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Abstract. Feynman introduced virtual particles in his diagrams as intermediate states of

an interaction process. They represent necessary intermediate states between observable

real states. Such virtual particles were introduced to describe the interaction process be-

tween an electron and a positron and for much more complicated interaction processes.

Other candidates for virtual particles are evanescent modes in optics and in elastic fields.

Evanescent modes have a purely imaginary wave number, they represent the mathemati-

cal analogy of the tunneling solutions of the Schrödinger equation. Evanescent modes ex-

ist in the forbidden frequency bands of a photonic lattice and in undersized wave guides,

for instance. The most prominent example for the occurrence of evanescent modes is the

frustrated total internal reflection (FTIR) at double prisms. Evanescent modes and tun-

neling lie outside the bounds of the special theory of relativity. They can cause faster than

light (FTL) signal velocities. We present examples of the quantum mechanical behavior

of evanescent photons and phonons at a macroscopic scale. The evanescent modes of

photons are described by virtual particles as predicted by former QED calculations.

1 Introduction

The non classical process of tunneling was solved nearly a hundred years ago. There were two stim-

uli at that time: The inversion motion of ammonium molecules in chemistry and the radioactivity in

physics. It was explained that a particle, i.e. a wave packet can penetrate a barrier, today this process

is called tunneling. Around 1960 tunneling was observed in solid state physics: The tunneling of elec-

trons through thin insulating films sandwiched by metals and the electron tunneling in semiconductor

pn junctions between the conduction and the valence bands, the Esaki diode. Several theoreticians

began to calculate the barrier transmission time, which was not measurable for technical reasons at

that time. One of the first extensive approaches to calculate a transmission time was carried out by

Hartman 1962 [1]. He calculated the transmission time of Gaussian pulses through a rectangular sym-

metric barrier. His calculations are based on the Schrödinger equation and the Wigner phase time. The

calculations of Hartman were confirmed by Refs.[2–6, 11], for example. However, as discussed below

there are many opposing studies. The tunneling process shows a short interaction time at the barrier

front (the same time is measured for reflection and transmission) and a zero time inside the barrier.

This result was obtained for opaque barriers (opaque means that κx, ≥ 1, where κ is the imaginary
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wave number of the solution inside the barrier and x the barrier length). In this case the traversal time

is constant independent of barrier length and consequently the group velocity becomes proportional

to the barrier length. Thus the superluminal (FTL) transmission velocity increases with barrier length.

This strange behavior is called the Hartman effect, which was confirmed in several experiments. As

mentioned above, in the sixties the technical facilities for measuring a short tunneling time were not

available. Experimental problems in solid state devices are parasitic time contributions, which may

dominate a measured time. On the other hand the Helmholtz equation equals the Schrödinger equation

and their evanescent modes correspond to the Schrödinger tunneling solutions. Therefore tunneling

analog experiments were performed with various experimental set-ups as shown in Fig.1 around 1990.

Sommerfeld referred the double prisms as the optical analog to the wave mechanical tunneling. The

κ dispersion relation of the double prisms is given by:

E(x) = E(x = 0)e(iωt−κx) (1)

κ = [
ω2

c2
((

n1

n2

)2sin2θ) − 1)]1/2, (2)

where θ is the angle of the incident beam (larger than the angle of total reflection), E(x = 0) the

amplitude of the electric field at the barrier front, n1 and n2 are the refractive indexes of the prism and

the gap material, and (n1/n2) sinθ > 1 holds in the case of total reflection. ω is the angular frequency,

t the time, x the distance of the prisms , and κ the imaginary wave number of the tunneling mode.

ba c

Figure 1. Sketch of three photonic barriers. a) illustrates an undersized wave guide (the central part of the wave

guide has a cross section being smaller than half the wavelength in both directions perpendicular to propagation),

b) a 1-dimensional photonic lattice (periodic dielectric hetero structure), and c) the frustrated total internal re-

flection of a double prism, where total reflection takes place at the boundary from a denser (the first prism with

refractive index n1) to a less dense dielectric medium (with refractive index n2). Frustrated total reflection means

that a small part of the incident beam is transmitted through the forbidden gap (the potential barrier)to the second

prism.

The analog equation of wave optics to wave mechanics is the Helmholtz equation:

Δ2Φ(x) + n2ω2/(c2)Φ = 0, (3)

where Φ represents the field, n the refractive index of the medium, ω the angular frequency of the

wave. The Schrödinger equation is given by:

Δ2Ψ(x) + 2m/(�2)E − U(x)Ψ = 0, (4)

where Ψ represents the wave function, m the particles mass, � the Planck constant, E, the particle

energy, and U the barrier potential. The imaginary solutions of the two equations are the evanes-

cent or tunneling modes. The question, whether both equations are Lorentz-invariant is still open.

Some mathematical physicists told us that the Helmholtz and the Schrödinger equations have the
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Figure 2. Measured propagation time of three digital signals [19]. (a) Pulse trace 1 was recorded in vacuum.

