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"should bt thoughts 
which ten tin* fastar glide than tha tun's beams 
Driving back shadows over low* ring hills" 

Shakespeare(1S97> 

ABSTRACT 

The possible role of space-like objects in eleacntary particle physics(and in quantum mechan
ics) fs reviewed and discussed, vainly by exploiting the explicit consequences of the peculiar 
relativistic mechanics of Tachyons. Particular attention it paid: (i) to tachyon» at the potsi 
ble carriers of interactions("internai lines"); e.g., to the links between "virtual particles" 
and Superluminal objects; (ii) to the possibility of "vacuum decays" at the classical level; 
(iii) Co a Icrentz-invariant bootstrap model; (iv) to the apparent shape of the tachyonic ele
mentary particles("elementary tachyons") and its possible connection with the de Broglie wave-
•particle dualism.^ famlfat) 

KEYWORDS 

Special relativity; elementary particle physics; quantum mechanics; quantum field theory;space 
like objects; tachyons; virtual particles; vacuum decays; bootstrap model; de Brogue waves. 

1. 1NTR0DUCTI0B 

The subject of Tachyoru, even if still speculative, «ay deserve some attention for reasons 
that can be divided into a few categories, two of which we wish to mention right now: (i) the 
large scheme that one cries to build up in order to incorporate space-like objects in the rela 
tivistic theories can allow a better understanding of many aspects of the ordinary relativis-
tic physics (c.f. e.g. Recami, 1984, and refs. therein) even if tachyons would not exist in our 
cosmos «* "asymptotically free" objects; (ii) Superluminal classical objects can have a role 
in elementary particle inteiactions(and perhaps in astrophysics); and it is tempting to check how 
far one can go in reproducing the quantum-like behaviour at a classical level just by taking 
account of the possible existence of fatter-then-light classical particles. 

When facing the problem of extending Special Relativity(SR) to tachyons some authors limited 
themselves to consider objects both subliminal and Superluminal,alt referred however to sub-
luminal observers("weak approach"). The idea here is to postulate the Lorentz manifold; that 

* Talk delivered by E.R. Work partially supported by X.N.r.M. (Italy), rAPESF (S.P., Brazil), 
CIME/IILA, and CKPq. 
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nadeis th* ordinary apace-tina, to be populated] by both bredyeas and techyone. 

Other aethers attempted on th* contrary to generalise SR by iatredwciag La i w appropriate 
way both eubleninel oieervere (a) and Super iwaiaal observers (S),a*d than by extending the Fria 
eiple of ReletivityCatreag approach"). Ihia approach ia thaenticaily aora worth of consider^ 
atioa(tachyons, e.g..get n a Z proper-feuses); bat it acata eeverel obstacle» both of aatheaat-
ical and interpretative nature. la thia paper, therefore, we ehall aainly adopt the first 
("weak") approach. The Superluaiaai (observed) objects are the oaea whoae world lines art apace 
like. In the fcur-dimensional Lorents aanifold the interval oa the werM-Hae of a Superlur 

ainal object it written da* • dt* - alt < 0, and the four nonentun p" satisfies I c - l]: 

FVPU " «" " P* •• -•£ < 0. (1) 

For an introduction to tachyons, we aiaply refer here to the above quoted paper (Receai ,1984) 
and to RecaBÍ(197Sa, 1979, 19R3) and refa. therein. In particular, for the elegant self-eeasU 
tent model-theory in two dimensions, aee Receai and Rodrigues (1985); while for a thorough car? 
fel solution of the celled "tachyou causal paradoxes", see Receai(1985). The solution of the 
causal paradoxea is baaed, aaoag the others, on the Steekelberg-Peynnea "switching procedure" 
("SHF") or rather on the "Third Postulate" of SR: «negative-energy objects, travelling for
ward ia tine, do not exist; any negative-energy object F travelling backwards in tine can and 
aust be described as its anti-object t going the opposite way la space(but endowed with posi
tive energy and notion forward ia tine!)». According to the "SWF", when applying an ordinary 
Lorcats-boõst with reletive velocity 3, the new observer will eee(instead of the initial tachy
on T endowed with velocity f) the antitachyon 7 travelling the opposite way in space if,and on 

»y if. 

• e . V > e l . (2) 

Notice that if u • V < 0 the "switching" does never cone into the play. It is of the uteoet 
importance that the "Third Postulate" not only eliminates any negative energies and any parti-
cle-«otions backwards in tia*, but also allows "predicting" and naturally explaining in a pur£ 
ly relativistic context the existence of anti-wutter(see Receai, 1978b,1984,1985). 

We elready mentioned that the(fowr-diaensionel) "Extended Reletivity"(ER) leeds to a clearer 
understanding of high-energy physics: it yields, e.g., the derivation of the so-called Cross
ing Relatione (Receai and Mignaai,1974). But the predicting power of puna SR ( even without 
tachyons) with regard to cleaentary particle physics is larger than usually recognised. Once 
one develops SR on the whole Proper I.orents Croup X + a /^ u £i,one succeeds in explaining (vitli 
in SR alone) not only the existence of antipartielêt, but also oi the CFT eymetry -which is* 
nothing but an sntichronoua Lorents transformation -aa well as of a relation between charge con 
jugation and internal space-tine reflection(Recani and Rodrigues,1982;Faveic and Receai,1982). 

The "Third Postulate", moreover, helps solving the paradoxea connected with the fact tuat all 
relativistic equations adait, besides standard "retarded" solutions, also "advanced" solu
tions: The latter will aieply represent antiparticles travelling the opposite way in space 
(Mignani and Receai,1977). For instance, if Maxwell equations adnit solutions in terns of out 
goinaifolariteA) photons of helicity X " +1, then they will adait also solutions in terns o? 
inaomCngivolititta) photons of helicity \ • -1; the actual intervention of one or the other 
solution in a physical problem depending on the initiel conditions. 

2. OR TACHTON HECRAHICS 

To proceed with, we need pratically only sons knowledge of the kinematics and dynamics of 
tacbyons, as exploited e.g. in Hsccarrone and Recani(1980) and in Recani(1984). Here we shall 
recall only a few results, which are the unusual and unexpected kineaatical consequences of the 
mere fact that, in the ease of tachyons, 

|E| - • / ; * - « * , In real, Va > I] (3) 

as depicted in Figs. 1(a) and 2(c), 
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Figs. 1 

To begin with,let us recalKPeinberg.1967) thst s bredyon at rest,for instance a proton p, by 
absorbing a tacbyon or antitachyoa t nay tranafom into itself: p * t * p(remember that "bre-
dyons" are the slover-than-light objects). This can be easily seen in the rest-fraae of the 
initial proton. It can be similarly verified that,in the sane frame, the proton cannot decay 
into itself plus a tacbyon. 

a) | tf | c) 

Pigs. 2 

However, if we pass from the initial frame to another subliminal frame moving e.g. along the 
x-axis with positive speed u • u^ > 1/V^ (where V^, assumed to be positive too, is the veloci
ty x-co*7onent of t), we know that in the new frame the tachyon t entering the above reaction 
will appear as an outgoing antftachyon: p * p • 7 (see, e.g. sections 5.12,5.1ft in Recami,1984). 
In other words, a proton in flight(but not at rest!) nay a priori be seen to decay into itself 
plus a tacbyon(or antitacbyon). 

