
Rothe (32), Hahn (33), Lalan (3"), Severi (35), Agodi (35), Di
Jorio (37))that the postulate of the light-speed invariance is
not strictly necessary, in the sense that our Postulates 1) and
2) imply the existence of an invariant speed (ﬂgf_of a  maximal
speed, however). In fact, from the first two Postulates it fol-
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lows (Rindler (39b Berzi and Gorini(39), Gorini and Zecca (40)
and refs. therein, Lugiato and Gorini (%1)) that one and onfy one
quantity w2 —having the physical dimensions of the square of a
speed— must exist, which has the same value according to all

inertial frames:

w2 = invariant. (11)

If one assumes w = =@, as done in Galilean Relativity, then
one would get Galilei-Newton physics; in such a case theinvariant
speed is the infinite one: =@v = =, where we symbolically indi-
cated by ® the operation of speed composition.

If one assumes the invariant speed to be finite -.and.- real,
then one gets immediately Einstein's Relativity and physics. Ex
perience has actually shown us the speed ¢ of light in vacuum to
be the (finite) invariant speed: ¢ ® v = c. In this case, of
course, the infinite speed is no more invariant: @y =V F oo,
It means that in SR the operation ® is not the operation + of

arithmetics.

Let us notice once more that the unique role in SR of the
light-speed ¢ in vacuum rests on its being invariant and not the

maximal one (see e.g. Shankara (%%}, Recami and Modica (269); Aif
tachyons —in particular infinite-speed tachyons— exist, they
could noi take over the role of light in SR (i.e.
they could not be used by different observers to com

pare the sizes of their space and time units, etc.), just in the
same way as bradyons cannot replace photons. The speed c turns
out to be a limiting speed; but any limit can possess _a phiond
two sides (Fig. 4).

Of course one can substitute the light-speed invariance Pos
tulate for the assumption of space-time homogeneity and space
isotropy (see the Second Postulate).
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4 -~ THE "SWITCHING PROCEDURE" (SWP) FOR TACHYONS

4.1 Introduction

Till now we have not taken account of tachyons.Let us final
ly take them into consideration , starting from a model-theory,
30
(

1

i.e. from "Extended Relativity" (ER) éMaccarrone and Recami
29), Maccarrone et al &3), Barut et al (uﬁ, Reviewia in two
dimensions.

Since tachyons are just usual particles w.r.t. their own
rest-frames f, where the fs are Superluminal w.r.t. us (see Reca
mi and Mignani (*5), Leiter (*%), Parker (“7))Ithey too will
possess feal rest-masses m, - We shall however have (2%:2% (ct.

Fig. 5)2



2 =

+ mi >0 for bradyons (time-like case)
7
pup”= ? 0 for luxons (Light-1like case)
- mg <0 for tachyons (space-like case).

Notice that in the present case (eqgs.(12)) it is u = 0,1. Notice
also that tachyons slow down when their energy increases and
accelerate when their energy decreases. In particular, divergent
energies are needed to slow down the tachyons' speed towards its(lower)
limit c. On the contrary, when the tachyons' speed tends to
infinity, their energy tends to zero; in ER, therefore, energy
can be transmitted only at {§4inite velocity. From figs. 5a,c it
is apparent that a bradyon may have zero momentum (and minimal
enerqgy mogz); however Bs cannot exist at zero energy, and tachy-
ons cannot exist at zero momentum (w.r.t. the observers to whom
they appear as tachyons!). Incidentally, since transcendent(=in-
finite-speed) tachyons do not transport energy but do transport
momentum (mog), they allow getting the #igid body behaviour even
in SR <ﬁilaniuk and Sudarshan (48), Review I, Castorina and Reca

Py

a) b) c)

Fig.5
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mi (°9)>.In particular, in elementary particle physics —see also Sect.5.7 in
the following— they might a priori be useful for interpreting in the suit-
able reference frames the diffractive scatterings, elastic scatterings, etc.

(Maccarrone and Recami‘ (5%) and refs. therein).

Fram eq. (12c) we derive that for tachyons (25,29)

2 2 2

/¥ -n, . [V >1; m reall (13)

E =

and, more in general (cf. Review I):

+ mo

/ 2
11-v |

so as anticipated in Fig. 4a.

m= , [-® <v<+e] (14)

The problem of the double sign in eq.(14) has been already taken care of
in Sect.2 for the case of bradyons. Let us pass now from eq. (9) to eg.(13).

Inspection of Fig. 5c shows that, in the case of tachyons, it is enough
a (suitable) ordinary subluminal orthochronous Lorentz transformation ET to
transform a positive-energy tachyon T into a negative-energy tachyon T'. For
simplicity let us here confine ourselves, therefore, to transformations
L=L € -Cl, acting on free tachyons.

On the other hand, it is wellknown in SR that the chronological order
along a space-like-path is not £ -invariant.

However, in the case of Ts it is even clearer than in the bradyon case
that the same transformation L which inverts the energy-sign will also reverse
the motion-direction in time (Review I, Recami (5152, Caldirola and Recami
(3% ; see also Garuccio et al (5)). In fact, from Fig. 6 we can see that  for
going from a pc?sitive-energy state gi t0 a negative-energy state T’ £ it is
necessary to bypass the "transcendent" state T, (with V ='=), From Fig. 72 we
see moreover that, given in the initial frame s, & tachyon T travelling e.g.
along the positive x -axis with speed V _, the "critical cbserver" (i.e. the
ordinary subluminal cbserver s_ = (t_ 'l{c) seeing T with {nfinite speed) is sim-
ply the one whose space-axis x is superimposed to the world-line OT; its speed
u. w.r.t. Sor along the positive x -axis, is evidently

- 2 “ - 2 " P "
u =c /Vo, ucVo—c , ["critical frame"] (15)
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Fig.6

dual to the tachyon speed Vo Finally, from Fig. 6 and Fig.7b we conclude that

any "trans—critical" cbserver s'=(t', x') such that g'\_70> c2 will see
the tachyon T not only endowed with negative energy, but also travelling back-
wards in time. Notice, incidentally, that nothing of this kind bappens when
E‘lo < 0, i.e. when the final frame moves in the direction opposite to the
tachyon's.

Therefore Ts display negative energies in the same frames in which they
would appear as "going backwards in time", and vice-versa. As a consequence, We
can —and must— apply also to tachyons the Stiickelberg-Feynman “switching pro-
cedure" exploited in Sects.2.1-2.3. As a result, point A'(Fig. 5¢) or point Z‘f
(Fig. 6) do hot refer to a "negative—energy tachyon moving backwards in time",
but rather to an antitachyon T moving the opposite way (in space), forward 1in
time, and with positive energy. Let us repeat that the "switching" never comes
into the play when the sign of u is opposite to the sign of \_Io. (Review I, Re—
cami (°), Caldirola and Recami (*)).

The "Switching Principle" has been first applied to tachyonsby Sudarshan
and coworkers (Bilaniuk et al (*); see also Gregory (%4029,

Recently Shwartz (°®) gave the switching procedure an interesting forma-

lization, in which —in a sense— it becomes "automatic".
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4.2 Sources and Detectors. Causality

After the considerations in the previous Sect. 4.1, i.e. when we apply
our Third Postulate (Sect 3.2) also to tachyons, we are left with no negative

Fig.7(a)
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Fig.7(b)

energies (Recami and Mignani (37)) and with no motions backward in time
(Maccarrone and Recami (°8,57), and refs. therein).

Iet us remind, however, that a tachyon T can be transformed into an anti
tachyon T "going the opposite way in space” even by (suitable) ordinary sublumi
nal Lorentz transformations L € £ L It is always essential, therefore, when
dealing with a tachyon T, to take into proper consideration also its sowice and
detecton, or at least to refer T to an "interaction-region". Precisely, when a
tachyon overcomes the divergent speed, it passes from appearing e.g. as a tachy
on T entering (leaving) a certain interaction-region to appearing as the anti-
tachyon T fLeaving (entering) that interaction-region (Arons and Sudarshan (°?),
Dhar and Sudarshan (60), Gliick (67), Baldo et al (2%), Camenzind (%').  More
in general, the "trans—critical" transformations L € L . (Fig. 7b) lead from a
T emitted by A and absorbed by B to its T emitted by B and absorbed by A  (see
Figs. 1 and 3b, and Review I).
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The already mentioned fact (Sect. 2.2) that the Stiickelberg - Feynman-
Sudarshan "switching" exchanges the roles of source and detector (or, if you
want, of "cause" and "effect") led to a series of apparent "causal paradoxes"
(see e.g. Thoules (°%), Rolnick (S%/6%) et al (86), Strmad (67), Strmad  and
Kodre (67') which —even if easily solvable, at least in microphysics (Caldirola
and Recami, (%) and refs. therein, Maccarrone and Recami (59/58); see also Reca-
mi (3/19,51) and refs. therein, Trefil (68), Recami and Modica 1268),Csorka (89),
Baldo et al @%), sudarshan (79, Bilaniuk and Sudarshan (7!y, Feinberg @9),
Bilaniuk et al (2))~ gave rise to much perplexity in the literature.

We shall deal with the causal prcblem in due time (see Sect. 7)), since
various points should rather be discussed about tachyon mechanics, shape and
behaviour, before being ready to propose and face the causal "paradoxes". Let
us here anticipate that, —even if in ER the judgement about which 1is the
"cause" and which is the “"effect", and even more the very existence of a "causal
connection”, is xrefative to the cbserver—, nevertheless in microphysics the law
of "retarded causality" (see our Third Postulate) remains covariant, since any
cbservers will always see the cause to precede its effect.

Actually, a sensible procedure to introduce Ts in Relativity -is postu-

build up an ER in which the validity of both postulates is enforced. Till now
we have seen that such an attitude —which extends the procedure in Sect.2 to
the case of tachyons— has already produced, among the others, the description
within Relativity of both matter and antimatter (Ts and Ts, and Bs and Bs).

