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1. - Introduction.

It is a great privilege and pleasure to be able to present (&ft a brief theoretical
introduction) a panoramic view of the experiments that |rev ealing the apparent existence
of Superluminal group-velocities| seem to con rm the pioneering works published by
E.C.George Sudarshan, already in the sixties, about tachys.

The question of Superluminal Y2 > c¢?) objects or waves has a long story, starting
perhaps in 50 B.C. with Lucretius'De Rerum Naturd. Still in pre-relativistic times, one
meets various related works, from those by J.J.Thomson to ¢hpapers by A.Sommerfeld.

With Special Relativity, however, since 1905 the convictio spread over that the speed
c of light in vacuum was theupper limit of any possible speed.

For instance, R.C.Tolman in 1917 believed to have shown bydhhparadox” that the
existence of particles endowed with speeds larger thanwould have allowed sending
information into the past. Such a conviction blocked for ma than half a century { aside
from an isolated paper (1922) by the Italian mathematician GGomigliana { any research
about Superluminal speeds. Our problem started to be tackleagain essentially in the
fties and sixties, in particular after the mentioned, epob-making papers by George
Sudarshanet al[1], which provoked much further work, in particular by E.Reami and
coworkers[2], as well as by H.C.Corben and others (to con raurselves to thetheoretical
researches). The rst experiments looking for faster-thatight objects were performed by
T.Alvager et al.[2].

Superluminal objects were called tachyons, T, by G.Feinbgrfrom the Greek word

&, quick (and this induced the present author in 1970 to coin # term bradyon,
for ordinary subluminal (v2 < c¢?) objects, from the Greek word &, slow). Finally,
objects traveling exactly at the speed of light are called dixons".

In recent years, terms as \tachyon" and \superluminal” fellunhappily into the (cun-
ning, rather than crazy) hands of pranotherapists and mereneats, who started squeezing
money out of simple-minded people; for instance by sellindagters (!) that should cure
various illnesses by \emitting tachyons"... We are dealingvith tachyons here, however,

1This work has been partially supported by the University of Texas at Austin, USA, and by the Italian
INFN and MIUR. E-mail for contacts: recami@mi.infn.it

2Cf., e.g., book 4, line 201: \Quone videscitius debere et longius ire / Multiplexque loci spatium
transcurrere eodem / Temporequo Solispervolgant lumina coelum?"
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since at least four di erent experimental sectors of physicseem to indicate the actual
existence of Superluminal motions (thus con rming long-sinding theoretical predictions
[1,3]).

In the rst part of this article (after a brief, non-technical theoretical introduction, which
can be useful since it informs about still scarcely known appaches) we mention the
various experimental sectors of physics in which Superlunal motions seem to appear.
In particular, a bird's-eye view is presented of the experients with evanescent waves
(and/or tunnelling photons), and with the \localized Supetuminal solutions” (SLS) to
the wave equations, like the so-called X-shaped waves; thieogness of this review is
compensated by a number of references, su cient in some cage provide the interested
readers with reasonable bibliographical information.

2. - General concepts

As far as classical tachyons are concerned, let us insert &ughan's original contributions
within the picture provided by Special Relativity (SR), one@ onedoes not restrictit[2,3]
to subluminal motions.

Let us premise that SR, abundantly con rmed by experience,an be built on the
two simple, natural Postulates:

1) that the laws (of electromagnetism and mechanics) are valnot only for a particular
observer, but for the whole class of the \inertial" observes;

2) that space and time are homogeneous and space is moreosgetropic.

From these Postulates one can theoreticallyfer that one, and only one,invariant speed
exists: and experience tells us such a speed to be the onegf light in vacuum (namely,
299.792458 km/s). Indeed, ordinary light possesses the pkar feature of presenting
always the same speed in vacuum, even when we run towards oagfrom it. It is just
that feature, of being invariant, that makes the speeda quite exceptional: no bradyons,
and no tachyons, can enjoy the same property.

Another (known) consequence of our Postulates is that the t@ energy of an ordi-
nary particle increases when its speed increases, tending to in nity whenv tends to c.
Therefore, in nite forces would be needed for a bradyon to aeh the speedc. This fact
generated the popular opinion that speed can be neither achieved nor overcome.

However, as speed photons exist which are born, live, and die always at the spee
of light[1] (without any need of accelerating from rest to tke light speed), so objects
can exist[4] always endowed with speeds larger than c (see Fig.1). This circumstance
has been picturesquely illustrated by Sudarshan (1972) witreference to an imaginary
demographer studying the population patterns of the Indiarsubcontinent:

Suppose a demographer calmly asserts that there are no pe@North of the Hi-
malayas, since none could climb over the mountain ranges! Tt would be an absurd



conclusion. People of central Asia are born there and live thre: they did not have to
be born in India and cross the mountain range. So with fasterthan-light particles.

A|E|
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Figure 1. Energy of a free object as a function of its speed4]

Let us add that, still starting from the above two Postulates(besides a third postulate,
even more obviold the theory of relativity can be generalized[1,3] in such aay as to
accommodate also Superluminal objects; suchhan-restricted version of SR is sometimes
called \extended relativity". Also within extended relativity[3] the speedc, besides being
invariant, is a limiting velocity: but every limiting value has two sides, and one can a
priori approach it both from the left and from the right.

Actually, as we were saying, the ordinary formulation of SR ds been restrictedtoo
much For instance, even leaving Superluminal speeds aside, d@ncbe easily so widened
as to include antimatter[5]. Then, one nds space-time to ba priori populated by normal
particles P (which travel forward in time carrying positiveenergy),andby dual particles Q
\which travel backwards in time carrying negative energy".The latter shall appear to us
as antiparticles, i.e., as particles { regularly travelingorward in time with positive energy,
but { with all their \additive" charges (e.g., the electric charge) reversed in sign[5,1]: see

B

Figure 2: Depicting the \switching rule" (or reinterpretation principle) by Stueckelberg-
Feynman-Sudarshan[1-5]:Q will appear as the antiparticle of P. See the text.