Let us now describe(Maccarrone and kecami, 1980) the phenomenon of "intrinsic emission" of a 
tacbyon by an ordinary body A, as seen in the rest-frame of A (before emission) and in generic 
frames as well. Namely, let us consider in ite rett-frem a bradyonic body A with initial rest 
mass K, which cmits(e.g., rewards a second bradyonic body B) a tachyon (or antitachyon) T en
dowed with real "rest-mass" n ** mQ and four-momentum p » (E_,$), and travelling with speed V in 
the x-direction. Let M' be the final rest-mass of A. the four-nomentum conservation requires 

M • /p* " •* • / p 2 • M»1 , W 

that is to say 

ZH|p| • U m : • (M»? - M2)JJ • anrV)1''2, (*') 
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vt.erefrom a body (or particle) A cannot emit in i t* reat-fraae «my taehyoa T(whatever be the 
cachyon mass m) unZews the rest-aaaa M of A "Jmpg" elearieally to • laucr « l w R' such that 

A • H'* - it* - -m* - sna, (5) 

so that 

. -H2 < A 5 -J1 1 -",- I intrinsic emission! (a) 

E (4*) can read 

V - [ 1 • *•*«*/(•*• A ) 1 ! l '*. (4") 

la particular, since infinite-speed tachyons T ca^ry sere energy but non-sera momintum. |p| • 
» »oc, then A cannot enit any "transcendent" tachyon without lowering ita news; neatly, when 

E T - 0(in the rent frane of A \ eq.(5) yields 

A «-a* Ift^-Os*-*, * (7) 

Since emission of transcendent tachyoma (antitachyons) is equivalent to absorption of transcen 
dent antitaehyons(techyons), one can get eo/7) also as limiting ease of tachyon absorption. ~ 
It is essential to notice that A is an invariant quantity; in fact,in a generic frane f, eeX5) 
can be written 

.A - -m2 - fyJP (8) 

where P is now the initial four momentum of body A v.r.t.(-vith respect to) the generic frane 
f. It is still evident that -H2 < A £ -m2. If we recall that two objects having infinite rela
tive speeds possess orthogonal four momenta 

•/" - a. (9) 

eq48) yields again eo/7) for the case in which T is transcendent w.r.t. body A. 
On the basis of what precedes, we can state the following 

THEOREM; 1: « A necessary and sufficient condition for a process, observed either as the Mis
sion .or as the absorption of a tachyon I by a bradyon A, to be a tacbyon-emtssion in the A 
rest-frame, — Le. to be an "intrinsic minion",—- is that during the process A lover» its r*s£ 
-mass(invariant statement!) in such a way that: -M2 < A £ -a'», where M,m,A are defined above" 
(Recami,l984). When A in eqs.(5)-(8) can assume only known discrete values(just as in elemen
tary particle physics), then —once M is fixed— eq.(S) imposes a link between n and E , i.e. 
between m and ]$[. 

Let us now pass to describe(Maccarrone and Recatai,1980) the phenomenon of Hntrineie absorp
tion" of tacbyon T from body A. Let us consider our bradyon A, with rest mass N, to absorb in 
its rest-frame a tachyon(or.antitacbyon) 1,which is endowed with(real) rest-mass mi'mj*o end 
four-momentum p s (%,$),is emitted e.g. by a second bradyon B, and travels with speed V(for in
stance, along the «-direction). The four momentum conservation requires that 

H • /?-** - /?* W* (10) 

wherefrom a body (or particle) A at rest eon a priori absorb (suitable) tachyons both when 
incressing or lowering its rest-mass, and when conserving it. Precisely: 

|p| - ̂ rlim2 • A ) 2 • 4 m W 2 , (10») 

which corresponds to 

A - -m2 • 2 W T (11) 

•o that 

-m2 £ A < ». (intrinsic absorptionI (12) 

Eq.(10') tells us that A in its rest-frame can absorb T only when the tacbyon speed is: 
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» - 11 • «srV/fe2* A)2] l f l . (10") 

Eqs.(lO').OO-) formally coincide with ees.(4*),(*•*), but they refer to different domains of A. 
On the contrary,eq. (11) differs frost eq.(H ia agreement with the fact that, when A van»» its 
velocity w.r.t. tachyon T, then —in the A rest-frame— eq.(10) can transform into eej(4) .Quan
tity A, of coarse, is «gain invariant. In a generic fraae f, ee,.(U) can be written 

A - W* 2 » ^ , (13) 

r1 being now the initial A-four momentum tn f. Still A ̂  -si1. We can state the following 

THEOREM 2: « A necessary and sufficient condition for a process, observed either as the emis-
sion or as the absorption of a tachyon T by a bradyon A, to be a tachyoa-absorption in the A 
-rest frane .i.e. to be an "intrinsic absorption", is that: -m*< A < *-».(tacami,»8«).In the 
particular casa A - 0, one simply gets 

K 

21*^ -m 1. 01' - H ) 

Mien A in eos.(U)-(13') can assume only known discrete values(just as in elementary particl 
physics), then - once M is fixed - eqs.(ll)-(13) yield a link between m and E_(or \$\, or V). 

Por the description of the tachyon-exchang* between two bradyonie bodies (or psrtieles)AandB, 
we refer to Haccarrone and Recaai (1980) and Rccemi (19Í4).However,let us recall also here the 
important fact that, when bodies A and B exchange on* taehvon T, the tachyon kineaatics is such 
that the "intrinsic âzsariptions" of the processes st A SIK! at B(in which the process at A 
is described from the rest-frame of A and the process at B is now described fro* the rest-frame 
of B) can a sriori be of the following four types: 

(i) emission-absorption; * . 
(ii) absorption-emission; ( ' 
(iii) emission-emission; 
(iv) absorption-absorption. 

Note that the possible cases are not only (i) and (ii). Case (iii) can take place when the 
tachyon-exchange happens in the receding phased.e., only while A,B are receding from each oth 
er); case (iv) can take place only when the tachyon-exchange happens in the approaching phase 
(i.e. only when A,8 are approaching to each other). 
let us repeat that the descriptions (i) - (iv) above do not refer to one and the some observer, 
but on the contrary add together the "local descriptions" of observers A and B. 

3. "VIRTUAL PARTICLES" AND TACHYOHS 

Let us recall that, when elementary interactions are considered to be Stated by exchanged 
objects, no ordinary (bradyonic) particles can be the classical, "realistic" carriers of the 
transferred eneigy-momentun. On the contrary, classical tachyon* —in place of the so-called 
virtual particle.— can a prioii act as the actual carrieiv of the fundamental subnuclear in
teractions (Sudarshan, 1968;1lecaai, 1968, 1969;Clavelli and other, 1973). 
Por instance, any ordinary elastic scattering can be regarded as classically ("realistically") 
mediated by a suitable tachyon exchange during the approaching phase of the two bodies ..A and 

. ft, In such a case (A. - &_ » 0), the two four-momentum conservations st i. and at B tead in the 