4.3 Bradyons and Tachyons. Particles and Antiparticles

In two dimensions it is possible to extend straightfiorwardly SR to
Superluminal frames, introducing in a rigorous may,a ong, the other, the Sapexr
luminal Lorentz transformations (SLT): see e.g. ref. ?5:2%) and refs. therein.

Fig. 8 shows, in the energy-momentum space, the existence of Awo differ-
ent "symmetries", which have nothing to do one with the other.

The symmetry particle/antiparticle is the mirror symmetry w.r.t. theaxis

E =0 (or, in more dimensions, to the hyperplane E = 0).

The symmetry bradyon/tachyon is the mirror symmetry w.r.t. thebisectors,
i.e. to the two-dimensional "light-cone".

In particular, when we confine ourselves to the proper orthochronous
subluminal transformation LT € -C:, the "matter" or "antimatter" character is
invariant for bradyons (but not for tachyons).

We want at this point to put forth explicitly the following simple but
important argumentation. Let us consider the two "most typical" generalized fra
mes: the frame at rest, SOE (t,x) and its dual Superluminal frame (cf. Fig.9),
i.e. the frame S! = (t',x')endowed with infinite speed w.r.t. s . The world-
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line of S, will be of course superimposed to the x-axis. With reference to Fig.
10b, observer S! will consider as time-axis t' our x-axis and as space-axis x'
our t-axis; and vice-versa for s w.r.t. S!. Due to the "extended principle of
relativity", observers Syt S have moreover to be equivalent.

In space-time (Fig.l) we shall have bradyons and tachyons  going both
forward and backwards in time (even if for each cbserver —e.g. for S5 the
particles travelling into the past have to bear negative energy, as required by
our Third Postulate) . The dbserver s, will of course interpret all —sub- and
Superluminal— particles moving bacrwards backwandé in his time t as antlpartlcles and‘he:

Fig.8
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will be left only with cbjects going forward in time.

Just the same will be done, in his own frame, by cbsever s! , since to
him all —sub- or Super-luminal— particles travelling backwands in his time t'
(i.e. moving along ﬂné negative x-direction, acocording to us) will appear en-—
dowed with negative energy. To see this, it is enough to remerber that "the tran
scendent transformation” S does exchange the values of energy and momentum (see
refs. 25),@9) and Review I). The same set of bradyons and tachyons will be
therefore described by S! in terms of particles and antiparticles all rmoving
along its positive time-axis t'.

But, even if axes t' and x coincide, the cbserver S, will see bradyons
and tachyons moving (of course) along both the positive and the negative
§-axls! In other words, we have seen the following: The fact that Sc'u sees only
particles and antiparticles moving along its positive t'- axis does not mean at
all that S sees only bradyons and tachyons travelling along his poAU;éve
x-axis! This erroneocus belief entered, in connection with tachyons, in the

(otherwise interesting) two-dimensional approach by Antippa (7?), and later
on contributed to lead Antippa and Everett (73) to violate space-isotropy by
conceiving that even in four dimensions tachyons had to move just along a

wnique, privileged direction —or "tachyon cowridon"— .

Let us add that the dual couples of objects (or frames; see Fig. 9)—i.e.
the couplesof two dbjects having divergent refative speed— are such that their
speeds v, Vin a third frame correspond to each-other in a one-to-one way;

v e Vs c2/v . (16)

In such a particular conformal mapping (inversion) the speed ¢ is the "united"
one, and the speeds zero, infinite correspond to each other.

Even in more dimensions we shall call nqual® - two. objects (or frames)
moving along the same fine with speeds satisfying the equation

Vv =c?, : (16')

i.e. with infinite . relative speed. Let us notice that, if pu and pu are
the energy-fomentum vectors of the two objects, then the condition of infinite

relative speed writes in invariant way as:

u
P" =0 . l6'!
P, ( )
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Fig.9

4.4 Laws and Descriptions. Interactions and Objects

Given a certain phenomenon ph, the principle of relativity (First Postu-
late) requires two different inertial cbservers 01,02 to find that ph is ruled
by the same physical laws, but it does_nof require at all 01,02 to give the
same description of ph (cf. e.g. Review I; p.555 in Recami (8); p.715,Appendix,
in Recami and Rodrigues (7‘*)).

We have already seen in ER that, vwhilst the "Retarded Causality" is a

faw (corollary of our Third Postulate), the assignment of the "cause" and
"effect" labels is refative to the cbserver (Camenzind (82)); and is to be
considered a desciiption-detail (so as, for instance, the cbserved colour of an

dbject) .

In ER one has to become acguainted with the fact that many description-
details, which by chance were Lorentz-invariant in ordinary SR, are no more
invariant under the GLTs. For example, what already said (see Sect.2.3,point e))
with regard to the possible non-invariance of the sign of the additive charges
under the transformations L € £ holds a fortiosi under the GLTs, i.e. in ER.
Nevertheless, the total charge of an isolated system will have of course to be

constant during the time—evolution of the system —i.e. to be conserved— as

seen by any cbserver.
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Let us refer to the explicit example in Fig. 11 (Feinberg (19, Baldo et
al (24)), where the pictures (a), (b) are the different descriptions of the
same interaction given by two different (generalized) cbservers. For instance,
(a) and (b) can be regarded as the descriptions, from two ondinary  subluminal
frames 01,02, of one and the same process involving the tachyons a, b (c can be
a photon, e.q.). It is apparent that, before the interaction, . 0l sees one

FIG. 10a
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tachyon while 0 sees two tachyons. Therefore, the very number of particles

—e.g. of tadnyons, if we consider only subluminal frames and LTs— cbserved at a
certain time-instant is not Lorentz-invariant. However, the fotal muamber of
particles partecipating in the reaction either in the initial or in the final
state is Lorentz-invariant (due to our initial three Postulates). In a sense,
ER prompts us to deal in physics with interactions rather than with objects (in
quantum-mechanical language, with "amplitudes" rather with "states"): (cf e. g.
Gluck (%)), Baldo and Recami (7_5)).

Long ago Baldo et al ¢ ") introduced however a vector-space H = ¥ ® r,
direct procuct of two vector-spaces ¥ and H , in such a way that any  Lorentz
transformation was unitary in the H-space even in presence of tachyons. The
spaces ¥ () were defined as the vector-spaces spamned by the states repre-
senting particles and antiparticles only in the initial (final) state.

5 — TACHYONS IN FOUR DIMENSIONS

5.1 Introduction

In four dimensions, we can start as a first step by studying the
behaviour of tachyons within the "weak approach" (Sect.3.1l), i.e. confining
preliminarily the observers to be all subluminal. Therefore, we shall only
assume the existence of sub- and Super-luminal (cbserved) object-.s Tachyons are
the space-like ones, for which in four dimensions, it is ds —dt —dx < 0 and
[m_reall :

-
pupuEE - m(2)<0. (u=0,1,2,3] a7

It is important to notice (25) that the results in Sect. 4 remain valid
in four dimensions (see Sects 4.1 and 2.1). provided that one takes into accaint
that the relevant speed is now the component V V. of the tachyon velocity v
along the (subluminal) boost-direction (Review I Maccarrone et al *% p.108,
Maccarrone and Recami %) Sect.8). Namely, if 3 is the (subluminal) boost - ve-
locity, then the new cbserver ' will see instead of the initial tachyon T an
antitachyon T travelling the opposite way ("switching principle") if and only

if (Maccarrone and Recami (59):

TV 2 (15")

Remember once more that if ? . _V) is negative the "switching” does never come
into the play.

Notice that, of course, the following results that do_not depend on the
very existence of SLTs. As an example, let us consider some tachyon kinematics.
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5.2 On Tachyon Kinematics

let us first explore the unusual and unexpected kinematical consequences
of the mere fact that in the case of tachyons (see eq. (*€)) it holds

lEfl=+ gz—mi, [moreal;V2>l 1, (13"

as partially depicted in Fig. 4.

To begin with, let us recall(Feinberg (1%, Dhar and Sudarshan (59, Re-
view I) that a bradyon at rest ——for instance a proton p—, when absorbing a
tachyon or antitachyon t, may thansform into itself: p + £+ p. This can be
easily verified (see the following) in the rest-frame of the initial proton. It
can be similarly verified that, in the same frame, the proton cannot decay into
itself plus a tachyon. However, if we pass from that initial frame to another
isubluminal frame moving e.g. along the x-axis with positive speed u=u >1/V
(where V , assumed to be positive too, is the velocity x-camponent of t ort),
we know fran Sect.4 that in the new frame the tachyon t entering the above
reaction will appear as an outgoing antitachyon: p+p+t. In other words, a
proton in flight (but not at rest!) may a priori be seen to decay into itself

plus a tachvon (or antitachyon).
Let us examine the fachyon kinematics with any care, due to its essential

nole in the proper discussion of the causality problems.

5.3 "Intrinsic emission" of a tachyon

Firtly, let us describe (Maccarrone and Recami ( 50,58 and refs.
therein) the phenomenon of "intrinsic emission" of a tachyon, as seen in the
rest-frame of the emitting body, and in generic frames as well. Namely, let us
first consider .in its nest-grame a bradyonic body C, with initial rest-mass M,
which emits towards a second bradyonic body D a tachyon (or antitachyon) T, en-
dowed with (real) rest-mass m and 4-momentum p = (ET ,;) and travelling with
speed V in the x ~ direction. Let M' be the final rest-mass of the body C. The

4-nomentum conservation requires

/- / /
M=y —52 - m2 + _1;2 + M2 (rest-frame) (18)

that is to say

zm|“§|=/[m2+(m M)]+4mM2 (18')

wherefrom it follows that a body (or particle) C cannot emit in its rest-frame
any tachyon T (whatever it rest-mass m be), unless the rest-mass M of C " jumps"
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classically to a Lower value M' such that |E; = + VP2 - m|:
A=M2- M =- - 2R, (emission) (19)
so that
- M << - PP o< - . (emission) (20)
Eq. (18') can read
V= 1+ am2M2/ m2+p)2. (18")

In particular, since infinite-speed Ts carry zero energy but non-
zero impulse, |p|=moc, then C cannot emit any transcendent tachyon
without lowering its rest-mass; in fact, in the case of infinite-
speed T emission, i.e. when ET=O (in the rest-frame or C), eq.(19)

yields

A = - m2. |V =w; ET=0| (21)

Since emission of transcendent tachyon (antitachyons) is equival-
ent to absorption of transcendent antitachyons (tachyons), we
shall get again eq.(21) also as a limiting case of tachyon absorp-
tion (cf.eq.(27)).