(P;-¢E<0;T;p<0

@Q; +¢E>0;T:p>0

To clarify this point, we can here recall only what follows: W, as macroscopic observers,
have to move in time along a single, well-de ned direction,a such an extent that we

3Namely, the assumption that there are no particles |regular ly traveling forward in time| endowed
with negative energies.



cannot even see a motion backwards in time... and every oljéke Q, traveling backwards
in time (with negative energy), will be necessarilyreinterpreted by us as an anti-object,
with opposite charges but traveling forward in time (with paitive energy): cf. Fig.2 and
refs.[3-5,1].

But let us forget about antimatter and go back to \tachyons". A strong objection against
their existence is based on the opinion that by using tachysrit would be possible to send
signals into the past, owing to the fact that a tachyon T which say, appears to a rst
observerO as emitted by A and absorbed by B, can appear to a second obsan®°
as a tachyon T' which travels backwards in time with negativeenergy[1,3]. However, by
applying (as it is obligatory to do) the same \reinterpretaion rule" or switching procedure
seen above, T' will appear to the new observed? just as an antitachyon T emitted by
B and absorbed by A, and therefore traveling forward in timegven if in the contrary
spacedirection. In such a way, every travel towards the past, andvery negative energy,
disappear[1,3-5]. The mentioned reinterpretation procede[1,3-5] ought to be called the
Sudarshan's principle, or the Stueckelberg-Feynman-Sudaan principle: indeed, it was
Sudarshan[1] who stated it clearly, by taking proper accotiof the interplay between the
signsboth of the motion direction in time and of the energy.

Starting from this observation, it is possible to solve[l]@he so-called causal paradoxes
associated with Superluminal motions: paradoxes which dsto be the more instructive
and amusing, the more sophisticated they are, but that cannde re-examined her#

Let us mention here just the following. The reinterpretation principle, according to
which, in simple words, signals are carried only by objectshich appear to be endowed
with positive energy, does eliminate any information trarfer backwards in time; but this
has a price: that of abandoning the ingrained conviction thghe judgement about what is
cause and what is e ect is independent of the observer[1-8h fact, in the case examined
above, the rst observerO considers the event at A to be the cause of the event at B. By
contrast, the second observe®° will consider the event at B as causing the event at A.
All the observers will however see the cause to happeaforeits e ect[1-6].

Taking new objects or entities into consideration always foes us to a criticism of our
prejudices. If we require the phenomena to obey thiaw of (retarded) causality with
respect to all the observers, then we cannot demand also ttescription \details" of the
phenomena to be invariant: namely, we cannot demand in thatase also the invariance
of the \cause" and \e ect" labeld6,2].

To illustrate the nature of our diculties in accepting that , e.g., the labels of cause
and e ect depend on the observer, let us cite an analogoustgtion that does not imply
present-day prejudices:

For ancient Egyptians, who knew only the Nile and its tributaries, which all ow
South to North, the meaning of the word \south" coincided wit h the one of \up-

4Some of them have been proposed by R.C.Tolman, J.Bell, F.A.FPirani, J.D.Edmonds and oth-
ers[1,6,3,2].



stream"”, and the meaning of the word \north" coincided with t he one of \down-

stream". When Egyptians discovered the Euphrates, which uffiortunately happens

to ow North to South, they passed through such a crisis that it is mentioned in the

stele of Tuthmosis |, which tells us aboutthat inverted water that goes downstream
(i.e. towards the North) in going upstream [Csonka, 1970].

In the last century, theoretical physics led us in a natural ay to suppose the existence
of various types of objects: like magnetic monopoles, quatkstrings, tachyons, besides
black-holes etcetera: and various sectors of physics coudt go on without them, even
if the existence of most of them is uncertain (perhaps, alscebause attention has not
yet been paid to some links existing among them: e.g., a Supgninal electric charge is
expected to behave as a magnetic monopole; and a black-holpreri can be the source
of tachyonic matter). According to Democritus of Abdera, esrything that was thinkable
without meeting contradictions had to exist somewhere in th unlimited universe. This
point of view { which was given by M.Gell-Mann the name of \toglitarian principle" {
was later on expressed (T.H.White) in the humorous form \Anthing not forbidden is
compulsory"...

3. A glance at the experimental status-of-the-art

Extended Relativity can allow a better understanding of may aspects also obrdi-
nary physics; and this remains true independently of the circurtence that tachyons do or
do not exist in our cosmos as asymptotically free objects @ir existence as \intermediate
states" is, of course, obvious[1,3]). As already said, weeadealing with Superluminal
motions, however, since this topic has recently returned ifashion, especially because
of the fact that at least three or four di erent experimental sectors of physics seem to
suggest the possible existence of faster-than-light motis. Our rst aim is putting forth
in the following some information about the experimental rgults obtained in a couple of
those di erent physics sectors, with a mere mention of the bers.

A) Neutrinos | A long series of experiments, started in 1971, seems to shothat the
squarem,? of the massmg of muon-neutrinos, and more recently of electron-neutrirstoo,
is negative; which, if con rmed, would mean that (when using nasve language, commonly
adopted) such neutrinos possess an \imaginary mass" and atfeerefore tachyonic, or
mainly tachyonic[7,3]. Notice, incidentally, that in extended relativity the dispersion
relation for a free Superluminal object becomes

12 k2= 2;orE2 p2= m?2:

(o}



and there isno need therefore of imaginary mass&sThe present author can testify that
at least by 1971 |and probably some years before (as well as waurselves, by the way)|
George Sudarshan had got the idea that neutrinos could be taons: an idea proposed
in print by Cawley[7] later on, in 1972.