A rest framc(Kecami,1984): 

tj - m2/2MA; t% - M^/iS.v" - 1), (15) 

where the angular momentum conservation is not considered. In the c.m.s. we would have |P.l " 
- |?B| s |f| and 

cose - l - - 4 - . (16) 

cm. 2|?,, 
so that (once IP| is fixed) for each tachyon mass * we get a particular 0c,m.' ** «( assumes on
ly discrete values — in "Extend Relativity" one expects that .all. (and only)the ordinary parti
cles exist also in the tachyonic state I "Duality principle": see Recemi and Mignani,1974,here
after cal ted Review I ] — then 9 results to be alaeeiaaly "quantized", apart from the cylindri
cal symmetry. 
More in general, for each discrete value of the tachyon-mass m, the quantity 8 C ̂  assumes a 

discrete value too, which is merely a function of \'f\, These elementary considerations neglect 
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th* possible mass-width of the tachyonic "resonances" (a.g. of the tachyon-mesons). U t «is 
notice that in the e.m.s. «ay «lactic scatterings caa b« regarded classically aa mediated by aa 
infinite-speed tachyon with pW « (0,p); \$\ - • (remember that any transcendent tachyon carries 
taro energy and a x n i m momentum $, with |f |* • ) . H n r m t r , «as.(15) iapoaa a link between • 

•ad the direction of p, or rather between a sad a * pP (where we can choose P • p.; remember 
that P. • -P. J : 

B «\ 

cosa • ~ - ; (17) 
C*B- 2|Pl 

stain we find (once |p| is given, and the intermediate tachyon nasses «re discrete) that alao 
the exchanged 3-momentum results to be (classically) "quanticed" in both its Magnitude and di
rection. In particular, for each discrete value of m, also the exchanged 3-aonintun attunes one 
discrete direction(except again, for the cylindrical symmetry), which is a function 

m u a e s c 

It is essential to notice that such results cannot be obtained at the classical level when 
confining ourselves to ordinary particles only, for the simple fact that bradyona are not al
lowed by the kincMtics to be the ittcraction-carriers. 

Of course, also the non-elastic scatterings can be regarded as mediated by suitable tachyon ex 
changes. Actually, it is know» that the "virtual particles" .exchanged between two elementary 
particles (and therefore realizing the inte-action) must carry a n»g"tivt four-momentum square, 
for simple kineaatical reasons (Review I): 

just as it happens for tachyons. 
Long ago it was checked (Recami,1969;01khovsky and Recami,1969) whether virtual objects could 
really be regarded as faster than light, at least within the so-called peripheral modelt "with 
absorption"(see e.g. Dar,1964). To evaluate the effect of the absorptive channels in the one-
-particle-exchange-models, one has to cut out the low partial waves froa the Born amplitude. 
Namely, an impact-paraneter(Fourier-Bcssel) expansion of the Born amplitudes is used, and a 
cut-off is imposed at a minimum radius R which is varied to fit the experimental data. While 
considering — for example — different cases of pp interactions via K-aason exchange, values of 
R were found ranging from 0.9 to 1.1 fm, i.e. much larger than the K-meson Compton wavelenght. 
The sane kind of model (at a few CeV/c; with form factors) was also applied to pion-nucleon re 
action»via p-oe»on exchange; and also for the p a value (R »-0.8 fm) much greater than the 
p-ueson Compton wavelenght was found. Even if such rough tests are meaningful only within those 
models, one deduced the virtual K and p mesons of the nucleon cloud to travel faster than light: 
for instance, in the firat case, for t - -*_.2, one finds <v> > 1.75c. According to Uigner(l976), 

«there is no reason to believe that interaction cannot be transmitted faster than light trav
eis»». This possibility was considered in detail by Van Dam and Wigner (1965,1966) already in 
the Sixties. See also Agudin(1971), Costa de Beauregard(1972), Mathews and Seetharsnan (1973), 
Flato and Cuenin (1977) and Shirokov (1981). 
And any action-at-a-distance theory implies the existence of space-like objects, since the in
finite spaed is not invariant in SR. 
Moreover, if hadrons can really be considered as "strong black-holes"(Recami,1982),than strong 
interactions can classically be mediated only by a tachyon-exchange; i.e., Che strong field 
"quanta" should be Superluminal. 

In any case, we can describe at a classical level the virtual cloud of the hadrons as made of 
tachyons (see also Sudarshan 1970a), provided that such tachyons, once emitted,are -"strongly" 
- attracted by the source hadron, in analogy with what happens for the ordinary gravitational 
case(see sect.12.5 in Recami,1984), For the description in terms of a "strong gravity" field, 
see e.g. Salan(1978), Sivaram and Sinha(1973), Recami(1982) and refs. therein, and Ammiraju 
and others (1983). In fact, if the attraction is strong enough, the emitted tachyons will soon 
reach the zero-energy»infinite-speed) state; and afterwards (ci. Fig.3) tbey will go back as 
antitachyons, till reabsorbed by the source hadron. 

Notice that transcendent tachyons can only take energy from the field. Notice, moreover, that 
classics? tachyon* subjected to an attractive central field can move back and forth in a kind 
of tachyonic harmonic motion (tee Fig. 4), where the inversion points just correspond to the 
infinite speed (Recani,1984 ; see also Aharonov and others,1969). 
Finally, let us consider a hadron emitting and reassortinp (classical) tachyons. It will be 
surrounded by a cloud of outgoing and incoming tachyons. In the "continuous" approximation (and 
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Fie. 3 

v= 0*WJy«T jV= 

Pig. 4 

spherically symmetric case), that cloud can be described by the spherical waves: 

•ixpl! im r] 
I- "I1 (19) 

We are of course confining ourselves to subliminal frames only. We can find the results for
warded by ER, formally, by putting for tachyons m * Í iu (u real). It is noticeable that from 
eq.(19) we get, Chen, the Yukawa potential by setting m • + iy for the outgoing ar^m^-iu for 
the incoming waves: 

i-l^^l2; (»•) 

in other words, at the static limit, the Yukawa potential can be regarded as Che "continuous" 
(classical) description of a flux of outgoing tacbyons and incoming antitachyons: see Castori
na and Recami(1978). See alsoHadjioannou(1966), Perreti and Verde(1966), Yamamoto(1976), Erik-
sen and Voyenly(1976), Flaro and Cucnin(1977), and Federighi(1983). 
rWhen two hadrons cone close to each other, one of the cloud tachyons —instead of being reab
sorbed by the mother hadron— can be absorbed by the second hadron; or vice versa(this state
ment is frame dependent). That would be che simplest hadron-hadron interaction.The actual pre£ 
ence of a tachyon exchange would produce a resonance peak in the scattering amplitude as a 
function of the momentum transfer t * (p - p )2-(Sudavshan, 1969a,b, 1970b). Precisely, it would 
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produce a "negative t enhancement", fixed when s s (pj + p 2 )
2 varies, and possibly to be found 

also in other similar processes (Dhar and Sudarshan,1968;Glück,1969;Baldo and othars, 1970)un
less the tachyons appear to possess a very large vidth^Bugr'j and others,1972;see also Krõli-
kowski,1969). A positive theoretical evidence was put forth by Gleeson and others(1972). S»e 
also Van der Spuy(1973), Jue(1973), Akiba(l976), Enatsu and others(1978), Review t p.266, and 
Baldo and othcrs(1970). 