It is essential to notice that A is, of course, an invariant

guantity; in fact, in a generic frame £ eqg.(19) can be read

A= - m?2 - 2puPu, (22)

where PY is now the initial 4-momentum of body C w.r.t. the ge-
neric frame f. It is still apparent that -M?<a<-m?. If we recall
(cf.eq. (16")) that two objects having infinite relative speed pos-

sess orthogonal 4-momenta

H "
puP o] (16")

we get again eq. (21) for the case in which T is transcendent
w.r.t. body C.

5.4. Warnings

The word "emission® in eq. (20) aims at indicating —let us re-
peat— an intrinsic, "proper" behaviour, in the sense that if re-
fers to emission (as seen) in the rest-frame of the emitting or

particle. In suitably moving frames f such an <<emission>>can even
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. appear as an absorption.
Conversely, other (suitably moving) frames f' can cbserve a T-emission

from C (in flight), which does _hot satisfy inequalities (20) since it oorre-
sponds in the rest-frame of C to an (intrinsic) absorption.

However, if —in the moving frame f— inequalities (20) appear 1O be
satisfied, this implies that in the C-rest-frame the proocess under exam is a
tachyon emission, both when £ cbserves an actual emission and when f cbserves
on the contrary an absorption. We can state the following theorem:

Theorem 1: <<Necessary and sufficient condition for a process, -Observed
either as the emission or as the absorption of a tachyon T by a bradyon C,to be
a tachyon-emission in the C-rest-frame —i.e. to be an ''intninsdic emission''—

is that during the process C fowers its rest-mass (invariant statement!)in such

a way that: '_M2<Ai-E2 >>, where M, m, & are defined above.

let us anticipate that, in the case of "intrinsic absorption", relation
(25") will hold instead of relation (20); and let us cbserve the following.Sin-
ce the (invariant) quantity # in the relation (25') can assume _also positive
values (contra.ry to the case of egs. (]9)-(20)) , if an cbserver f sees body
C to increase its rest-mass in the process, then the "proper description” of
the process can be nothing but an intrinsic absorption.

Iet us stress once again that the body C, when in flight, can appear to
emit suitable tachyons without lowering (or even changing) its rest-mass: In
particular, a particle 4in geight can a priori emit a suitable tachyon t trans-
forming into itself. But in such cases, if we pass in the rest frame of the
initial particle, the “emitted" tachyon appears then as an absorbed antitachyon

t.
At last, when & in egs. (19)%+ (22) can assume only known discrete values

(so as in elementary particle physics), then —once M is fixed— eq.(19) im-
pose a link between mand Ep,, i.e. between m and 1Bt

5.5 "Intrinsic absorption” of a tachyon

Secondly, let us consider (Maccarrone and Recami. (30 58) our bradyon C,
with rest-mass M, absorbing now £n its rest-frame a tachyon (or antitachyon) T'

endowed with (real) rest-mass m, 4 momentum p = (g:_T ,—1;) , emitted by a second
bradyon D, and travelling with speed V (e.g. along the x-direction).
The 4-momentum conservation requires that

>2 2 - /
M+ /B = S5, (rest- frame) (23)
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wherefrom it follows that a body (or particle) C at rest can & prioni a@bsorb
(suitable) tachyons both when increasing or lowering its rest-mass, and when
oconserving it. Precisely, edq. (23) gives

I_f’l = _%M_ GZ‘FA )2 +an® M (rest frame) (24)
which corresponds to

8 = -’ + 2E, (25)
so that
(absorption) (25")

By. (24) tells us that body C in its rest-frame can absorb T' only when the
tachyon speed is

v =71+ i/ m+s)2. ‘ (26)

Notice that eq.(25) differs from eq. (19), such a difference being in . agreement
with the fact that, if bradyon C moves w.r.t. tachyon T', then —in the C -rest
-frame— eg. (23) can transform into eq.(18): Cf. Sects. 4.1 +4.3. Egs.(24),
(26) formally coincide, on the contrary, with eqgs.(18'),(18'"), respectively;
_but they refer to different domains of 4: In eq. (18'') we have A'<—x32, while
in eg. (26) we have 4> —gz.
In particular eg.(26) yields that C can absorb (in its rest-frame) infi-
nite-speed tachyons only when x_n_2+ A =0, i.e.
] Vew ® &=-n (fest-frame) (27)
in agreement with eq.(21), as expected.
Quantity &, of course, is again_{nvariant. In a generic frame f eg. (25)
can be written ’
a =-m2+2puPu (28)
_P_u being now the initial C-fourmomentum in £. still s> -m2 . Notice also here
that the word absorption in eg. (25') mean "intrinsic absorption", since it
refers to <<absorption (as seen) in the rest-frame of the absorbing body or
particle>> . This means that, if a moving observer f sees relation (25) being
satisfied, the "intrinsic" description of the process, in the C-rest-frame, is
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a tachyon absorption, both when f cbserves an actual absorption and when f cb~
serves on the contrary an emission. Let us state the following theorem:
Theorem 2: <<Necessary and sufficient condition for a process, cbserved

either as the emission or as the absorption of a tachyon T' by a bradyon C, to
—i.e. to be an "{ntrinsic absorp-

be a tachyon-absorption in the C-rest—-frame
tion"— is that —m22A+°°.>> In the particular case 4 = 0, one simply gets

ZMET=m2. (M' = M)

When & in egs. (24)7(28) can assume only known discrete values (so as in
elementary particle physics) then —once M is fixed— egs. (24)T(28) provide a

lj_rﬂcbetweenr_rlandET(orlpl, or V).

_5_.5 Remarks

We shall now describe the tachyon-exchange between two bradyonic bodies
(or particles) A and B, because of its importance not only for causality but
possibly also for particle physics. We have to write down the implications of
the 4-momentum conservation at A and af B; in order to do so we need choosing a
describe the processes both at A and at B. Let us

unique frame wherefrom to

choose the rest—frame of A.
However, before going on, let us explicitly remark the important fact

that, when bodies A and B exchange one tachyon T, the unusual tachyonkinematics
is such that the "intrinsic descriptions” of the processes at A and atB (in
which the process at A is described form the rest-frame of A and the process at

B is now described from the rest-frame of B) can a priori be of the following
ounr types @accarrone and Recami (50,53‘»:

(i) emission — absorption;

(ii) absorption - emission; (29)

(iii) emission - emission;
(iv) absorption - absorption.

Notice that the possible cases are not only (i) and (ii). Case (iii) can
take place only when the tachyon-exchange happens in the receding phase (i. e.
while A,B are receding from each other): case (iv) can take place only
when the tachyon-exchange happens in the approaching phase (i.e. when A,B are

approaching to each other) .
Iet us repeat that the descriptions (i)* (iv) above do_not refer to one
and the same observer, but on the contrary add together the "local® descrip-

tions of observers A and B.
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5.7 A preliminary application

For instance, let us consider an efasfic scattering between two (differ-

ent) particles a,b. In the c.m.s., as wellknown, a and b exchange momentum but
no energy. While no bradyons can be the realistic carriers of such an interac-
tion, an infinite-speed tachyon T can be on the contrary a suitable interaction
—carrier(notice that T will appear as a finite-speed tachyon in the a, b rest-
~frames) . However, if a, b have to retain their rest-mass during the process,
then the tachyon-exchange can describe that elastic process only when "ntrinsic
absonptions" take place both at a and at b (and this can happen only when a,b
are approaching to each other).

Lt )
5.8 Tachyon exchange when u.V< 52. Case of "intrinsic emission" at A

let V, be the velocities of the tachyon T and the bradyonic body B,
respectively, in the rest-frame of A. And let us consider A,B toO _exchange a
tachyon (or antitachyon) T when U 7 < cz. In the rest—frame of A we can have
either intrinsic emission or intrinsic absorption from the bradyonic .body A.
Incidentally, the case W . V<c’ includes both tachyon exchanges in the “ap~
proaching phase" (for intrinsic T emission at A), and in the "recession phase"
(for intrinsic T absorption at A).

let us first confine ourselves to the case when one observes in the
A-rest—frame an (intrinsic) tachyon emission from A. In such a case both A and
B will see the exchanged tachyon to be emitted by A and absorbed by B. In fact,
the observer B would see an antitachyon T (travelling the opposite way in
space w.r.t. tachyon T, according to the "switching principle") only when
T. \7> 92, whilst in the present case—ua—\?< _c_:_2 .

I.rnposing the 4-momentum conservation at A, we get in the A-rest-
~frame all the equations (18)+(22), where for future clarity a subscript A
should be introduced to identify the quantities (D_dA,g'A,AA.E:) pertaining to
A.

let us remain in the rest-frame of A, and study now the kinematical condi
tions under which the tachyon T emitted by A_can be absorbed by the second body
B.