B) Galactic Micro-quasars | As to the apparentSuperluminal expansions observed
in the core of quasars[8] and, recently, in the so-called gatic microquasars[9], we shall
not deal here with that problem, because it is far from the othr topics of this paper: not
to mention that for those astronomical observations therexést orthodox interpretations,
based on ref.[10], that |even if \statistically" weak| are a ccepted by the majority of
the astrophysicist

Here, let us mention only that simple geometrical consideiians in Minkowski space
show that a single Superluminal light source would appear[11,3]: (i) initidy, as a source
in the \optical boom" phase (analogous to the acoustic \boothproduced by an airplane
traveling with constant supersonic speed): namely, as antémse source which suddenly
comes into view; and that (ii) afterwards seems to split intafWO objects receding one
from the other with speed V > 2c [both phenomena being similar to those actually
observed, according to refs.[9]].

C) Evanescent waves and \tunnelling photons" | Within quantum mechanics
(and precisely in thetunnelling processes), it had been shown that the tunnelling time
| rstly evaluated as a simple \phase time" and later on calcu lated through the analysis
of the wavepacket behaviour| does not depend on the barrier wdth in the case of opaque
barriers (\Hartman e ect")[12]. This implies Superluminal and arbitrarily large (group)
velocitiesV inside long enough barriers: see Fig.3.

Experiments that may verify this prediction by, say, electons are di cult: And, in fact,
only preliminary results for tunnelling neutrons exist[126]. Luckily enough, however, the
Schroedinger equation in the presence of a potential banriess mathematically identical
to the Helmholtz equation for an electromagnetic wave progting, for instance, down a
metallic waveguide along thex-axis (as recalled, e.g., by R.Chiaet al.[13]); and a barrier
height U greater than the electron energy¥ corresponds (for a given wave frequency) to a
waveguide of transverse size lower than a cut-o value. A segnt of \undersized" guide
|to go on with our example| does therefore behave as a barrier for the wave (photonic
barrier)[16,13], as well as any other photonic band-gap drs. The wave assumes therein
|like a particle inside a quantum barrier| an imaginary mome ntum or wave-number
and gets, as a consequence, exponentially damped alongin other words, it becomes
an evanescentvave (going back to normal propagation, even if with reducedmplitude,
when the narrowing ends and the guide returns to its initial tansverse size). Thus, a
tunnelling experiment can be simulated[13,16] by having ceurse to evanescent waves

SWe put ¢ = 1, whenever convenient, throughout this paper.
SFor a theoretical discussion, see ref.[11].
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Figure 3: Behaviour of the average \penetration time" (in seonds) spent by a tunnelling
wavepacket, as a function of the penetration depth (irmangtroms) down a potential bar-
rier (from Olkhovsky et al., ref.[12]). According to the predictions of quantum mechagcs,
the wavepacket speed inside the barrier increases in an umlied way for opaque barriers;
and the total tunnelling time doesnot depend on the barrier width[12].

(for which the concept of group velocity can be properly exteled[14]).

The fact that evanescent waves travel with Superluminal sees (cf., e.g., Fig.4) has
been actuallyveri ed in a series of famous experiments.

Namely, various experiments, performed since 1992 onwarblg G.Nimtz et al. at
Cologne[15], by R.Chiao, P.G.Kwiat and A.Steinberg's grqu at Berkeley[16], by
A.Ranfagni and colleagues at Florence[17], and by others ¥tenna, Orsay, Rennes[17]
etc., veri ed that \tunnelling photons" travel with Superl uminal group velocitied] Let us
add that also extended relativity had predicted[19] evanesnt waves to be endowed with
faster-than-c speeds; the whole matter appears to be therefore theoreligaself-consistent.
The debate in the current literature does not refer to the exgrimental results: which can
be correctly reproduced even by numerical elaborations|2Q] based on Maxwell equations
only (cf., e.g., the illuminating gures 11 and 13 in ref.[2], here reproduced as Figs.5 and
6 of this paper), but rather to the question whether they allay, or do not allow, sending
signals or information with Superluminal speed[22,21,14]Actually, a peaked wavepacket
su ers a strong amplitude attenuation while traveling insde a quantum or classical bar-
rier; its width, however, remains una ected (cf. Fig.7): Smething that might have some
relevance when thinking of attempting transmissions by Mee's alphabet). Moreover,
many authors have emphasized that |at least in the case of quatum barriers| the
tunnelling of particles is a statistical process, in the see that one cannot know a pri-
ori which particle, or photon, will pass through the barrier This is true, of course; but
the weight of such a consideration becomes lower when the rfuen of the particles at

’Such experiments raised a great deal of interest[18], alsoithin the non-specialized press, and were
commented on byScienti c American , Nature, New Scientist Newsweeketc.
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Figure 4: Simulation of quantum tunnelling by experiments wh classical evanescent
waves (see the text), which were predicted to be Superlumirgso on the basis of extended
relativity[3,4]. The gure shows one of the measurement ralts in refs.[15]; that is, the

wavepacket average speed while crossing the evanescenibre¢ = segment of undersized
waveguide, or \barrier") as a function of its length. As theoetically predicted[19,12],

such an average speed exceed$or long enough \barriers".

our disposal for attempting a \signal" transmission does icrease. To remain within the
Morse alphabet example, one can send odbts and dashesby emitting pulses of, say,
one thousand and ten thousand patrticles each, respectivethe dot and dashes will then
be recognized also after the tunnelling!... This becomeseevmore meaningful when one
approaches the classical limit. The claim that superlumidaunnelling cannot be used
to transmit any information is in need, therefore, of furthe discussion, especially at the
light of what will follow below: More details can be found, ayway, in refs.[50,51].