Before closing this Section, let us recall that long ago (Recami 1968,1969) it was suggested 
that the unstable particle's "Resonances"), bearing masses M* • M + i" formally complex, might 
be compounds of bradyons and tachyons. Vie shall come back to this point in Sect. 6. (Sec- also, 
e.g., Sudarshan 1970c, Edmonds 1974, Keszthelhyi and Nagy,1974). 
More in general, for the possible connections between Superluminal motions and the "quantum p£ 
tential" (Bohm and Vigier 1954,1958), see for instance Vigier (1979,1980).See also Stapp(1977) 
and d'Espagnat(1981). 

4. PRELIMINARY APPLICATIONS 

If subnuclear interactions are considered as mediated by quanta, no ordinary(bradyonic) parti
cles can be the carriers of the transferred energy-momentum. He have seen, on the contrary.that 
classical tachyons can a priori act as the carriers of those interactions. 
As preliminary examples or applications, let us consider the vertex & + p • n- of a suitable 

one-particle-exchar.ge diagram, and suppose the exchanges' particleünternal line)ir_ iobe a tachy 
onic pion, instead of a "virtual" pion. ThenT from Sects.6.3 and 6.8 we should get: (1232)* -
- (938)2 - (140)2 + 2 x 1232 x /c*\f\* - (140)2, and therefore(Maccarrone and Recami 1980): 

|p| - 287 MeV/c; E - 251 MeV, (20) 

so that, in the cm. of the Ail(1232), the total energy of the tachyon pion is predicted to 
be centered around 251 MeV. 
Again, let us consider the decay it + y • v_ under the hypothesis, now, that v_ be a tachyon 

neutrino, with m > 0; v > c. It has been shown by Cawley(1972) that such an hypothesis is not 

inconsistent with the experimental data, and implied for the muon-neutrino a mass ra <1.7MeV. 

In the two limiting cases, we should get(Maccarrone and Recami, 1980) in the c m . of the pion: 

% " 0 "» !p|v - 29.79MeV/c; v y - c; (21a) 

mv « 1.7 •• jp| - 29.83MeV/c; vy - 1.0016c (21b) 

It is noticeable that,if neutrinos are endowed with tachyonic speeds, then |p| slightly in-
iTcases w.r.t, the light-speed case. 
For further considerations about tachyons and virtual fields see e.g. Van der Spuy(1978), and 
Soucek and others(1981). 
Tachyons can also be the exchanged particles capable of solving the classical-physics para
doxes connected with pair creation in a constant electric field (2eldovich,1974 p.32,and 1972). 
For tachyons joint probability distributions in phase-space see e.g. Kriiger(1978 and refs. 
therein), where the ordinary formalism was generalized to the relativistic case and showm to 
yield a unified description of .bradyons and tachyons. 

5. CLASSICAL VACITUM-UNSTABILITIES 

Let us consider (Fig. 5) two bodies A and 6 which exchange(w.r.t. a frame s ) a transcendent 
o 

tachyon T^ moving along the x-axis. We know that for transcendent particles the motion direc

tion along AB is not defined. In such a limiting case, we can consider T either as a tachyon 
T(v • •<») going from A to ., or equivalently as an antitachyon T(V • -•) going from B to A 
(Reranti,1984, and refs. therein). In quantum mechanical language, we could write(Pavsic and Re 
08(8^,1976): 

IT^) - a|T(V «•*»))• b!T(V- -*>)> ; a2 • b2 - 1. (22) 
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produce a "negative t enhancement", fixed when s s (pt • p 2 )
2 varies, and possibly to be found 

also in other similar processes (Dhar and Sucaishan,1968;Glück,1969;Baldo and others,1970)un
less the tachyons appear to possess a very large width(Bugrij and others,1972;see also KrSli-
kowski,l969). A positive theoretical evidence was put forth by Cleeson and others(1972). See 
also Van der Spuy(1973) Jue(1973), Akiba(1976), Enatsu and others(1978), Review I p.266, and 
Baldo and others(1970) 

Before closing this Section, let us recall that long ago (Recami 1968,1969) it was suggested 
that the instable particle's "Resonances"), bearing masses K* « M • ir formally complex, might 
be compounds of bradyons and tachyons. We shall come back to this point in Sect. 6.(See- also, 
e.g., Suiarshan W J U C , Edmonds 1974, Keszthelhyi and Nagy,1974). 
Mo.e in general, for the possible connections between Superluminal notions and the "quantum po 
tent-al" (Bohra and Vigier 1954,1958), see for instance Vigicr (1979,1980).See also Stapp(1977) 
and d*Espagnat(1981). * 

4. PRELIMINARY APPLICATIONS 

If subnuclear interactions are considered as mediated by quanta, no ordinary(bradyonic) parti
cles can be Che carriers of the transferred energy-momentum. We have seen, on the contrary .that 
classical tachyons can a priori act as the carriers of those interactions. 
As preliminary examples or applications, let us consider the vertex A •* p • ff_ of a suitable 

one-particle-exchattge diagram, and suppose the exchanged par":icle(internal line)ir_ to be atactic 
onic pion, instead of a "virtual" pion. Then, from Sects.6.3 and 6.8 we should get: (1232)2 -
- (938)2 - (140): • 2 * 1232 x / c 2 ] ^ 2 - (140)*, and therefore (Maccarrone and Recani 1980): 

Ipl -287KeV/c; E «251HeV, (20) 

so chat, in the cm. of the Aj j (1232), the total energy s.r the tachyon pion is predicted to 
be centered around 251 McV. 

At>iin, let us consider the decay it •+ p • v under the hypothesis, now, that v_ be a tachyon 

neutrino, with m, > 0; v > c. It has been shown by Cawlcy(1972) that such an hypothesis is not 

inconsistent with the experimental data, and implied for the muon-neutrino a mass m <1.7HeV. 

In the two limiting cases, we should gct(Maccarronc and Recarai, 1980) in the c m . of Che pion: 

«a - 0"* |p|v » 29.79MeV/c; vy - c; (21a) 

"»v " 1-7 "* IPI " 29.83MeV/c; vv - 1.0016c (21b) 

Tt is noticeable chat,if neutrinos are endowed with tachyonic speeds, then |p( slightly in-
ercacea w.r.t. the light-speed case 
For further considerations about tachyons and visual fields see e.g. Van der Spuy(1978). and 
Sourek and othcrsUOBI) . 
T.nliyons tan also be the exchanged particles capable of solving the classical-physics para
doxes connected with pair creation in a constant electric field (Zcldovich,l974 p.32,and 1972), 
For tachyons joint probability distribvtions in phase-space see e.g. Krüger(1978 and refs, 
therein), where Che ordinary formalism was generalized to the relutivistic case and showm to 
yield a unified description of .bradyons and tachyons. 

5. CLASSICAL VACITUM-UNSTABILITIES 

let us consider (Fig. 5) two bodies A and B which exchange(w.r.t. a frame s ) a transcendent 

'.uchyoo T moving along the x-axis. Wc know that for transcendent particles the notion dii.ee-

cinn alonp, AB is no: defined. In such a limiting case, we can consider T n either as a tachyon 

l(V " •*») going from A to B, or equivalently as an ancitachyon T(V « -») going from B to A 
(Rc/ami,1984, and refs. therein). In quantum mechanical language, we could write(Pavsic and R£ 
cami,1976): ~ 

IT^) - a|T(V - •»)) + b|f ( V - -~)> } a2 • b2 - I. (22) 
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c 

Fig. 