Iet Moand Pp = (Mg ;_;B) be rest-mass and 4-momentum of body B,
respectively. Then:

22 2 22 2 ._/ﬁ >, 2 /2
/PB+MB + /p m = (PB+p) +MB (30)

where Iv_dé is the B final mass. Let us define AB =My oMo, which reads:
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AB = "I_‘_‘z + 21:‘1@3(1-22&50') » where EEET[@.BEEBE P123 + -N!zB are the rela-

tivistic masses of T and B, and a=-®. The invariant quantity AB in a generic
frame £ would be written

2 u
H = —
B m- + 2puPB (31)

with pu,PE the T and B fourmomenta in f£. At variance with the process at A

(intrinsic emission: eq. (19)); now AB can a priori be both negative and positive

or null:

—m? iAB < 4o, (intrinsic absorption) (32)
Notice that, if relation (32) is verified, then the process at B will appear in
the B-rest—frame as an (intrinsic) absorption, whatever the description of the
process given by f may be. Of course the kinematics associated with the eq. (30)
is such that 45 can even be smaller than —132; but such a case [uVoosa>1]
would correspond to intrinsic emission at B (and no more to intrinsic absorp-
tion) .
In conclusion, the tachyon exchange here considered is allowed when in

the A-rest-frame the following equations are simultaneously satisfied:

A
(33)
2 -5 >
A = - -
g~ "W +2ETEB(1 u.v),
with
_Mi<AA< -m2; AB>-m2. (33"

When B is at rest w.r.t. A we recover Sect. 5.5.
Differently from AA , quantity AB can even vanish; in this case the
-
second of egs. (33) simplifies into 2_E_T_E_2B 1-3.Vv = r_gz'. In the very particular

case when both Py and AB are null, we get V = l+4l_~1_123/r_n_ . Further details
can be found in Maccarrone and Recami (50), which constitutes a basis also
for Sects.5.9+5.12.
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EC Y
5.9 The case of "intrinsic absorption" at A(when u.V< gz)

let us oconsider tachyon exchanges such that the process at A appears, in
the A rest—frame, as an (intrinsic) absorption. The condition'TJ’._\?< _c_:_2 then
implies body B to appear as emitting the tachyon T both in the A-rest-frame and
in its own rest-frame.

The present case, therefore, is jusit the symmetrical of the previous one
(Sect.5.8); the only difference being that we are now in the rest-frame of the

absonbing body A. In conclusion, this tachyon-exchange is allowed when egs. (33)

are simultaneously satisfied, but with

2 2

N - - -M2

I M <bps M2, . (34)
In the particular case in which B moves along the same motion-line  than T

(along the x-axis, let us say), so that ;;//(tf;) , then

2,2 2 2 2 2" - P =
" |pl =Ep /(;+AB) +4m” Mo+ (m2+AB) IPBI;[PB//(t p)] (35)

whilst for the analogous situation of the case in Sect.6.8 we would have ob-
tained -wing to evident symmetry reason (35) with opposite signs in its
r.h.s. Moreover, when B is at rest w.r.t. body A, so that?B =0, we recover

mutatis mutandis eq.(18'), still with ’%23 < AB < —132. -

>
5.10 Tachyon exchange with u.V >_gz. Case of "intrinsic emission" at A

Still in the A-rest—frame, let us now consider A,B to exchange a tachyon
T when 0.V icz . Again we can have either "intrinsic emission” or "intrinsic
absorption” at A. The present cases differ from the previous ones (Sects. 5. 8,
5.9) in the fact that now —due to the "switching procedure” (cf. the Third
Postulate)— any process described by A as T emission at A and a T absorption
at B is described in the B-rest-frame as a T absorption at A and a T emission
at B, respectively.

Iet us analyse the case of "intrinsic emission” by body A. Due to the
condition™® ? > c2 (cf. eq. (15')) and to the consequent "switching”,in the rest-
—frame 0 B one then cbserves an antitachyon T absorbed by A. Necessary condi-
g_'o_n for this case to take place is that A,B be neceding one fram the other
(i.e., be in the "recession phase").

In any case, for the process at A (in the A-rest-frame) we get the same

kinematics already expounded in Sects.5.8 and 5.3.
As to the process at B, in the A rest-frame the body B is . cbserved to
absorb a tachyon T, so that eqg. (30) holds. In the B rest—frame, however, one
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cbserves an (intrinsic) T emission, so that Theorem 4 is here in order: Namely,
-1:1_;<ABi—r_r12 . Notice that, when passing from the A to the B rest-frame (and
applying the switching procedure), in eg. (30) one has: i) that quantity gr

changes sign, - soO that guantity /"Si - 2

appears added to the r.h.s., and no longer to the l.h.s.; ii) that the tachyon

3-momentum B changes sign as well (we go in fact from a tachyon T with impulse
2 to its antitachyon T with impulse - ).

In conclusion, the tachyon exchange is kinematically allowed when the
two egs. (30) are simultaneously verified, but now with

_2A _2. - A._2
MA< AW MB< pi~m . (36)

In the particular case when PB and p are collinear (we can have only PB//;; re-

cession phase), we get

2, 2 2 2.2 2 - 2 =
w2 3] = E, /i vo e iy + 4o B [Py//p] (37)
with AB in the range given by eg.(36).

. -
5.11 The case of "intrinsic absorption” at A (when u.v> (_:_2)

Due to present condition-ﬁ -\7 > 92, and to the consequent "switching", if
we cbserve the body A in its own rest—frame to absorb (intrinsically) a tachyon
T, then in the B-rest—frame we shall cbserve an antitachyon T emitted by A.
Necessary condition for this case to take place is that A,B be approaching to
each other (i.e., be in the "approaching phase").

In any case, for the process at A in the A-rest-frame we obtain the
same kinematics as expounded in Sects.5.9 and 5.5. As to the process at B, in
the A-rest—frame the body B is cbserved to emit a tachyon T:

/$Bz+mg = /Pt +f(¥>"B—‘§)2+M’Bz; (38)

in the B-rest-frame, however, one would cbserve an (intrinsic) T absorption,so

that it must be ABi —I_r_\z.

In conclusion, the present tachyon exchange is kinematically allowed
when egs. 33 )are satisfied, but now with

853 -m. (39)

A z-m g Ay
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In the particular case in which ?B and P are collinear, we can have only
(-?B )//15\ (approaching phase) , and we get
- Y
¢ 2 2 2 2 > _
2M§lp|=EB/(m +AB)+4mM§ - (m +AB)|pB|, [PB//( Pl (40)

with 85> —r_n_2 .
Finally, let us recall that in the present case ("intrinsic absorptions"

at B and at A) both quantities & A AB can vanish. When AA—O we smply get

M By = m2. In the particular case when 4 =0 one gets: 2EEy (u V -1 =1,

and then: Ipl (m/Zlé) [1:_“.B(m + LfLM2 1/2 'EIPB“ .

5.12 Conclusions about the tachyon exchange

With regard to the process at B, the kinematical results of Sects.
5.8 + 5.11 yield what follows:

2 u. o __ 2,
> g, _rTmZpRp2 M (a12)
u.vV<c: B\ 2 2 -
- -m‘-2p PH< -m;
u —
2 ! 2
A s (41b)
u.V_c: B—\ 2 " 2
-m —ZPUP > -m.

More in general, the kinematical conditions for a tachyon to be exchangeabte
between A and B can be summarlzed as follows (notice that the case . V <c

includes of course the case u . V<0)

a) in the case of "intrinsic emission" at A:

-2 2 ) - .
u.v <c = AB>-—m = intrinsic absorption at B;

(42)

2

- 2 . e -
u.v >c = AB<—m = jintrinsic emission at B;

b) in the case of "intrinsic absorption" at A:
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=
vV < c2 = AB< —m2 = jintrinsic emission at B;
(43)
- 2 2 . .. .
u.v >c = AB> -m° = intrinsic absorption at B.

5.13 oOn radiating tachyoris

Many other results, actually independent of the very existence of SLTs,
will appear in the following Sections.

Here, as a further example, let us report the fact that a tachyon —when
seen by means of its electramagnetic emissions (see the following, and Review
1, Baldo et al (**)— will appear in general as occupying Awo_posditions at the
same time (Recami(76:77/10:8), Barut et al (*%); see also Grgn (7%)). Let wus
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start by considering a macro-cbject C emitting spherical electro'magnetic waves
(Fig.lZ_c_:_).When we see it travelling at constant Superluminal velocity’-\-l), because
of the distortion due to the large relative speed I—\7| >c , . we:i:shall cbserve
the electromagnetic waves to be internally tangent to an enveloping -¢one T
having as its axis the motion-line of C (Recami and Mignani (*°), Review I);
even if this cone has nothing to do with Cherenkov's(Mignani and Recami (79)) .
This is analogous to what happens with an airplane rrovi.ng at a constant super-

sonic speed in the air. A first dbservation is the following: as Wwe hear a

sonic boom when the sonic contact with the supersonic airplane does start
(Bondi 80)), so we shall analogously 4ee an "optic boom” when we first enter in
radio-contact with the body C, i.e. when we meet the I'-cone surface. Io fact,
when C is seen by us under the angle (Fig.l2a)

—p
Voos o =c [v=|vll (44)

all the radiations emitted by C in a certain time-interval around its position
Co reach us simultaneously. Soon after, we shall receive at the same time the
light emitted from suitabel couples 04 points, one on the left and one on the
right of Co. We shall thus see the initial body C, at Co' split in two luminous
abjects Cl’ C2 which will then be observed to recede from each other with the
Superluminal "transverse" relative speed W (Recami et al ®!), Barut et al.
**))

1+ dbt p=— YV  v¥s> 11 (45)

1/2 H ’
[1+2d/bt] v2-1

where d = OH, and t = 0 is just the time-instant when the cbserver enters in
radiocontact -with C, or rather sees C at Co. In the simple case in which C
moves with almost infinite speed along r (Fig.12b), the apparent relfative speed

of ¢ and C, varies in the initial stage as w_'_‘:(2gg/1:)l/2, where now OH = OC

while t = 0 is still the instant at which the cbserver sees ClE C2E Co.