Let us repeat that all the phenomena mentioned in this, as weas in the following,
sub-sections can be accomodated into the standard framewsrof quantum physics or
of classical relativistic physics: It is therefore obviouthat such phenomena can receive
explication or interpretation in terms of standard physicgqe.g., sometimes but not always,
in terms of suitable \reshapings"): but this does not elimiate the fact that Superluminal
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Figure 5: The delay of a wavepacket crossing a barrier (e.@.classical barrier: cf. Fig.4)
is due to the initial discontinuity: In ref.[21] suitable numerical simulations were therefore
performed by considering an (inde nite)undersizedwaveguide, and therefore eliminating
any geometric discontinuity in its cross-section. This gue shows the envelope of the
initial signal. Inset (a) depicts in detail the initial part of this signal as a function of
time, while inset (b) depicts the gaussian pulse peak cengzt att = 100 ns.

motions take place.

As we already said, in the above-mentioned experiments onesets a substantial atten-
uation of the considered pulses during tunnelling (or durig propagation in an absorbing
medium). However, by having recourse to suitable devicess a \gain doublet", it has
been recently reported the observation of undistorted pus propagating with Superlu-
minal group-velocity with a small change in amplitude[23].

Let us underline that some of the most interesting experimés of this series seem to be
the ones with TWO \barriers" (e.g., with two gratings in an optical ber, or with two
segments of undersized waveguide separated by a piece ofmairsized waveguide: Fig.8).
For suitable frequency bands |[i.e., for \tunnelling" far fr om resonances|, it was found
that the total crossing time doesnot depend on the length of the intermediate (normal)
guide: namely, that the wavepacket speed along it is in nifR4,25]... This agrees with
what predicted by Quantum Mechanics for the non-resonant tunelling through two suc-
cessive opaque barriers (namely, the tunnelling phase tiinghich depends on the entering
energy, has been shown by us to bhadependentof the distance between the two barri-
ers[26]); something that has been theoretically con rme@nd generalized, by Y.Aharonov
et al.[26]. Such a prediction has been experimentally veri ed asend time, with a cleaner
experiment, taking advantage of the circumstance that qué interesting evanescence re-
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Figure 6: Envelope of the signal in the previous gure after &wing traveled a distance
L = 32:96 mm through the mentioned undersized waveguide. Inset (8hows in detail
the initial part (in time) of such arriving signal, while inset (b) shows the peak of the
gaussian pulse that had been initially modulated by centerg it at t = 100 ns. One can
see that its propagation tookzero time, so that the signal traveled with in nite speed.
The numerical simulation has been based on Maxwell equat®mnly. Going on from
Fig.5 to this Fig.6 one veri es that the signal strongly loweed its amplitute: However,
the width of each peak did not change (and this might have sormmelevance when thinking
of a Morse alphabet \transmission": see Fig.7 and the text.

40 60
Frequency

Figure 7: As we saw in Figs.5 and 6, in connection with (classil, in particular) barri-

ers, a peaked wavepacket su ers a strong amplitude attenuath while traveling inside a
guantum or classical barrier; its width, however, remains na ected (this gure is due

to G.Nimtz): Something that, as mentioned in the previous gation, might have some
relevance when thinking of attempting transmissions by Maee's alphabet.
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gions can be constructed in the most varied manners, like byeans of di erent photonic
band-gap materials or gratings (it being possible to use fmomultilayer dielectric mirrors,
or semiconductors, to photonic crystals...). Indeed, a werrecent con rmation came from
an experiment having recourse to two gratings in an opticalber[25]. On this respect,
rather interesting are the gures 1 and 5 of ref.[25], here perted as Figs.9 and 10 of this
paper (see especially the experimental results depicted king.10).

D — ——

Figure 8: The very interesting experiment along a metallic aveguide with TWO barriers
(undersized guide segments), i.e., with two evanescencgions[24]. See the text.

Incident Transmitted
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Figure 9: Scheme of tunneling through a rectangular DB photxc structure: In particular,
in ref.[25], as classical barriers there have been used twatngs in an optical ber. For
the experimental results in the case of non-resonant tunmed), see the following gure,
Fig.10.

We cannot skip a further topic |which, being delicate, should not appear in a brief
overview as this one| since some experimental contributios to it (like the one performed
at Princeton by J.Wanget al.[23] and published inNature on July 20, 2000) arose a general
interest.

Even if in extended relativity all the ordinary causal paradxes seem to be solvable[6,3,1]
on the basis of the above-seen Stueckelberg-Feynman-Sstan reinterpretation rule,
neverthelesglet us repeat| one has to remember that (whenever it has to be considered
an object, O, traveling with Superluminal speed) one can meet negativewutributions to
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Figure 10: O -resonance tunnelling time versus barrier sepation for the rectangular
symmetric DB FBG structure considered in ref.[25] (cf. the gvious gure, Fig.9). The
solid line is the theoretical prediction based on group defacalculations; the dots are
the experimental pointsas obtained by time delay measurements [the dashed curve et
expected transit time from input to output planes for a pulsetuned far away from the
stopband of the FBGs]. The experimental results in ref.[25&s well as the early ones
in refs.[24]] do con rm the theoretically predicted independence of the total tunnelling
time from the distance between the two barriers (and, more igeneral, the prediction of
the \generalized Hartman E ect[12].

the tunnelling timeg[27,12]: and this should not be regarded as unphysical. Inctawhen-
ever an \object" (electromagnetic pulse, particle,...)O overcomeshe in nite speed[3,6]
with respect to a certain observer, it will afterwards appeato the same observer as the
\ anti-object" O traveling in the opposite spacedirection[1,3,6].