Alternatively, it is immediate to realize that s can interpret his observations ulso as due 
to a pair-creation of infinite speed tachyons T «n1 i(travellinj along x), at any point P of 
the x-axis between A and B(Hignani and Recani, 1976; Edmonds, 1976;Caldirole and Recami,1980):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. Actually, for each ob
server the vacuum can become classically unstable only by emitting two(or «ore)infinite-speed 
tachyons in such a way that the total 3-momentum of the emitted set is zero (the total energy 
emitted would be automatically zero; see Figs.4,5 and 6). 

It is interesting to observe — c f . eq.(2)— that any(subluminal) observer s,, moving_ along x 
w.r.t. s in the direction A to B, will just see a tmique(finite-speed) antitachyon Tj emitted 
by B, passing through point P without any interaction, and finally absorbed by A. On the con
trary, any observer s2, moving along x w.r.t. s in the direction B to A, will just sea a 
unique(finite-speed) tachyon Tr, emitted by A,°freely travelling from A to B(without any in
teraction 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.2, gets simplified. In such a 'ase, s , s and s will see an elastic scattering of 
A and B. o i 2 

As we have seen above, any observer, s can describe the particular process ph under examina
tion in terms either of a v.ituum decay or of a suitable tachyon-emisrion by one of the two 
nearly -bodies A,B. One can alternatively adopt one of those two languages. More generally, 
the probability of such vacuum decays must be related with the transcendent-tachyon eaission-
-power(or absorption-power) of matter. 
Furthermore, if A and B can exchange tachyons even when they are very far from each other, 
any observer «'(like s and s ) moving w.r.t. s will describe ph in '.eras either of an incom
ing, suitahle tachyonic cosmic ray or of the emission of a suitable, finite-speed tachyon by a 
material object. One of the consequences, in brief, is that the tachyon cosmic flux is expected 
to have for consistency a Lorehtz-invariant fourmome^tum distribution, just as depicted in Fig, 
2c. The large majority of "cosmic" tachyons ought then to appear to any observer as endowed 
with speed very near to the light-speed c(see also Vigier,1979;Kamoi and Kamefuchi,1977). On 
this respect, it may be interesting to recall that an evaluation of the possibel cosmic flux 
of tachyons yielded —even if vory rough— a flux close to the neutrinos one(Mignani and Reca-
mi,1976). 

As an elementary illustration of other related possible considerations, let us add the follow
ing. If s observes the process 

o 

a + b • t, (23a) 

where t is an antitachyon, then —after a suitable ordinary lorentz transformation— the r.ew 
observer s' can describe the same process as 

a • t •*• b . (23b) 

then If,in eq.(23a), the emitted t had travelled till absorbed by a (near or far) detector U, 
in eq.(23b) 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(23b), measured by s » it will be theLorentz 
transform of the average tinetr' that particle a must spend according to s' before absorbing a 
"cosmic" tachyon t and transforming into b. 

But let us go back to the important observation that the vacuum can become unstable at the elatt_ 
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eical level, by emitting couples of tero-energy (infinite-speed) tachyons T and T. Let us no
tice *»-t the probability of such a decay of a vacuum "bubble"into two col linear transcendent 
tachyons (T and 7) is expressible, according to Fermi's Golden rule(Fermi,1951), as T - t * m c/ 
/(» h), where m0 is the tachyon rest-mass (both tachyons T and T must have the same rest-mass, 
due to the impulse conservation; remember that for transcendent tachyons |p| » • c);but we are 
'unable to evaluate the proportionality constant. 
More interesting appears considering, in tvo dimensions(Recami, 1984), an ordinary particle P s 

s p harmonically oscillating in a frame f* around the space-origi.. 0'. If the frame f moves 
o 

Super luminal ly w.r.t,. another frame f (t,x), in the second frame tie world-line of point 0' is 
a space-like straight-line S; and the world-line of the harmonic oscillator P B P-j(no • a ta
chyon with variable velocity) is depicted in Fig.6. Due to what we saw in Sects. 1,2,5,the "sujb 
luminal" observtr f will see 3 vacuum fluctuation propagating in space, with vacuum decays 

0 < 
(pair-creations of transcendent tachyons) in correspondence with the events C.,C,,C-..., and 
with analogous pair-annihilations (cf transcendent tachyons) in correspondence with the events 
A.,A.,A....(Fig.6). Cf. also Wimmel(1971), and Catara et aZ.(1982). Notice that each vacuum 

instability C is just a vacuum decay into a tachyon T and an antitachyon T, having the same 
rest-mass and oppositely moving with infinite speed; such a process is perfectly allowed by 
classical mechanics. Analogously, each event A is nothing but the anniHilati.on(into a "vacuum 
bubble") of a transcendent T-T pair. 

This is another example of classical description of a typically "quantal" phenomenon, i.e. of 
a phenomenon usually regarded as belonging r •> the realm of quantum field theory(QFT).See also, 
e.g., Nambu(1950), Mannheim(l977),Fukuda(1977,Shay and Miller(197&), and Soucek{1981). 
Let us remark, at this point, that in ordinary theories the possible ptesence of tachyons is 
not taken into explicit account. It follows that the ordinary vacttua is not relativistically 
invariant, if tachyons on the contrary exist(and, let us repeat, if account of them is not ex
plicitly taken): cf. e.g. Sect.5.17 and Fig. 13 in Recami (1984). lhe fact that in the usual 
theories the ordinary concept of empty space may not be Lorentz invariant was particularly 
stressed by Nielsen(1979); who noticed that if some large region in space is empty of tachyons 
as observed from one frame, there is no guar ant ie that it will be so seen firm another frame of 
reference. Nielsen et aí.(.see e.g. Nielsen and Ninomiya 1978, Nielsen 1977) also developed 
non-invariant theories, even if independently of the above observations. 

6. A LORENTZ-INVARIANT BOOTSTRAP 

The idea that tachyons may have a role in elementary particle structure has been taken over by 
many authors(see e.g. Recami,1968,1969;Hamamoto,1974;Akiba,l976;Rafanelli,1976,1978; Van der 
Spuy,1978;Castorina and Recami,1978; Szamosi and Trevisan,1978;see also Rosen and Seamosi,1980, 
and the Reft.(8),(9) in Maccarrone and Recami 1980). 

Fig. 6 
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One of the most interesting results is probably the one by Corben, who succeeded in building 
up a Lorentz-invariant *V">tstrap" of hadrons or of hadronic "Resonances"(Corben,1977a,b,1978a, 
b). Let us describe his approach by f>1lowing initially Castorina and Recami(l978). 
Corben started from the known fact that a free bradyon with rest-mass N and a free tachy on T 
with rest-mass m can trap each other in a relativistically invariant way; if H > n .the com
pound particle is always s bradyon B*. If the two particles have infinite relative speed, and 
P,p are their fourmomenta, then: 

PVVV - 0 • pi P. (24a) 

In such a case the mass C* of the compound bradyon B* is (Sects.6,3 and 6.5): 