Iet us add the cbservation that the radiation associated with one of the
images of C (namely , the radiation emitted by C while approaching us, in the
simple case depicted in Fig.12c) will be received by us in the #eversed chrono—
logical order; cf. Mignani and Recami (8%}, rRecami (’7).

It may be interesting to quote that the circumstance, that the image
of a tachyon suddenly appears at a certain Position Co and then splits into two
images, was already met by Bacry (83) and Bacry et al.(8% while exploiting
a group-theoretical definition of the motion of a charged particle in a homo-
geneous field; definition which was valid for all kind of particles (bradyons,
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luxons, tachyons). Analogous solutions, similating a pair-production, have been
later on found even in the subfuminal case by Barut (8%), when exploring
non-Linear evolution equations, and by Sala@®), by merely taking account of
the finite speed of the light which carries the image of a rmoving stbluminal
object. Sala (86; did even rediscover —also in subluminal cases— that one of
the two images can display a time-reversed evolution.

At this point, we might deal with the problem of causality for tachyons
(since the most relevant aspects of that problem do arise w.r.t. the class of
the subfuminal observenrs). We shift such a question, however, to Sect.7,because
we want preliminarily to touch the problem of tachyon localization.

6. ON TACHYON LOCALIZATION

We have already noticed that a tachyon -—cbserved by means of its light-
signals— will generally appear as occupying two positions at the same time
(Sect. 5.14, and Figs.12).

Still at a preliminary level, let us moreover recall that free _bradyons
always admit a particular class of subluminal reference-frames (their rest-
~frames) wherefrom they appear —in Minkowski space-time— as "points" in space
extended in time along a line. On the contrary, free tachyons always admit a
particular class of subluminal (w.r.t. us) reference-frames —the critical
frames— wherefrom they appear with divergent speed V = =, i.e. as "points" in
time extended in space along a line (cf. Figs. 7, 10). Considerations of this
kind correspond to the fact that the "Jocalization" groups (little groups) of
the timelike and spacelike representations of the Poincaré group are SO(3) and
s0(2,1), respectively (see e.g. Barut (87)), so that tachyons are not expected
to be localizable in our ordinary épace (cf. also Peres %), Soucek(89)).

It is therefore necessary to study the shape of tachyons in detail. This
has been already done, however, in Barut et al.(**7, and in Recami and Maccarro
ne (%%), and will not be repeated here. We simply refer to the results in Refs.
(44,90,

We want ,however, to face the causality problem for tachyons in Relativ-
ity only after having at least made clear that ‘tachyons are not trivially 1ocal

izable in the ordinary space. Actually a tachyon T is moresimilar to a field
than to a particle (25). There are reasons however to believe that, in gereral,
most of the tachyon mass be concentrated near the center C of T [see Ref. ( bt
90)], so that in the following we shall regard tachyons as "almost localized"
in space. In what follows, therefore , we shall essentially make recourse only
to the results in Sects 4.1+ 4.3 (which, incidentally, have been seen to hold
also in four dimensions) and to our results about tachyon kinematics (Sect. 5).
As mentioned above, we shall confine ourselves only to the subluminal cbservers
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(in presence , of course, of both bradyons and tachyons) and, for simplicity, to
the orthochronous Iorentz transformations only.

The results in Sects.4.1¥4.3, in particular, showed us thateach observer
will afways see only tachyons (and antitachyons) moving with positive energy
forwand in time. As expounded in Sects.4.2 and 4.4, however, this success is

obtained at the price of releasing the old conviction that judgement about what
is "cause" and what is "effect" is independent of the cbserver; in Sect.4.4 we
concluded that the assignment of the "source" and "detector" labels is to be
regarded as a description-detail. As anticipated in Sect.4.2, this fact le to
the proposal of a series of seeming "causal paradoxes", that we are going

to discuss and {(at least "in microphysics") to solve.

7. THE CAUSAL PROBLEM

As mentioned at the end of Sect.5.l, the discussion that will follow in
this Sect. 7 is independent of the very existence of the SLTs, since the most
relevant causal prablems arise when describing tachyons (and bradyons) fram the

ordinary subluminal frames.

7.1 Solution of the Tolman-Regge Paradox

The oldest paradox is the "anti-telephone" one, originally proposed by

Tolman () ( see also Bohm (“)) and then reproposed by many authors.
Iet us refer to its most recent formulation (Regge (**)), and spend same

care in solving it since it is the kermel of many other paradoxes.

7.1.1. The paradox - In Figs.l3 the axes t and t' are the world-lines
of two devices A and B respectively, able to exchange tachyons and moving
with constant relative speed u, (32 < 1). BAccording to the
‘terms of the paradox (Fig. 13a), A sends tachyon 1 to B (in

other words, tachyon 1 is supposed to move forward in time w.r.t. a).
The apparatus B is constructed so to send back a tachyon 2 to A as soon as it

receives a tachyon 1 from A. If B has to emit (in its rest-frame) tachyon 2,
then 2 must move forward in time w.r.t. B, that is to say its world-line BA,
must have a slope smaller than the x-axis slope BA' (where BA'//x'); this means
that A, must stay above A'. If the speed of tachyon 2 is such that a, falls
between A' and A, , it seems that 2 reaches back A (event A, ) before the emis-
sion of 1 (event Al) . This appears to realize an anti-felephone.
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7.1.2. The solution - First of all, since tachyon 2 moves backwards in

time w.r.t. A, the event A, will appear to A as the emission of

Fig.1l3a

an antitachyon 2. The observer "t" will see his apparatus A (able to
exchange tachyons) emit successively towards B the antitachyon 2 and the
tachyon 1.

At this point, some supporters of the paradox (overlocking tachyon kine-
matics, as well as relations (29)) would say that, well, the description for-
warded by cbserver "t" can be orthodox,but then the device B is no more working
according to the premises, because B is no more emitting a tachyon 2 on receipt
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of tachyon 1. Such a statement would be wrong, however, since the fact that "t"
seesan "intrinsic emission" at 232 does not mean that "Ei " will see an "intrinsic

absorption" at B. On the contrary, we are just in the case of Sect.5.10:intrin-
sic emission by A, at A, ., with T:?-\V% >92, where O andvf are the velocities
of B and 2 w.r.t. A, respectively; so that both A and B suffer an intrinsic
emission (of tachyon 2 or of antitachyon 2) jn their own rest—frames.

But the terms of the paradox were cheating us even more, and ab {nitio.
In fact Fig.13a makes clear that, if U .'\?5 >c?, then for tachyon1 2
fortiori ?.‘\?f c2, vmere? and ?’L are the velocities of B and 1 w.r.t. A. Due
to Sect. 5.10, therefore, observer "t!" will see B intrinsically _emil also
tachyon 1 (or, rather, antitachyon 1). In conclusion the proposed chain of
events does not include any tachyon absorption by B.

For body B to absonb tachyon 1 (in its own rest-frame), the world-

~line of 1 ought to have a slope larger than the x'-axis slope (see_Fig.13b) .
Moreover, for body B to%("intrinsically") tachyon 2, the slope of 2
should be smaller than x'-axis'. In other words, when the body B, programmed to
emit 2 as soon as it receives 1, does actually do so, the event A, does regu-

larly happen agter (cf. Fig. 13b) .
agten By b

7.1.3. The moral - The moral of the story is twofold: (i) one should
never mix together the descriptions of one phenamenon yielded by different cb-—
servers, otherwise —even in ordinary physics— one would immediately meet
contradictians: in Fig. 13a, e.g., the motion-direction of 1 is assigned by
A and the motion—direction of 2 is assigned by B; this is illegal; (ii) when
proposing a problem about tachyons, one must camply (Caldirola and Recami t*)
with the rule of tachyaon kinematics (Maccarrcne and Recami (%)), Jjust as
when formulating the text of an ordinary problem cne must camply with the
laws of ordinary physics (otherwise the problem in itself is "wrang").

Most of the paradoxes proposed in the literature suffered the shortco-

mings above.

Notice that, in the case of Fig. 13 a, neither A nor B regard event él as
the cause of event 1-_\2(or vice-versa) . In the case of Fig. 13b, on the contrary,
both A and B consider event _111 to be the cause of event A,: but in this case A
does chronologically phecede A, for both observers, in agreement with the rela-
tivistic covariance of the Law of Retarded Causality. We shall come back to

such considerations.

.2 Solution of the Pirani Paradox
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Fig.13b

A more sophisticated paradox was proposed, as wellknown, by Pirani CEPIN
It was substancially solved by Parmentola and Yee (*%), on the basis of the
ideas initially expressed by Sudarshan (70,%5), Bilanivk and Sudarshan ( 71
Csornka (69), ete.

7.2.1. The paradox - Let us consider four observers A,B,C,D having
given velocities in the plane (x,y) w.r.t. a fifth dbserver so. Let us imagine

that the four observers are given in advance the instruction to emit a tachyon

as soon as they receive a tachyon from another ob
server, so that the following chain of events (Fig.l4)
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Fig.l4

takes place. Cbserver A initiates the experiment by sending tachyon 1 to B;
cbserver B immediately emits tachyon 2 towards C; dbserver C sends tachyon 3 to
D; and observer D sends tachyon 4 back to A, with the result —according to
the paradox— that A receives tachyon 4 (event él) before having initiated the
experiment by emitting tachyon 1 (event éz) . The sketch of this "Gedankenexper
iment” is in Fig. 14, where oblique vectors represent the observer velocities
w.r.t. s and lines parallel to the Cartesian axes represent the tachyon paths.