More precisely, when going on from the lab to a framleé moving in the samedirection as
the particles or waves entering the barrier region, the obge O penetrating and traveling
through the nal part of the barrier (with almost in nite spe ed[12,21,26,27], like in Figs.3)
will appear in the frameF as an anti-objectO crossing that portion of the barrierin the
opposite space-directiof6,3,1]. In the new frameF , therefore, such anti-objectO would
yield a negative contribution to the tunnelling time: which could even resui, in total,
to be negative. For clari cations, see refs.[28]. What we wi& to stress here is that the
appearance of such negative times is once more predicted bjativity itself, on the basis
of the ordinary postulates[3,6,21,28]. (In the case of a ngrolarized wave, the wave anti-
packet coincides with the initial wave packet; if a photon iflowever endowed with helicity

= +1, the anti-photon will bear the opposite helicity = 1).

From the theoretical point of view, besides refs.[3,6,12,27,28], see refs.[29]. On the

(quite interesting!) experimental side, see papers [30].
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Let us add here that, via quantum interference e ects it is possible tmbtain dielectrics
with refraction indices very rapidly varying as a function 6 frequency, also in three-level
atomic systems, with almost complete absence of light abgdion (i.e., with quantum in-
duced transparency)[31]. The group-velocity of a light psk propagating in such a medium
can decrease to very low values, either positive or negatsvavith no pulse distortion. It
is known that experiments have been performed both in atomigamples at room tem-
perature, and in Bose-Einstein condensates, which showdtetpossibility of reducing the
speed of light to a few meters per second. Similar, but negeigroup velocities, implying
a propagation with Superluminal speeds thousands of timesgher than the previously
mentioned ones, have been recently predicted also in the peace of such an \electromag-
netically induced transparency”, for light moving in a rubdium condensate[32], while the
corresponding experiments are being performed (for instea at the \LENS" laboratory
in Florence).

Finally, let us recall that faster-than-c propagation of light pulses can be (and was, in
same cases) observed also by taking advantage of anomalogpersion near an absorbing
line, or nonlinear and linear gain lines |as already seen|, or nondispersive dielectric
media, or inverted two-level media, as well as of some paratme processes in nonlinear
optics (cf., e.g., G.Kurizkiet al.'s works).

D) Superluminal Localized Solutions (SLS) to the wave equat ions. The \X-
shaped waves" | The fourth sector (to leave aside the others) is not less imprtant.

It came into fashion again, when some groups of scholars ingareering (for sociologi-
cal reasons, most physicists had abandoned the eld) red®®red by a series of works
that any wave equation |to x the ideas, let us think of the ele ctromagnetic case| ad-
mit also solutions as much sub-luminal as Super-luminal (beles the ordinary |plane,
spherical,...| waves endowed with speedc=n).

Let us recall that, starting with the pioneering work by H.Baeman, it had slowly become
known that all wave equations (in a general sense: scalaregiromagnetic, spinorial,...)
admit wavelet-type solutions with sub-luminal group veloities[33]; namely, soliton-like
solutions, even if they are linear equations. Subsequentlglso Superluminal solutions
started to be written down A quite important feature of some new solutions of these
(which attracted much attention for possible application¥ is that they propagate aslo-
calized non-diracting pulses: namely, according to the Courant ad Hilbert's termi-
nology[33], as \undistorted progressing waves"; which pssss the further property of
\self-reconstructing” themselves after obstacles smatl¢han their aperture size (that is,
smaller than the width of the antenna generating them, enorously larger, in general,
than their wavelenth). It is easy to realize the practical inportance, for instance, of a
radio transmission carried out by localized waves, indepéently of their being sub- or
Super-luminal. But non-di ractive wave packets can be of useven in theoretical physics

8This was done in refs.[34] and, independently, in refs.[35]in one case just by the mere application
of a Superluminal Lorentz \transformation"[3,36]).
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for a reasonable representation of elementary particle3[3and so on.

Figure 11: An intrinsically spherical (or pointlike, at the limit) object appears in the
vacuum as an ellipsoid contracted along the motion directiowhen endowed with a speed
v < c. By contrast, if endowed with a speed/ > c (even if the c-speed barrier cannot
be crossed, neither from the left nor from the right), it woud appear[37] no longer as a
particle, but rather as an \X-shaped" wave[37] traveling midly (namely, as occupying
the region delimited by a double cone and a two-sheeted hypetoid |or as a double
cone, at the limit{, moving Superluminally and without distortion in the vacuum, or in a
homogeneous medium).

Within extended relativity since 1980 it had been found thafjwhilst the simplest sub-
luminal object conceivable is a small sphere, or a point asitimit| the simplest Superlu-
minal objects turns out to be instead an \X-shaped" wave (seeefs.[38], and Figs.11 and
12 of this paper), or a double cone as its limit, which moreowéravels without deforming
li.e., rigidly] in a homogeneous medium[3]. Analogously, t he equipotential surfaces
of the electrostatic eld, generated by a tiny charged spher at rest, will assume[3,38]
the shape represented in Fig.13 when the source is Superlnati For clarifying the
connection existing between what predicted by SR and the lalized X-waves (mathe-
matically and experimentally constructed in recent timesas we are going to see) let us
refer ourselves to a paper appeared in 2004 in Physical Revig, i.e., to the last one of
refs.[38], where the issue of the (X-shaped) eld created laySuperluminal electric charge
has been tacklell Localized waves do exist, of course, with any group velogifthe

9At variance with the old times |e.g., at the beginning of the s eventies our own papers on similar
subjects were always rejected by the \Phyical Reviews"|, th ings have now changed a lot as to super-
luminal motions: For instance, the paper of ours quoted as tle last one in Refs.[38], submitted in 2002
to PRL, was diverted to PRE, but was eventually published therein in 2004, even if dealing with the
X-shaped eld generated by a superluminal electric chargelEven more: at the end of 2007 some authors
[S.C.Walker & W.A.Kuperman, Phys. Rev. Lett. 99 (2997) 244802] \imitated" our 1974-PRE article,
without quoting any previous work and not even our 1974 PhysRev.E paper!; but it is rather interesting
that Phys.Rev.Lett. published in 2007 an article that |even if not original| was devoted to the eld
created by a charged superluminal point-object...