M* - /M 2- m2 , (2*b) 

as easily follows trom eqs.(7)-(8). 
Let us now assume that, inside the "composite hadron", the tachyon T feels a strong field simi 
lar to the gravitational one (see e.g. Pecami,1982,and refs. therein); let us assume moreove? 
that the trap.ed tachyon has already reached an equilibrium state and is revolving along a cir 
cumference around tie bradyon B(see also Stephas, 1983).From Sects.6.14 and 10.1 of &ecami(1984)~, 
we then derive that any bradyon-tachyon compound —in its lowest energy state ("ground state")— 
is expected to be constituted by a tachyon T having divergent speed w.r.t. the bradyon B, so 
that condition (24a) is satisfied. T reaches in fact its minimal potential energy when its speed 
diverges; i.e., the fundamental state of the system corresponds to a transcendent periodic 
motion of T. One also derives that the trapping force, which '..olds T on a circular orbit,tends 
to zero when 1 tends to have infinite speed. In such a case the ir:'tvaatien is negligible,even 
if the "self-trapping" keeps itself. Under condition(24a), therefore, one may consider the B-T 
compound as a couple of two free particles I 
Actually Corben(1978a), by using the quantum language, considered two particles satisfying the 
equations [M > ml: 

D * B - K
2 ^ ; [ K s Mc/n] (25a) 

D*T- ~*\', Usmc/h] (25b) 

and such that, if <i> s ^Ji-, 
0 T 

D * - (K1 - k 1)*;! / K 1 - k1 s M*c/h) . (25c) 

Eq. (25c) comes from postulating the invariant interaction 3 "fr»"* <|i_ " °. which is nothing but 

the quantum-field version of condition (24a); in fact, applied to the eigenstates of energy 
and momentum, it just implies eq.(24a). {Cf. also eqs.(25c) and (24b)]. Plane time-like and 
space-1'ke waves can therefore "lock" to form a plane wave,, that, is time-like wtwi M > m. No
tice that everything still holds when we substitute D<j0> s 3 -(ieo/hc)A for 3^. 

It would not be possible to combine two time-like states in this way, because applying the con 
dition 3 ifi_3 *T - 0 [ or DW^-DCniji,,, • 0] to such states leads to imaginary momenta and expo-

M P ' U B U T 
nentially increasing (not normalizable) wave-functions. This corresponds, of course, to the 
classical fact that condition (24a) cannot be satisfied by two bradyons. 
On the contrary, a bradyon B can combine in a relativistically invariant vay with more than one 
tachyon to yield another bradyon B*. Actually, due to conditions of the type of eq.(24a), it 
aan trap no more than three tachyons, getting eventually the mass 

M* - / M 2 - m 2 -- m 2 - m 2 (24c) 
I 2 i 

provided that it is real. In such a situation, the three transcendent tacbyons T.,T,,T., can be 

imagined as moving circularly around the axes x, y, z, respectively(the circle centers always 
coinciding with B). Going back to the quantum-field language(Corben 1977»,1976b), the extra 
conditions 3 4».3 i». " 0 (i,j - 1,2,3; i t j) require the functions 3 i», to bo orthogonal to each 

other in space. More generally, setting M - m^, the conditions IJ/JJto • O(a,6«0,l,2,3; a^B) 

imply that no more than three space-like states aan be superimposed on one time-like state to 
yield another particle.(Cf. also Preparata,1976;Hoh,197i;Pagels,1976). 
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In QFT a bradyon at rest is described, as usual, b/ a wave-function periodic in tine and inde
pendent of position. A transcendent tachyon, on the contrary, corresponds to a wave-function 
static in time and periodic in space: a lattice. Incidentally, the interaction between a bra
dyon and a transcendent tachyon is therefore analogous to the scattering of a wave by a dif
fracting grating (Corben 1978a). The three values of the lattice spacing in the three dire£ 
tions of space may be regarded as corresponding to the masses of the three space-like states 
that can combine in the above way with one rime-like state(Corben,1978b). 
By resorting to eqs.(24b,c) and to suitable quantum number considerations, Corb»n(1977a,b,1978 
a,b) found masses and quantum numbers of a host of hadrons as composed of other(sub-and Super-
-luminal) hadrons, thus realizing a relativistically invariant i>£?jistrap(Chew,1968). There are 
a number of examples which appear to verify this, especially in the spectrum of the K parti
cles .nd the s«0 mesons that preferentially decay into KK : we refer the reader to the inter
esting tables published by Corben in his abovemeht. papers, which also contain further details 
and comments. Corben found also the mass-differences among the members of various isospin mul-
tiplets by binding Super luminal leptons to suitable sub luminal hathuiic. 
It would be interesting to try a generalization of such an approach even to the quark level. 
Actually, many authors suggested that quarks —more generally, the elementary-particle constit 
uents— might be tachyons (see e.g. Hamamoto,1972;Mignani and Recarai,1975 p.539; Cuenin,1976~ 
Soucek,1979a,b). Rafanelli(1974,1976,1978) showed that in classical relativistic physics there 
exists the possibility for a description of an elementary particle which has constituents, if 
those constituents are tachyons. Free spinning tachyons are then the candidates for elementary 
particle constituents. And in the range of Superluminal velocities the theory of a free spin
ning point particle cdmits uniquely a linearly rising trajectory, naturally yielding the con
stituent confinement (see also Recami,1982). 
Moreover (cf. e.g. Recami,1984), the duality between electric and magnetic charges is possibly 
a articular aspect of the bradyons/tachyons duality; and authors as Tze(1974) and Barut(1978) 
underlined the connections between electromagnetic and dual strings; possibly, a link can thus 
be found between tachyons and hadron structure(Hignani and Recami,1975). Let us add that, more 
generally, quarks have been identified(Parisi,1978) with non-conventional "moncpoles", i.e. with 
the tnonopoles of the field which mediates strong interactions inside hadrons. 
Aside, it stands the "electromagnetic" appioach by Jehle(1971,1972), who noticed that —while 
the introduction of a single-valued gauge variable in space implies charge conservation but 
does not change the physical situation— a "pseudogauge" transformation (with a variable 8 
which is single-valued only modulo 2TT) is equivalent on the contrary to the introduction of a 
quantized flux hc/e(see also Bernardini,1982), It is, namely, a transformation from A/ • 

• 0,3 9' " 0 to A ,9. where A. - (•nc/e)3.9 • 0 is invariant; and, because of (e/f»c)j* Z A-dr* • 
1»3 

* x 2TT, one may assume the flux line(singularity of 3.9) to be a closed loop. A more etailed 

analysis shows that such singularity loops spinning with velocities larger than c permit a cor> 
sistent formulation of leptons, as well as of quarks ano hadrons, in terms of electromagnetic 
fields and their probability amplitude distributions. The topological structure of those fields 
(toroidal field lines) represents the internal quantum numbers in particle physics. 

7. ARE CLASSICAL TACHYONS SLOWER-THAN-LIGIIT QUANTUM PARTICLES? 

Let us suppose that(£K?t£ve)"Superluminal Lorentz transformations" exiet in four dimensions(even 
if at the price of giving up possibly one of the ordinary properties of Lorentz transformations: 
see Sect.3.2 in Recami,1984), which change time-like into space-like tangent vectors and vice-
-versa, i.e. invert the quadratic-form sign. Independently on their explicit form, Barut and 
others (1982) showed — then - the following. Let us consider an extended particle P that for 
simplicity is intrinsically spherical. When at rest, its surface is spherical; when sub
liminal, it becomes an ellipsoid (Pig. 7b); when superluminal, such a surface 

y y f 

figs. 7 

(0 W <•> (<) 



Tachyons: May They Have « Role in Elementary Particle Physics? 