7.2.2. The solution — The above paradoxical situation arises once
more by mixing together cbservations by four different observers. In fact, the
arrow of each tachyon line simply denotes its motion direction w.r.t. the
observer which emitted it. Following the previous Sect.
7.1, it is easy to check that Fig. 14 does not re-
present the actual description of the process by any observer.It is necessary

to investigate, on the contrary, how each observer describe the event chain.
Let us pass, to this end, to the Minkowski space-time and study the de-
scription given e.g. by cbserver A. The other cbservers can be replaced by db-
jects (nuclei, let us say) able to absorb and emit tachyons. Fig. 15 shows that
the absorption of 4 happens before the emission of 1; it might seem that one
can send signals into the past of A. However (cf. Sects. 4.1+ 4.3 and Sect 5,
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as well as Recami ('51,10)),cbserver A will actually see the sequence of events
in the following way: The event at D consists in the creation of the pair 3 and
4 by the cbject D; tachyon 4 is then absorbed at A, while T is scattered at C
(transforming into tachyon 2); the event A, is the emission, by A itself, of
tachyon 1 which annihilates at B with tachyon 2. Therefore, according to A, one
has an initial pair-creation at D, and a final pair-annihilation at B, and
tachyons 1, 4 (as well as events A, 52) do_not appear causally correlated at
all. In other words, according to A, the emission of 1 does not initiate any
chain of events that brings to the absorption of 4, and we are not in the pre
sence of any "effect" preceding its own "cause".

Analogous, orthodox descriptions would be forwarded by the other cbser-
ers. For instance, the tachyons and cbservers velocities chosen by Pirani (93)
are such that all tachyons will actually appear to dbserver Sg as noving in

directions opposite to the ones shown in Fig. 14.

7.2.3. Caments - The caments are the same as in the previous Sect.7.ls

Notice that the "ingredients" that allow us to give the paradox a solution are
(Sect 4.1 ; see also Schwartz G#84) and the_

always the "switching principle”
tachyon relativistic kmemat.us (Sect. 5) .

" znd ite solution - Iet us formulate _ Pirani's‘

7.2.4. “Strong version ’
paradox in its strong version. let us suppose that tachyon 4, when absorbed by_
the physical possibil—

A at _111, blows up the whole 1zb of A, eliminating even ,
ity that tachyon 4 (pelieved to be the sequence starter) is subsequentlyl
emitted (at 52) . Following Root and Trefil (68) we can see on the oontrazy!
how, e.g., observers S, and A will really describe the phenanenon.

Cbserver s will see the lab of A blow up after emission (at 9_1) of the
antitachyon 4 towards D. According to Sy therefore, the antitachyon 1 emitted
.by B will proceed beyond A (since it is not absorbed at 9_2) and will eventually
be absorbed at some remote sink-point U of the universe. By means of a LT,start
ing from the description by s_, we can obtain (Caldirola and Recami (+)) the
description given by A.

Observer A, after having absorbed at A; the tachyon 4 (emitted at D to-
gether with 3), will record the explosion of his own laboratory. At I_\_z,honever,
A will cross the flight of a tachyonic "cosmic ray” 1 (coming from the remote
source U ), which will annihilate at B with the antitachyon 3 scattered at C.
i.e. with the antitachyon 2.
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7.3 Solution of the Edmonds Paradox

The seeming paradoxes arising from the relativity of the judgment about
"cause" and “"effect" have been evidenced by Edmonds (96) in a clear (and amu-
sing) way, with reference to the simplest tachyon process: the exchange of ta-
chyons between two ordinary dbjects, at rest one w.r.t. the other.

7.3.1. The paradox - We build a long rocket-sled with a "tachyon-laser"

at the left end and a "target-flower" at the right end. A short Ilever sticks
out of the side of the "laser". If we trip the lever, the tachyon laser emits
a very sharp, intense burst of tachyons for which we measure the speed _of,
‘let's say, V. These tachyons then hit the "flower" and blast in into
pieces. The flower absorbs all the tachyons in the pulse as it explodes, [=le]
that the tachyons disappear.

Now we accelerate the sled (with "charged" tachyon-laser and flower
attached to it) up to an incoming speed of -v = -V relative to our frame, and
then turn off its rocket engines. Moreover, we form a long line of "astronauts"
floating in space along the x-axis (i.e. along the rocket-sled motion-line) .
Each astormnaut has a "roulette wheel" in his one hand, and keeps spinning his
ganmbling wheel untill he gets, say, the number 13. When he happens to do soO,
he quickly put out a stick in front of him which coufd beat the trigger on the
noving laser. No one in our frame knows when a gg astronaut will get 13 to
come up. Some astronauts may get 13, but too far down the line, or find the
trigger has already passed them when they get it. But, finally, somecne gets
the right number, puts out his stick , finds that the lever is almost at his
position and he triggers the laser.

Once the laser fires, the dbserver travelling with the sled sees — SO
as before— a burst of tachyons actually travelling fromthe laser to the flower.
1f the sled is moving slowly enough (vV< CZ) , then we also —together with the
“wastronauts"— see the flower blow up at a time {fafer then the time at which
the laser fires. However, if the sled is fast enough (vV >gz) , we see a pulse
of antitachyons going from the flower to the laser: Namely, we would see  the
flower to blow up before the laser fires. Therefore, the astronaut who triggers
the laser sees the laser immediately "swallowing" a pulse of antitachyons coming
from the flower. In other words, the lucky astronaut will conclude that the
flower had to know in advance who was going to get 13 (so that it can blow up
and create the antitachyon-pulse just at the right time, in order for the beam
to arrive at the lucky astronaut as he gets the mumber 13 to come up for him) .
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7.3.2. The solution - Since "source" and "detector" are supposed by

Edmonds to be at rest one w.r.t. the other, according to both

laser and flower —i.e. in the 1lab there
are no problems about the flight—direction of the tachyons .However,if we choose
_other cbservers (as the astronauts) they will in reality see the laser absorb
antitachyons T coming from the flower (and not to fire tachyons T towards the
flower) . We have simply to accept it, since we learned (cf. e.g. Sect. 4.4) that
only the "principle of retarded causality" (Third Postulate) is a _faw, and
therefore has to be valid for each cbserver; whilst the assignement of the
labels "source" and "detector" is a descraiption-detail, which does not have to
be relativistically invariant.

Then, to answer Edmonds (see Recami (97», let us show by an example that
seeming paradoxes as the ome above arise also in ordinary Special Relativity
( 4ue to the Iorentz non-invariance of the descriptions). let us therefore forget
about tachyons in the following example.

1et us suppose we are informed about a cosmic fight taking place between
two different kinds of extraterrestrial beings, each one driving his own rocket,
where the rocket colors are viofet for the first and green for the second
species. Iet us suppose moreover that we know the "green men" to possess an
inviolable natural instinct that makes them peaceful; on . the contrary the
"violet men" possess an aggressive, warrior instinct. When we cbserve the inter
planetary battle by our telescope, it can well happen —due to the Doppler ef-
fect, i.e. due to the "observation distorsions" caused by the relative motions—
that, when a "violet man" fires his gun and strikes a green rocket, the violet
color appears to us aggreen, and vice-versa, because of the rocket motions .Then,
according to the spirit of Edmonds paradox, we should deduce that an inviolable
law of nature has been badly violated (the instinctive law of those extraterres
trial beings). Within SR, however, we already know how to clarify the whole
story: We "cbserwe" at first a seeming violation of natural laws; but, if we
know the relevant physics (i.e. SR and the rocket velocities), we can determine
the "intrinsic (proper) colors" of the rockets in their own rest-frames, and
solve any doubts.

In other words, any cbserver is capable of understanding the physical
world in terms of his own cbservations only, provided that he is equipped with
a suitable theory (he uses his knowledge of SR, in this case).

Going back to the tachyon "paradox", we conclude that the lucky  astyro-
naut, when knowing tachyon mechanics (i.e. the ER), can calculate the tachyons
direction in the flower rest-frame and find out the "intrinsic behaviour" of
the flower. The astronaut will find that in the flower-frame the tachyons are
not emitted, but absorbed by the flower; even if the relative speed produces a
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high "distorsion" of the observed phenomenon. In analogy with our example,it is
not important that the flower seem to the astronauts to precognize the future,
but that the flower "intrinsically" does nof.

The discussion of this paradox reminded us that: (i) one can scientifi-
cally cbserve (or observe, tout court) the natural world only if he is en-

dowed with theoiretical instruments, besides experimental and sensorial instru-
ments: (ii) the "intrinsic properties"” (so as the oolor) of a body appear to a

moving cbserver distorted by the relative motion; if high relative speeds are
involved, that distortion can be large as well.
Iet us add a further comment.

7.3.3. Cament - In the case of a bradyon exchange, in which the roles
of "source" and "detector" are independent of the observer,

the emitter and receiver are well  represented.
by a male and a female cbject, respectively. Such a habit is how--
ever misleading in the case of a tachyon exchange, in which the same object can
now appear as the emitter, now as the receiver, depending on the observer. De-
vices such as "guns" and "lasers" ought to be awoided in the ."Gedankenexperi-
mente" regarding the exchange of tachyons. A round-shaped device, such as a
sphere, should be the right one for representing cbjects able to emit/absorb
tachyons.

.4 Causality "in Micro-" and "in Macro-physics"

Iet us go on investigating the paradoxes arising when two bradyonic
cbjects A, B exchange tachyons T, since there we meet in nuce all the problems
than one encounters in the more complicated processes.

let us consider, namely, the situation in which "laser"(A) and "flower"
(B) are no more at rest one w.r.t. the other.

Such a situation is much more problematic. Nevertheless,no real problems
are actually present (cf. Sect.5) as far as the tachyon production is _supposed
to be a "spontaneous", uncontrollable phenomenon, just as particle production
in elementary particle physics. By convention, let us refer to this as the case
"of microphysics".

Problems arise, however, when the tachyon production . is a priori re-
garded as controllable (we shall refer to this latter as the case "of macro-
physics"). We are going to analyse such problems by means of two paradoxes.

The first one was proposed by Bell (98).