14



Figure 12: Here we show the intersections of an \X-shaped vw&{37] with planes orthog-
onal to its motion line, according to Extended Relativity\[2-4]. The examination of this
gure suggests how to construct a simple dynamic antenna fgenerating such localized
Superluminal waves (such an antenna was in fact adopted, ieplendently, by Luet al.[40]

for the production of such non-di ractive waves).

subluminal ones being ball-like, as expected; see, e.g.e thery recent article \Sublumi-
nal wave-bullets: Exact localized subluminal solutions tthe wave equations”, Phys.Rev.
A77 (2008)033824, by M.Z.Rached and E.Recami]; but it is netithout meaning that the
most interesting localized solutions happened to be just éhSuperluminal ones, and with
an X-shape. Even more, since from Maxwell equations undengile hypotheses one goes
on to the usual scalar wave equation for each electric or magnetic eld componentne
could expect the same solutions to exist also in the eld of aastic waves, and of seismic
waves (and of gravitational waves t0o0).

In other words, from the present point of view, it is rather iteresting to note that,
during the last fteen years, \X-shaped" waves have beeactually found as solutions to
the Maxwell and to the wave equations [the form of any wave eqtions is intrinsically
relativistic, by the way]. Actually, such waves (as suital# superpositions of Bessel
beams[39], that is, of simple solutions to the wave equatioalready discovered[34] in
1941) were mathematically constructed for the rst time by lu et al.[40], in acoustics
and later on by Recamiet al.[41] for electromagnetism; and were then called \X-waves"
or rather X-shaped waves. In an elementary Appendix we brig show how X-shaped
solutions to the wave equation (in particular, the \classi¢ X-wave) can be constructed.

It is more important for us that the X-shaped waves have beemdeedproduced in experi-
mentsboth with acoustic and with electromagnetic waves; indee&-waves were produced

15



Figure 13: The spherical equipotential surfaces of the etexstatic eld created by a
charge at rest get transformed into two-sheeted rotationytperboloids, contained inside
an unlimited double-cone, when the charge travels at Supaninal speed (cf. ref.[3]). This
gures shows, among the others, that a Superluminal chargeaveling at constant speed,
in a homogeneous medium like the vacuum, doe®t lose energy[3]. Let us mention,
incidentally, that this double cone has little to do with the Cherenkov cone. The present
picture is a reproduction of our Fig.27, appeared in 1986 atage 80 of ref.[3].

that, in their medium, travel undistorted with a speed large than sound, in the rst case,
and than light, in the second case. In acoustics, the rst ex@iment was performed by
Lu et al. themselves[42] in 1992, at the Mayo Clinic (and their papergceived the rst
IEEE 1992 award). In the electromagnetic case, certainly m® intriguing, Superluminal
localized X-shaped solutions were rst mathematically catructed (cf., e.g., Fig.14) in
refs.[41], and later on experimentally produced by Saaet al.[43] in 1997 at Tartu by
visible light (Fig.15), as announced in their Physical Reew Letters article, and more
recently, as we already mentioned, by Ranfagni et al. at Flence by microwaves[44]
(paper appeared in Physical Review letters too, three yeatater, in 2000). Further
experimental activity is in progress; while in the theoretial sector the activity has been
growing so intensely, that it is not possible to quote here #hrelevant recent literature; we
might recall, e.g., the papers devoted to building up new at@gous solutions with nite
total energy or more suitable for high frequencies, on one iy and localized solutions
Superluminally propagating even along a normal waveguiden the other hand[45,46];
or the attempts at focusing X-shaped waves, at a certain iratt, in a small region[47].
But we cannot avoid mentioning that suitable superpositios of Bessel beams (which can
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originate also subluminal pulses) can produce evestationary intense wave- eld: con-
ned within a tiny region (a static envelope); while the eld intensity outside that region
is everywhere negligible[48]; such \frozen waves" can hag@ patent is pending) very
many important applications, for instance as a new kind of teezers, and especially |of
course| in medicine.

Figure 14: Theoretical prediction of the Superluminal lodaed \X-shaped" waves for the
electromagnetic case (from Lu, Greenleaf and Recami[41hdaRecami[41]).

Figure 15: Scheme of the experiment by Saaet al., who announced Physical Review
Letters of 24 Nov.1997) the production in optics of the waves depiatan Fig.14: In this

gure one can see what shown by the experiment, i.e., that thSuperluminal \X-shaped"

waves which run after and catch up with the plane waves (the ti@r regularly traveling

with speedc). An analogous experiment has been performed with microwes at Florence
by Ranfagni et al. (Physical Review Lettersof 22 May 2000).

Before going on, let us eventually touch the problem of proding an X-shaped Super-
luminal wave like the one in Fig.12, but truncated { of coursd in space and in time (by
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the use of a nite, dynamic antenna, radiating for a nite time): in such a situation, the
wave will keep its localization and Superluminality only adng a certain \depth of eld",
decaying abruptly afterwards[39,41].

We can become convinced about the possibility of realizing by imagining the simple
ideal case of a negligibly sized Superluminal sour& endowed with speedv > c in
vacuum and emitting electromagnetic wave®V (each one traveling with the invariant
speedc). The electromagnetic waves will result to be internally tagent to an enveloping
coneC having S as its vertex, and as its axis the propagation ling of the source[3].