*>ecoir>s a two-sheeted hyperboboid H0 (rig. 7d). Fig. 7c refers to the limiting case when ei
ther v •* c~ or V •* c* (let us recall, incidentally, that even in ER the light-speed in vacuum 
goes on bf'ng invariant and can be crossed neither from the left, nor from the right).If P = P R 

is intrinsically point-like, then P_ reduces to •> double cone C infinitely extended in space 

(see Fig. 7d), and r-'gidly moving — o f course with the tachyon-speed V. Tachyons appear, the» 
"fore, more similar t. fields than to particles (Recami, 1984), and it would be interesting to 
find out the space-time function yielding the censity-distribution of a tachyon. For instance, 
when the tachyon-shape just reduces to the cone C0, it would be desirable to work-out the L -
- function of x and t yielding the tachyon density-distribution over C 

o 
We have seen that the two-sheeted hyperboboid H 0 and the double-cone C0(cf. Fig. 7d) are infi
nitely extended in space. But this happens only if the corresponding bradyon PB has an infinite 
life-time. If the life-time of P is finite, the space-extension of P_ is finite too. Namely, 
Recami and Maccarrone(1983) have shown that, if P. in its rest-frame is born at time 7, and 
absorbed at time t̂ , then the shape of the corresponding tachyon P. is got by imposing "n the 
structure C *H (see Fig. 7d;see also Figs. 17-18 in Recami,1984) the following constraints 

o 

x, s ft, /v* ' * + -J-) < x < (T, / V* ~ l • -J-) a x 2. (2*) 

In other words, a realistic tachyon Pyiobtained from a finite life-time bradyon Pg) is consti
tuted not by the whole structure C + H in Fig. 7d, but only by it? position confined inside a 

mobile "window", i.e. bounded by ihe two moving planes x • Xj and x - x2. The important point 
is that such a "window" travels rith speed v' dual to the tachyon speed V: 

,v* - -j£; [V2 > c2;v'2 < c2] (27) 

and, if V is constant, also the window width is constant \Ti • t2 - t,]: 

Ax'- At/1 - v'2. [v'-c2/v] (28) 

Chosen a_fixed position x ™ x, that "winda./' will take to cross the plane x - x" a time indepen 
dènt of x (if V is still constant): 

t'-At^ V"ag^T7. At - At l-i-^r— s U/Vz - 1 . (28») 

Vie may conclude (Recami ,1984) that, if the life-time of P_ is very large (as it is usual f or ma£ 
roscopic and even more for comic objects), then the corresponding tachyon description is the 
one given at the beginning of this Section(Barut and others, 1982), and P-r can be associated 
with actual Superluminal motion. If, on the contrary, the life-time of P„ is small w.r.t. the 
dur.;i ion of the corresponding-taehyon observation (as it commonly happens in the microscopic 
donuin), then P_ would actual 1' appear to travel with a alower-than-light "front velocity", or 

"group-velocity", v 3 v' = c2/V. However, within the window confining the real portion of the 

tachyon(which possibly carries the tachyon energy and momentum), there will be visible a "-true 
cure" evolving at Superluminal speed V, therefore associable with a tachyonic "phase-velocity* 

V 
v V. - c2. (27') 
g $ 

The above tachyon characteristics remind us once more of the ordinary quantum particles with 
their "d< Sroglie waves": in that case too, for instance, phase and group, velocities obey eq. 
(27'). To investigate this connection(Rccami and Recami,1983), let us recall the ordinary def
initions of Compton wave-lenght X and de Broglie wave-length X ._(i$2 < lj: 

» * B *h'* *AT B 4" " X a ** ' ^ ( 2 9 a > 
c m c' dC i*i c B 

° IPl 

where we introduced the new "wave-lenght" X; 
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x E Ê7c " x/* " e* <29b> 
satisfying the relation 1A2 - 1 A L • 1A 2 . 

do c 
Eqs.(29) suggest the following kinematical interpretation(Maccarrone and Recami,1983; Recaai, 
1984): Let Xc represent the intrinsic size of the considered (subliminal , quantum) particle; 

then X • A /l - B2 is the'particle size along its motio-line in the frame where it travels 

with speed v = Be; and X. /c - X/v is then the tine spent by the extended particle to cross in 

the sane frame a plane orthogonal to its motion-line. 

Let us now examine our eqs.(28},(28'). In the former it is natural to identify [0' - v'/c;v' « 
c2/V;v'2 < c 2l: * 

'* A' - x'/i - e'2 

wnerefrom 

Then, from ec,.(28'): 

A X E A' - X V 1 - 6,z, (30a) 

X' - cAt . (30b) 
c 

J\ - ft* 2 \% 

XOB " K ^ V " " T-• (30c> 
By comparing eqs.(30)vith eqs>.(29), one recognizes that the characteristics of a classical 
tachyon do actually fit tt-.a "de Broglie relations" v* • c2/V and X' • \*/B', with X* s Ax. 

QD 

However, a classical(realistic) tachyon t obeys all the eqs.(29) only provided that one attri
butes to the tachyon(or, rather, to its "real" portion confined within rhe mobile subluminal 
"window") a proper-mass m depending on its intrins£c(proper) life-time, namely such that(Reca 
mi, 1984): ° 

— - » - ~ - St • • - i . (31) 
c m cl o c*5t 

Notice that eq.(31) corresponds to the case E • ÃF - E«Ax'/c -*, with E - n» c2 ; E » 
_^_—___ ° 0 0 

• m c2//l - (v'/c)2. Notice, moreover, that the wavelenght of the de Broglie wa'e associated 
o 

with a tachyon has an upper limit(Grin,1979), which is essentially equal to its Conpton wave-
lenfiht: (X' ) . -W(ioc) - X'. 

tía !D3A O C 

We have remarked some formal analogies between classical tachyons and the "de Broglie" parti
cles met in QFT. The analogies becooh more strict when we analyze the appearance of a tachyonic 
particle endowed with an additional oscillatory movement, for example(and for simplicity)along 
the motion-line(Garuccio, 1984). Let us recall that the "shape" of a tachyon depends also on 
its speed V; namely, the semi-angle a of the cone C is given by: tga » (V2 - l ) " 1 / 2 . In such 

cases, the microphysical tachyon P_ will really appear as a bradyonic object associated with a 

kind of wave(having Superluminal phase-velocity). Cf. also Tanaka(1960), Schroer(1971), Streit 
and Klauder(1971), MurphyU971), Naranan(1972), Gott 111(1974), Strnad and Kodre(1975), Than-
kapp«n(1977), and particularly RobineCt(1978). 
At each time-instant, the real portion —which does carry cnergy-momentun, lee us repeat— of 
such a wave is its discrete part contained inside a certain moving "vindov": the whole wave may 
be possibly regarded, in a sense, as a "pilot wave". On this respect, it may become enlighten
ing describing the scattering of two tachyonic particles PT»P»; i.e., of two microphysical 

bradyons P,P' observed from a Superluminal frame. 