7.5 The Bell Paradox and its solution




- 49 -

7.5.1 The paradox — By firing tachyons you can camit a "perfec murder?
Suppose that A purposes killing B, without risking

prosecution. When he happens to see B to-
gether with a "witness" C, he aims his tachyon-pistol at the head of B, wmntill
B and C (realizing the danger) start running away with speed, say, u. Then, A
chooses to fire tachyonic projectiles T having a speed V such that uv> _c_2. In
the A rest-frame, tachyons T reach B soon and are absorbed by B's head, making
him die. Due to the fact that w/>c’ (and to Sects. 4.1 and 5), however,  the
witness C —when questioned by the police— will have to declare that actually
he only saw antitachyons T come out of B's head and be finally absorbed by A's
pistol. The same would be confirmed by B himself, were he still able to give
testimony.

7.5.2. The solution; and comments - Iet us preliminarly notice that B

and C (when knowing tachyon mechanics) could at least revenge
themselves on A by making A surely liable to prosecution:
they should simply run fowards A ! (cf. Sects. 4.1 and 5).

But let us analyse our paradox, as above expounded. Its main object is
erphasizing that, when A and B are moving one w.r.t. the other, both A and B
can observe "intrinsic emissions" in their respective rest-frames (Sect. 5.10).

Tt follows that it seems impossible in such cases to decide who is
actually the beginner of the process; i.e., who is the cause of the tachyon ex—
change. There are no grounds, in fact, for privileging A or B.

In a pictoresque way —as Bell put it— it seems that, when A aims his
pistol at B (which is running away) and decides to fire suitable .. tachyons T,

then B is "obliged" to emit antitachyons T from his head and die.
To approach the solution, let us first rephrase the paradox (following

the last lines of Sect.7.3) by substituing two spherical objects for A's pistol
and B's head. Bbout the properties of the emitters/absorbers of tachyons we
know a priori only the results got in Sect.5; but, since this paradox simply
exploits a particular aspect of the two-body interactions via tachyon exchange,
we have just to refer to those results. Their teaching may be interpreted as
follows, if we recall that we are assuming tachyon-production to be controlla-
ble (otherwise the paradox vanishes) . The tachyon exchange takes place only
when A, B possess suitable "tachyonic aptitudes”, so as an electric discharge
takes place between A and B only if A, B possess electrical charges (or,rather,
are at different potential levels). In a sense, the couple of "spherical cb-
jects" A, B can be regarded as resembling a Van-de—Graaff generator. The ta-
chyon-spark is exchanged between A and B, therefore, only when cbserver A
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gives his sphere (the "pistol") a suitable "tachyonic charge", or raise it to a
suitable "tachyonic potential". The person responsible for the tachvon dis-
charge between A and B (which may cause B to die) is therefore the cne who intentio-
nally prepares or modifies the "tachyonic properties" of his sphere: i.e., in
the case above, it is A. In the same way, if one raises a conducting sphere A
to a positive (electrostatic) potential high enough w.r.t. the earth to provcke
a thunderbolt between A and a pedestrian B, he shall be the quilty murderer,
even if the thunderbolt-electrons actually start form B and end at A.

Notice that we have been always considering tachyons emissions and absor
ptions, but never tachyon scatterings, since —while we know the tachyon mecha-—
nics for the former, simple processes— we do not know yet how tachyons interact
with the (ordinary)matter.

7.6 Signals by modulated tachyon beams: Discussion of a Paradox

7.6.1. The paradox ~ Still "in macrophysics", let us tackle at
last a more sophisticated paradox, proposed by ourselves

(Caldirola and Recami (“)'), which = can be used to

illustrate the most subtle hints contained in the "causality" literature (cf .
e.g. Fox et al (gq,loo))'

Let us consider two ordinary inertial frames s = (t,x) and s' = (t', x')
moving one w.r.t. the other along the x-direction with speed u< ¢ , and let us
suppose that s sends —in its own frame— a signal along the positive x-direc-
tion to s' by means of a modulated tachyon beam having speed V > 92/ u (See Fig.
lG).According to s' the tachyon-beam will actually appear as an antitachyon-
-beam emitted by s' itself towards s. We can imagine that cbserver s, when meet
ing s' at 0, hands him a sealed letter and tells him the followingi<< By means
of my "tachyon-radio" A and starting at time t, I will transmit to your “ta-
chyon-radio” B a multi-figured number. The number is written inside the enve-
lope, to be opened only after the transmission>> .

Notice that the "free—will" of s' is not jeopardized nor under question,
since s' can well decide to hoi switch on his tachyon-radio B. In such a case
we would be back to the situation in Sect.7.3. In fact, s would see his ta-
chyons T bypass s' without being absorbed and proceed further into the épaoe ;
s', on the contrary, would see antitachyons T coming from the space and reach-
ing A. If s' knows extended relativity, he can transform his description of the
phencmenon into the "intrinsic description" given by s, and find out that s is
"intrinsically" emitting a signal by tachyons T. He can check that the signal
carried by those tachyons T corresponds just to the number written in advance
by s.
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Fig.16

The paradox is actually met when s' does decide to switch on his tachyon
—radio B. In fact (if t' is the Lorentz—transformed value of t, and at'=RATO/V')
the cbserver s' at time t' -at' would see his radio not only broadcast the fore
told multi—figured mmber (exactly the one written in the sealed letter, as s'
can check straight after), but also emit simultaneously antitachyons T towards
s: That is to say, transmit the same number to s by means of antitachyons. To
make the paradox more evident, we can imagine s to transmit by the modulated
tachyon-beam one of Beethovens's symphonies (whose number is shut up in advance
into the envelope) instead of a plain number.

Further related paradoxes were discussed by Paveil and Recami (!01).
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7.6.2. Discussion - let us stress that s' would see the antitachyons T

emitted by his radio B travel forward in_ time,
endowed with positive energy. The problematic situa-
tion above arises only when (the tachyon-emission being supposed to be con-
trollable) a well-defined pattern of correlated tachyons is used by s as a
signal. In such a case, s' would cbserve his tachyon-radio B behave very strange
ly and wnexpectedly, i.e. to transmit (by antitachyons T) just the signal spe-
cified in advance by s in the sealed letter. He should conclude the intentional
design of the tachyon exchange to stay on the side of s; we should not be in
the presence of a real causality violation, however, since s’ would not  con-
clude that s is sending signals backward in time to him. We would be, on the
contrary, in a condition similar to the one studied in Sect.7.5.2. The paradox
has actually to do with the unconventional behaviour of the _ sources/detectors
of tachyons, rather than with causality; namely s", observing his apparatus B,
finds himself in a situation analogous to the one (Fig. 17) in which we pos—
sessed a series of objects b and saw them slip out sucked and "agpired" by A
(or in which we possessed a series of metallic pellets and saw them slip out
attracted by a variable, controllable electromagnet a).

From the behaviour of tachyon-radios in the above Gedankenexperiment it
seems to follow that we are in need of a thepory-formalization similar to Wheeler
and Feynman's (107:103) (see also Gott III ('0%)). In particular, no tachyons
can be emitted if detectors do not yet exist in the wniverse that will be able
socner or later to absorb them. This philosophy, as we already saw many times,
is a must in ER, since tachyon physics cannot be developed without taking al-
ways into account the proper sources and detectors (whose roles can be inverted
by a LT); it is not without meaning that the same philosophy was shown (102 103)
to be adoptable in the limiting case of photons. Iet us recall that —according
to suitable observers— the two devices A,B are just exchanging infinite - speed
tachyons (or antitachyons: an infinite-speed tachyon T going fromA to B is
exactly equivalent to an infinite-speed antitachyon T travelling from B to A).
Any couple of bodies which exchange tachyons are thus realizing -—according to
those suitable observers— an instantaneous, matual, symmetrical interaction.
Thus tachyons can play an essential role at least as "internal lines" in brady-
onic particle interactions (and vice-versa, passing to a Superluminal frame,
bradyons would have a role as internal lines of tachyonic particle interactions).

This suggests that A and B can exchange that Beethovens's simphony by
means of tachyons only if the inner structure of both A,B is "already" suited
to such an exchange; this again is similar to what discussed in Sect.7.5.2,even
if the situation is herg,more sophisticated.

Of course, all problems are authomatically (and simply) solved if we
adopt the conservative attitude of assuming the tachyon exchanges between two
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bradyonic bodies A,B to be spontaneous and uncontrollable. _For simplicity's
sake, such a restrictive attitute might be actually adopted, even if unneces-—

sary.
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7.6.3. Further caments - When the signal does not consist of a well-
defined pattern of tachyons, but is constituted by a
few tachyons only —— typically by a unique tachyon-—,

we saw that no paradoxes survive. If on the contrary claims as the oneput forth
by Newton (1 °%) were true, then one could send signals into the past even by
ordinary antiparticles (which is not true, of course; cf. Recami and Modica ),
Recami (°*)) .

Moreover, to clarify further the temms of the paradox _in__ Sects.7.6.1,
7.6.2 above, let us explicitly recall that: (i) the chronological order of the
events can be reversed by an ordinary LT along a space-like path only;therefore
the order of the events along the A,B world-lines cannot change; (ii) also the
proper-enesigies (rest-masses) of A,B are Lorentz invariant, together with their
"Jumps";(iii) while s seethe 402af energy of A decrease, s' may see it increase
(description details...); (iv) the paradox in Sects.7.6.1% 2 is comnected with
the question whether the entropy—variations and information-exchanges are to be
associated with the changes in the proper energies: in this case, in fact, they
would not necessarily behave as the "total energies" (see Caldirola and Recami
(*) and Paveie and Recami ('°Y) , where the paradoxical situations arising when
one deals with macro-tachyons are furthemore di'scussed) .