This is analogous, as we know, to what happens for an airplatigat moves in the air
with constant supersonic speed. The wava¥ interfere mostly negatively inside the cone
C, and constructively only on its surface. We can place a plargetector orthogonally to
X, and record magnitude and direction of theN/ waves that hit on it, as (cylindrically
symmetric) functions of position and of time. It will be enogh, then, to replace the
plane detector with a plane antenna whichemits |instead of recording| exactly the
same (axially symmetric) space-time pattern of wave®/, for constructing a cone-shaped
electromagnetic waveC that will propagate with the Superluminal speedV (of course,
without a source any longer at its vertex): even if each waw travels'® with the invariant
speedc.

Here let us only remark that such localized Superluminal wag appear to keep their
good properties only as long as they are fed by the waves amig (with speedc) from the
antenna: Taking account of the time needed for fostering duSuperluminal pulses (i.e.,
for the arrival of the feeding speed- waves coming from the aperture). one concludes
that these localized Superluminal waves are probably unablto transmit information
faster than c. However, they don't seem to have anything to do with the illsory \scissors
e ect", even if the energy feeding them appears to travel wit the speed of light. In fact,
the spot |endowed, as we know, with Superluminal group-velaity| is able to get, for
instance, two (tiny) detectors at a distance. to click after a time smallerthan L=c). A lot
of discussion is still going on about the possible di erenseamong group-velocity, signal-
velocity and information speed. The interested reader caris® check the bool ocalized
Wavesvery recently published by J.Wiley (New York; Jan.2008), edby H.E.H.Figueroa,
M.Z.Rached and E.Recami.

As we mentioned above, the existence of all these X-shapedp&duminal (or \Super-
sonic") waves seem to constitute at the moment, together,g, with the Superluminality of
evanescent waves, some valuable con rmations of refs.[d$, well as of extended relativity:
a theory[3], let us recall, based on the ordinary postulatesf SR and that consequently
does not appear to violate any of its fundamental principledt is curious, moreover, that
one of the rst applications of such X-waves (that takes advatage of their propagation
without deformation) is in advanced progress in the eld of radicine, and precisely of
ultrasound scanners[49].

OFor further details, see the rst of refs.[41].
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Before ending, let us remark that a series of new SLSs to the keell equations, suitable
for arbitrary frequencies and arbitrary bandwidths have ben recently constructed by us:
many of them being extremely well localized in the surroundgs of their vertex, and some
of them being endowed withnite total energy. Among the others, we have set forth an
in nite family of generalizations of the \classic" X-shape wave; and shown how to deal
with the case of adispersivemedium. Results of this kind may nd application in other
elds in which an essential role is played by a wave-equation
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APPENDIX

In this Appendix we want to show how localized superluminalautions (SLS) to the wave
equations, and in particular the X-shaped ones, can be matatically constructed. Here
we shall consider, for simplicity, only the case of a dispépsless medium like vacuum,
and of free space (without boundaries).

It is known since more than a century that a particular axialy symmetric solution
to the wave equation in vacuum K = ng) Iis, 2in cylindrical coordinates, the function

. . |
(;z;t) = Jok ) e'keZe ™ with k2 = n3— k2, k® 0, wherel, is the zeroth-
order ordinary Bessel function k, and k are the axial and the transverse wavenumber

respectively,! is the angular frequency and the velocity of light. Using the transforma-
tion

(1)

such particular solution (;z;t) can be rewritten in the the well-known Bessel beam
form:

(; ) - JO(nO!E sin )e+in0% cos (2)

where z Vtwhile V = cHngcos ) is the phase velocity, quantity (0< < = 2)
being the cone angle of the Bessel beam.
More in general, SLSs (with axial symmetry) to the wave equain will be the fol-
lowing ones[40,50]:
z, 0 S 1

| 2 .
(; )= . S(! )Jo@'v n%vg 1A ¢'v dt; (3)

where S(! ) is the adopted frequency spectrum.

Indeed, such solutions result to be pulses propagating iref space without distortion
and with the Superluminal velocityV = cx{ngcos ). The most popular spectrumS(! )
is that one given byS(! ) =e &, which provides the ordinary (\classic") X-shaped wave

a V -
T@voi)z+ ymYE 1)

(4)

X (; )=

20



Because of its non-di ractive properties and its low frequecy spectrunt?, the X-wave is
being particularly applied in elds like acoustics[42]. Tle \classic" X-wave is represented
in Fig.16. As we already said in the text, in nite series of SBs can be constructed, more
and more concentrated in the vicinity of their vertex, and coesponding to any desired
frequency and bandwidth.

Figure 16: In the rst picture it is represented (in arbitrary units) the square magnitude
of the classicX -shaped Superluminal Localized Solution (SLS) to the wavejeation, with
V =5c(and a=0:1): see Refs.[40,41]. We have shown elsewhere that (in npitamilies
of SLSs however exist, which generalize this clas3{c¢shaped solution: For instance, the
second picture refers to the \rst derivative" (in the sensespeci ed in Ref.[45]) of the
classic X-wave. By increasing the order of the derivative he solution gets more and
more concentrated in the surroundings of the Vertex.

11| et us emphasize that this spectrum starts from zero, it beirg suitable for low frequency applications,
and has the bandwidth ! =1=a
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Figure captions
Fig.1 { Energy of a free object as a function of its speed.[]-4

Fig.2 { Depicting the \switching rule” (or reinterpretatio n principle) by Stueckelberg-
Feynman-Sudarshan[1-5]:Q will appear as the antiparticle of P. See the text.

Fig.3 { Behaviour of the average \penetration time" (in secads) spent by a tunnelling
wavepacket, as a function of the penetration depth (inaangtroms) down a potential
barrier (from Olkhovsky et al., ref.[12]). According to the predictions of quantum
mechanics, the wavepacket speed inside the barrier increasin an unlimited way for
opaque barriers; and the total tunnelling time doesiot depend on the barrier width[12].