8, ABOUT TACHYCÍ! SPIN 
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It is known that the little group of a space-like vector(cf. e.g. jrdan,1978) is isomorphic 
to S0(l,2), the Lorentz group in a pseudo-Euclidean space-tir-» with one time-like and two 
space-like dimensions. Since SOU,2) is non-compact, its tatitaryiirreducible) representations 
are infinite-dimensional, except für the one-diraensic al representation. It vas often concluded 
that, thus, either a tachyon has no spin (i.e., it is a scalar particle), or it has an infi
nite number of polarization states(Camenz'nd,1970). 
However, after the results mentioned in Sect.l(see Recami,1984), we are justified in resorting 
for tachyons to nan unitary representations; which are finite-dimensional(see also Carey and 
others,1979). For instance, solving the "rela*;vistic wave equations for any spin" in the case 
of space-like momentum, the finite-dimensional wave-functions form .non-unitary representa
tions of the little group S0(l,2). Also tachyons can therefore be associated with integer and 
semi-integer spins. This complies better with the philosophy of ER(see e.g. Corbet», 1978a). 
Here we refer, e.g., to Shay(1978);see also Wolf(1969),Marx(1970) , Fleury and others (1973), 
Taccarini(197S), Pavsir and Ricami (1976 ,p.l84) ,* Camenzind(1978) , and Tanaka(1979) . Wolf (1968) 
showed moreover that, if a Bargmann-Wigner equation holds for time-,light- and space- like par 
tides, then W-spin conservation holds for all of them, and not only for time-like particles. 
Let us mention, at last, that the dinary relation between fin and statistics seen to be 
valid also for tachyons(Sudarshan and Mukunda 1970), but contrary opinions do exist (Feinberg 
1967, Hamanioto 19721, 

9. FURTHER REMARKS 

In the present paper w» have met some indications not only of the possible role of tachyons in 
elementary particle itteraction(and perhaps even structure), but also of a possible eventual 
reproduction of quantum results within*classical physics with tachyons. Let us list some more 
hints: 

(i) Many relativistic wave equations —based on perfectly valid representations of the 
Lorentz group(Wigner 1939)— lead to space-like solutions: see e.g. Barut and Nagel(1977); see 
also Korff and Fried(1967). For example, in a quantum electrodynamics based on the Joos-
-Weiberg higher spin wave equations, some solutions for integer spin particles correspond to 
tachyons (Eeg, 1973). 

(ii) In.particular, the infinite-component relativistic equaticns(Hajorana,1932) lead also 
to ««pace-like solutions (see e.g. Fronsdal,1968;Crodsky and Strcater, 1968). It is noteworthy 
that the time-like and space-like solutions of the infinite-component Majorana wave-equations, 
taken together, constitute a complete set of solutions (Abers and others,1967; Mukunda,1969). 
Barut and I)uru(1973) recalled that a wave equation with many mass and spin states can be inter 
preted as describing a (iompoeite system in a relativistically invariant way, and then investi
gated lhe <omposite system corresponding to the Majorana equation(by introducing the internal 
coordinates in the c.m.f.). They showed that the internal motion of the two constituents of 
that composite system can be either oscillatory-type or Kepler-type. While the time-like solu
tions of the Majorana equation correspond to bound-states of the internal motion, the space-
-like solutions correspond on the contrary to the scattering-states of the constituent "parti
cles". This mater ill was put on a more formal basis by Barut and others (1979), thus providing 
a completely rela ivistic quantum-theory suitable to describe a composite object; such a result 
being obtained — et us repeat— only by accepting the space-like solutions too. In a further 
series of papers, Barut and Wilson underlined many other cireurns :ances in which the presence of 
those solutions in the infinite-component equations is good and not evil. 

(iii) In generjl, the existence of space-like components seem a natural and unavoidable 
feature of interacting fields (Stoyanov and Todorov,1968). For instance, it has been proved by 
I>ell'Antonio(1961) and Creenberg(1962) that, if the Fourier transform of a local field vanish
es in a whatever domain of space-like vectors in momentum space, then the field is a general
ized free field. But space-like components seem necessary even to give locality to the fields. 

(iv) In connection with what we were saying in Sect.6 about the field-theoretical models 
of elementary particles (sec e.g. Parisi,l978), let us recall that the dual resonance models led 
to conceive hadrons as non-1-cal objects: strings. String models have been widely investigated 
at both the classical and quantum levels. And they predicted the presence of tachyons in the 
spectrum of states. To eliminate tachyons, one had to introduce an additional interaction of a 
particle with the vacuum and spontaneous vacuum transitionsUec e.g. Volkov andPcívushin, 1977). 
More in general, field theories with tachyons are quite popular (Taylor, i976; see also Nielsen 
rfhd 01eson,1978): but, by assuming the vacuum to be the ground state, an automatic procedure 
is usually followed to get rid of tachyons, or rather to turn them into brodyor.s (sec e. g. 
Nielsen,1978). 

Also in "'•«.• case of the Salam-Weinberg type of models, the gauge symmetry is spontaneously 
broken by Tilling the vacuum with tachyons: in this case such tachyons are the Higgs-field 
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particles. However, the vacuum, is supposed once more to adjust itself so as to turn the tachy-
ons into bradyor.s(Nielse:i,19?8) . 

In conclusion, in the conventional treatment of field theories, tachyons seem to exist only at 
a formal level. But the procedure itself to get rid of tachyons might be only "formal". In any 
case, Che Higgs particles —yet to be observed experimentally— can be considered at least as 
tachyor.s which have been converted into bradyons. 

(v) The standard theories with positive metric and purely local interaction have not been 
developed in a convincing .way; Heisenbcrg considered the efforts in that direction to be large 
ly based on "wishful thinking". He was more favourable to Dirac's hypothesis of an indefinite 
metric in state space (!Ieisenberg,l972) . 
In quantum theory with an indefinite necric, complex-mass states are permitted, and cannot be 
ignuredCsco e.g. Yamamoto,1969,1970a,b; Gleeson and Sudarshan,1970;Jadc:eyk,197Q;Yokoyama,1972; 
To>üda,1973;Yama3oco and Kudo, 1975.). As we saw cowards the end of Sect. 13.2(Recami, 1968,1969), 
coaplex-nass objects nay be related to tachyons: see e.g. Sudarshan (1970c,d), Van der Spuy 
(1971), Gleeson and others(1972), Harqucs and Suieca(1972); see also Das(1966), and Corben 
(19:5). 

(vi) Again, Winsnel(1971) noticed that̂  classical tachyons can appear Co undergo a (classi 
cal) "tunnel effect", an effect ordinarily allowed only to quantum objects. ~ 
Let us recall that, note in general, the tunnel effe;t can be described within "classical phys 
ics" by extrapolation to imaginary time: see e.g. McLaughin(1972),Frecd(1972),Jackiw and RebbI 
(1976), t'Hooft(1976); sec also Bjorkecn and Drell(1964, p.86). 

(vii) At last, lat us mention that two number fields exist that are associative and con
tain "imaginary units" (both properties being apparently necessary in Quantum mechanics (QM)): 
the complex and the quaternion number field. Starting from the beginning of QM (we mean .rom 
the de Broglie wave-particle dualism) and recalling the above Hurwit2 theorem,Soucek attempted 
the construction of a quaternion QM, besides the ordinary complex QM. He seemingly found that, 
as the latter describes bradyons, so the former describes tachyons. Namely, in the duality 
between complex end quaternion QM, there correspond bradyons and tachyons; the electrodynamics 
l'(l) gauge field and the Yang-Kills SU(2) gauge field; and so on. See Soucek(198l); see also 
Weingarten(1973), Edmonds(1977,19?2); Barrct(1978). 
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