We mentioned in the previous discussion (Sect.7.6.2) that the behaviour
of tachyon sources/detectors might appear paradoxical to us for the mere fact
that we are not accustomed to it. To shed some light on the possible nature of
cuch difficulties, let us report at last the following anecdote (Csonka(®?)),
which does not involve contemporary prejudices. For ancient Egyptians, who knew
only the Nile and its tributaries, which all flow South to North, the meaning
of the word "south" coincided with the one of "up-stream”, and the meaning of
the word "north" coincided with the one of "down-stream". When Eqyptians dis-
covered the Euphrates, which unfortunately happens to flow North to South, they
passed through such a ciisis that it is mentioned in the stele of Tuthmosis I,
which tells us about that inverted waten that goes down-stream (i. e. towards
the North) 4in going up-2tream.

.7 A Further remark

Iet us add the following remark. Let us consider (Fig.18) two bodies A
and B which exchange (w.r.t. a frame so) a transcendent tachyon T_ moving along
the x—axis. From Fig. 3 and Sect. 5 we have seen that for transcendent parti-
cles the motion direction along AB is not defined. In such a limiting case, we
can consider T_ either as a tachyon T(v = +») going from A to B,or equivalently
as an antitachyon T(v = —=) going from B to A (cf. also Figs. 3). In QM lan-
guage, we could write (Pav¥i¢ and Recami (101y);
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Fig.18

T ) =a|T (v=+=) ) +b|T (v=-=)); a2+bp% = 1. (46

Alternatively, it will be immediately realized that s, can interpret his
cbservations also as due to a pait-cheation of infinite-speed tachyons T and T
(travelling along x) at any point P of the x-axis between A and B (Mignani and
Recami (6), Edmonds (106), Caldirola and Recami (%) : for instance, as the
creation of a transcendent tachyon T travelling towards (and absorbed by) B and
of a transcendent antitachyon T travelling towards (and absorbed by) A. Actual-
ly, for each cbserver the vacuum can become classically unstable only by emit-
ting two (or more) infinite-speed tachyons, in such a way that the total 3-mo-
mentum of the emitted set is zero (the total energy emitted would be automati-
cally zero: Figs. 4,5and 8).

It is interesting to check —cf. eg. (15) of Sect. 4.1— that any
(subluminal) cbserver s,, moving along X w.r.t. Sg in the direction A to B,will
just see a unique (finite-speed) antitachyon Ty emitted by B, passing through
point P without any interaction, .and finally absorbed by A. On the ocontrary,
any observer s, moving along x w.r.t. Sy in the direction B to A, will Jjust
see a unique (finite-speed) tachyon T, emitted by A, freely travelling from A
to B (without any interaction at P) , and finally absorbed by B.

In what precedes we may consider the masses of A and B so large that the
kinematical constraints, met in Sect.5, gets simplified. In such a case, so,sl
and s, will all see an elastic scattering of A and B.

As we have seen above, any cbserver s can describe the particular pro-
cess ph under examination in terms either of a vacuum decay or of a suitable
tachyon emission by one of the two nearby ‘bodies A,B. One can altematively
adopt one of those two languages. More generally, the probability of such
decays must be related to the transcendent—tachyon emission-power (or absorp-

tion-power) of matter.
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Furthermore, if A and B can exchange tachyons even when they are very
far from each other, any cbserver s' (like s1 and 52) moving w.r.t. sy will
describe ph in terms either of an incoming, suitable tachyonic cosmic ray or of
the emission of a suitable, finite-speed tachyon by a material dbject. One of
the consequences, in brief, is that the tachyon cosmic flux is expected to have
for consistency a Lorentz-invariant 4-momentum distribution, just .as depicted
in Figs.6 and 5c. The large majority of "oosmic" tachyons ought then appear to
any cbserver as endowed with speed very near to the light-speed c. On this
respect, it may be interesting to recall that an evaluation of the possible cos
mic flux of tachyons yielded — even if very rough — a flux quite clocse to the
neutrinos' one (Mignani and Recami (¢ )).

As an elementary illustration of other possible considerations, let us

at last add the following. If S, observes the process

a+b+ {(47a)

It

where t is an antitachyon, then —after a suitable LT— the new cbserver s' can

describe the same process as

a+t+b. (470)
If, in eq. (47a), the emitted t had travelled till absorbed by a (near or far)
detector U, then in eg.(47b) t must of course be regarded as emitted by a (near

or far) source U.
If AT is the mean-life of particle a for the decay (47a), measured by

Sy it will be the ILorentz transform of the average time AT that particle a

must spend according to s' before absorbing a "cosmic" tachyon t and trans-

forming into b.

8. AGAIN ON THE "SWP" AND CHARGE CONJUGATION IN SR

We have seen that the "switching procedure" (Sects. 2 and 4.1) has to be
applied —also in four dimensions— for both bradyons and tachyons. ILet us

therefore reconsider it on a more formal ground.
Notice that this Sect. 8 does not depend on the existence of tachyons,

but depends on Sect.2 only.

8.1 Again about the "Switching procedure”

We indicate by "SWP" the switching procedure (previously often called
"RIP") . Let us also call strong conjugation (_—:_ the discrete operation
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C=CM (48)
o

W

where C is the oconjugation of all additive charges and M the rest—rnass oconjuga
tion (i.e. the reversal of the rest-mass sign) . Recami and Ziino ( ) showed

that formally {(cf. Fig. 3b)
IISWPII = E . (49)

Then, by consideringm , as a ﬂLéﬂL ooordinate, besides the ordinary four
(Emstem and Bergmann (!0 ’)) and shifting to the language of quantum mechanics,
they recognized that P o= C , quantity P being the chirality operation, SO
that

"SWP" = P ; (50)

in fact, when dealing as usual with states with definite parity, one may wri-
te

5 -1

-1
Y= P VB -

L

10
10}
1l
1]

Notice that in our formalism the strong conjugation § is a unitary operator
when acting on the states space.

See also Edmonds (108, Lake and Roeder (109, Pavii¥ and Recami
Recami (10), Recami and Rodrigues (7%).

Here we want to show that, when considering the fundamental particles
of matter as extended objects, the (geometrical) operation with reflects the
Ubtejma!. space-time of a particle is equivalent to the ordinary operation C
which reverses the sign of all its additive charges( 87 .

(110‘

1]

8.2 Charge conjugation and internal space-time reflection

Following Pavglé and Recami {’ 8y, let us oonsider in the ordinary space-
—time: (i) the extended object (particle) a, such that the interior of its
nyorld-tube” is a finite portion of M;; (ii) the two operators space-reflection,
P, and time-reversal ,z/, that act (w.r.t. the particle world—-tube W) both on the
external and on the {nternal space—time: .

P=P P =P Py

T-T.T=CT .

E"I I'E

(51)
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where P_ (TI) is the internal and PE(Z;Z) the external space-reflection  (time-
reversal) . The ordinary parity P and time-reversal T act on the contrary only

on the external space-time:

* TEZ’E, (52)

The effects of P_, PI and P on the world-tuoe W of a are shown in Figs. 19; and

the analogous effects ofTE ,’Z’I ,Z in Figs. 20.

Let us now depict W as a sheaf of world-lines w representing —let us
say— its constituentes (Fig. 2la). In Fig. 21 we show, besides the c.m. world-
—-line, also Wy = A and Wy = B. The operation PTwill transform W into a second
world-tube W consisting of the transformed world-lines W (see Fig. 21b). Notice
that each W points in the opposite time—direction and occupies (w.r.t. the c.m.
world-line) the position symmetrical to the corresponding w.

If we apply the Stiickelber-Feynman "switching" (Sect.2.1), each world-
—line W transforms into a new world-line w (cf. Fig. 2lc) which points in  the
positive time—direction, but represents now an gn_t_i—oonstituent. Iet us now
explicitely generalize the "switching principle” for extended particles as
follows: We identify the sheaf W of the world-lines w with the antiparticles a,
i.e. W with the world-tube of a . This corresponds to assume that the overall
time-direction of a particle as a whole coincides with the time-direction of
of its "constituents".A preliminary conclusion is that the antiparticle a of
a can be regarded (from the chronotopical, geometrical point of view) as
derived form the reflecticn of the internal space-time of a.

Iet us repeat what precedes in a more rigorous way, following our Sect.2,
i.e. recalling that the transformation L = ~4 is an actual (even if anti-
d'1ronous). Iorentz transformation, corresponding to the 180° space-time  "rota-
tion": PT= -1 . Now, to apply PT from the active point of view to the world

_tube W of Fig.2la means to rotate it (by 180°, in four dimensions) into #
(Fig.21lb); such a rotation effects also a reflection of the internal 3 -space
of particle a, transforming it —among the others— into its mirror image.The
same result would be got by applying PT from the passive point of view to the
space-time in Fig.2la.

Then, we_generalize the "Switching Principle" to the case of extended
objets by applying it to the world-tube W of Fig. 21b. The world-tube W does
represent an (internally "mirrored") particle not only going backwards in time,
but also carrying negative energy; therefore, the "switching" does rigorously
transform W into W (Fig. 21c), the anti-world-tube W representing g .

In conclusion:

-1= PT =P, PITI=P’C'=pTPI’(I (53)
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wherefrom, since PT =CPT (Sect.2.3), one derives:
Cc= PIZI . (54)

As already anticipated, we have therefore shown the operation C, which inverts
the sign of (all) the additive charges of a particle, to be equivalent to the
(geometrical) operation of reflecting its internal space-time.

Also the results reported in this Section support the opinion that in
theoretical physics we should advantageously substitute the new operations
5=p and T =T for the ordinary operations P and T, which are merely external
reflections (for instance, only the former belong to the Full Lorents Group ) ot
besides our Sect. 2, cf. also Review I, Recami () , and Costa de Beauregard
('1 11 ) .

Iet us finally mention that (besides the CPT theorem, derived from the
mere SR) from ER only it is possible to get glso the so—called "crossing rela-

tions" (15,17,25)
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