Fig.4 { Simulation of quantum tunnelling by experiments wih classical evanescent
waves (see the text), which were predicted to be Superluminalso on the basis of
extended relativity[3,4]. The gure shows one of the measement results in refs.[15];
that is, the wavepacket average speed while crossing the egacent region ( = segment
of undersized waveguide, or \barrier") as a function of itsdngth. As theoretically
predicted[19,12], such an average speed exceedsr long enough \barriers".

Fig.5 { The delay of a wavepacket crossing a barrier (e.g., dassical barrier: cf.
Fig.4) is due to the initial discontinuity: In ref.[21] suitable numerical simulations were
therefore performed by considering an (inde nite)Jundersizedwaveguide, and therefore
eliminating any geometric discontinuity in its cross-seabn. This gure shows the
envelope of the initial signal. Inset (a) depicts in detail e initial part of this signal
as a function of time, while inset (b) depicts the gaussian fge peak centered att = 100 ns.

Fig.6 { Envelope of the signal in the previous gure after haing traveled a distance
L = 32:96 mm through the mentioned undersized waveguide. Inset (ahows in
detail the initial part (in time) of such arriving signal, while inset (b) shows the peak
of the gaussian pulse that had been initially modulated by ogering it at t = 100
ns. One can see that its propagation tookero time, so that the signal traveled
with in nite speed. The numerical simulation has been basedn Maxwell equations
only. Going on from Fig.5* to this Fig.6* one veri es that the signal strongly lowered
its amplitude: However, the width of each peak did not changéand this might have
some relevance when thinking of a Morse alphabet \transmies": see Fig.7* and the text.

Fig.7 { As we saw in Figs.5* and 6* in connection with (classal, in particular)
barriers, a peaked wavepacket suers a strong amplitude ahuation while traveling
inside a quantum or classical barrier; its width, however,emains una ected (this gure
is due to G.Nimtz): Something that, as mentioned in the prewus caption, might have
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some relevance when thinking of attempting transmissiong/tMorse's alphabet.

Fig.8 { The very interesting experiment along a metallic wagguide with TWO barriers
(undersized guide segments), i.e., with two evanescencgions[24]. See the text.

Fig.9 { Scheme of tunneling through a rectangular DB photouwistructure: In particular,
in ref.[25], as classical barriers there have been used twatgqgs in an optical ber. For
the experimental results in the case of non-resonant tunied, see the following gure,
Fig.10*.

Fig.10 { O -resonance tunnelling time versus barrier sepation for the rectangular
symmetric DB FBG structure considered in ref.[25] (cf. the gevious gure, Fig.9*). The
solid line is the theoretical prediction based on group dejecalculations;the dots are the
experimental pointsas obtained by time delay measurements [the dashed curve fset
expected transit time from input to output planes for a pulsetuned far away from the
stopband of the FBGs]. The experimental results in ref.[25&s well as the early ones
in refs.[24]] do con rm the theoretically predicted independence of the total tunnelling
time from the distance between the two barriers (and, more igeneral, the prediction of
the \generalized Hartman E ect[12].

Fig.11 { An intrinsically spherical (or pointlike, at the limit) object appears in the
vacuum as an ellipsoid contracted along the motion directiowhen endowed with a speed
v < c. By contrast, if endowed with a speed/ > c (even if the c-speed barrier cannot
be crossed, neither from the left nor from the right), it woud appear[37] no longer as a
particle, but rather as an \X-shaped" wave[37] traveling midly (namely, as occupying
the region delimited by a double cone and a two-sheeted hypetoid |[or as a double
cone, at the limit{, moving Superluminally and without distortion in the vacuum, or in
a homogeneous medium).

Fig.12 { Here we show the intersections of an \X-shaped wa@7] with planes
orthogonal to its motion line, according to Extended Relatiity\[2-4]. The examination
of this gure suggests how to construct a simple dynamic ant@a for generating such
localized Superluminal waves (such an antenna was in fact@uted, independently, by
Lu et al.[40] for the production of such non-di ractive waves).

Fig.13 { The spherical equipotential surfaces of the eleastatic eld created by a
charge at rest get transformed into two-sheeted rotationytperboloids, contained inside
an unlimited double-cone, when the charge travels at Suparhinal speed (cf. ref.[3]).
This gures shows, among the others, that a Superluminal chge traveling at constant
speed, in a homogeneous medium like the vacuum, dosst lose energy[3]. Let us
mention, incidentally, that this double cone has little to d with the Cherenkov cone.
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The present picture is a reproduction of our Fig.27, appeaitan 1986 at page 80 of ref.[3].

Fig.14 { Theoretical prediction of the Superluminal localited \X-shaped" waves for the
electromagnetic case (from Lu, Greenleaf and Recami[41hdaRecami[41]).

Fig.15 { Scheme of the experiment by Saamt al., who announced Physical Review
Letters of 24 Nov.1997) the production in optics of the waves depicein Fig.8: In
this gure one can see what shown by the experiment, i.e., thahe Superluminal
\X-shaped" waves which run after and catch up with the plane waves (the lat-
ter regularly traveling with speedc). An analogous experiment has been performed
with microwaves at Florence by Ranfagni et al. Rhysical Review Letterof 22 May 2000).

Fig.16 { In the rst picture it is represented (in arbitrary u nits) the square magnitude of
the classicX -shaped Superluminal Localized Solution (SLS) to the waveyeation, with
V =5c(and a=0:1): see Refs.[40,41]. We have shown elsewhere that (in pitamilies
of SLSs however exist, which generalize this clas3cshaped solution: For instance, the
second picture refers to the \rst derivative" (in the sensespeci ed in Ref.[45]) of the
classic X-wave.
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