Pulse 2 traversed superluminal a photonic lattice in the center of the frequency band gap (see part (b) of the

figure), and pulse 3 was traveled subluminal through the fiber lattice outside its forbidden band gap. (b) Presents

the transmission vs frequency (around the carrier frequency) of the dielectric lattice. The superluminal signal

2 has a frequency band width of about 1 GHz positioned in the transmission minimum, the infrared carrier

frequency is about 2·1014 Hz. The photonic lattice was a periodic dielectric hetero-structure fiber as sketched in

Fig.1 (b).

same symmetry properties. The experimental data we are talking about, were reproduced in different

laboratories, and they are in agreement with the Helmholtz and the Schrödinger equations and with

the Wigner phase time approach. The Wigner phase (shift) time was introduced in order to obtain

the interaction time of particles. Here this time re presents the interaction time of the particles with a

potential barrier. This time equals also the group delay time:

τgr = � dϕ/dE = dϕ/dω (5)

where ϕ represents the phase shift due to the barrier interaction process.

2 Results

The first superluminal analog experiments were carried out with microwaves of 3 cm wavelength

in undersized waveguides in 1992 Ref.[7]. A superluminal signal velocity of 2.2 c was measured,

where c is the vacuum velocity of light. Later a periodic dielectric lattice structure was superluminal

tunneled with infrared single photons Ref.[8]. Further experiments resulted also in FTL velocities

with similar set-ups. The results of the measured tunneling time are shown in the table. Remarkably,

an empirical universal tunneling time τ ≈ 1/ν was found independent of field, where ν is the wave

packet’s frequency. This result was later theoretically proved in Refs.[10, 11].

According to the experimental results the transit time of rectangular and symmetric barriers are

given by the Wigner interaction time at the barrier front and a zero barrier tunneling time. Namely,

this interaction time is measured in reflection as well as in transmission. The zero time inside the

barrier plus the short interaction time can result in a FTL signal velocity. However, only the Einstein

causality is confronted, not the primitive one, as was shown in Refs.[12, 13]. The reasons are the finite

time duration of a signal and the transmission dispersion of the tunneling barrier as will be discussed

below. The frequently misunderstood definition of a signal inevitable results in the case of FTL

velocities in a time machine. Thus it was often published that no signal did propagate superluminal in
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all experiments, only the group maximum could travel FTL, the front velocity would always luminal,

see for instance Ref.[15]. The calculation of the luminal front velocity was based on infinite frequency

components even in the case of single photons. The front velocity is defined by

v f r(ω) = lim
ω→∞ω/k, (6)

where ω is the angular frequency and k the wave number. The explanation for the calculated luminal

front velocity is that the signal energy would be much higher than the barrier. Such front velocities

are not physical. According to quantum mechanics this front velocity should have an infinite energy

in order to exist, i.e. to be measurable. All physical signals don’t have a front velocity of infinite

frequency. Only the group velocity and signal velocity (and thus the energy) are measurable. All

textbooks and articles, which deny the possibility of superluminal signal velocities in the tunneling

process are assuming an infinite frequency band width of the signal.

A novel model of tunneling was introduced in the review Ref.[31, 32]. According to this model

tunneling barriers are cavities and the observed transmitted output has no causal connection with the

input. This model does not explain the application of the tunneling process in fiber optics, for example

as signal coupler, where the signals are causal transmitted. This model explains transmission time and

reflection time as the decay time of the cavity.

Table: Tunneling time Exper. 1/ν

photonic barriers reference τ T = 1/ν

frustrated 5 117 ps 120 ps

total reflection 7 ≈ 87 ps 100 ps

photonic lattice 3 2.13 fs 2.34 fs

8 2.7 fs 2.7 fs

18 81 ps 115 ps

undersized 2 130 ps 115 ps

waveguide
electron tunneling field 19 6 - 8 fs >2.43 fs

electron ionization tunneling 20 ≤ 6 as 0?

acoustic (phonon) tunneling 21 0.6 - 1 μs 1 μs
22 0.9 ms 1.12 ms

3 Signals

An example of a signal as transmitted on fibers is displayed in Fig.2. The infrared carrier frequency

is modulated and represents our modern transmitted signals representing digitized information. The

signal (i.e. 1 bit) is given by its full duration at half Maximum (FDHM). A signal, in this example the

FDHM, does not depend on its absolute maximum. The signal in this example is not reshaped due to

the dispersion of the tunneling barrier. Only in such cases group and signal velocities are equal. Also

FM signals tunnel with a speed faster than light, as was shown by transmission of music Ref.[18]. The

music has tunneled at a speed of 4.7 c. All these measured data is in agreement with the Helmholtz

equation and the Wigner phase time approach. The latter equals the signal delay time for narrow

frequency band signals as for example that one displayed in Fig.2. As it is obvious from Fig.2(b), due

to the dispersion of the barrier transmission the superluminal signals must have a narrow frequency

band. Otherwise the signal would be reshaped according to the different transmission strength at the
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different frequency components of the signal. For instance, a weak deformation is seen between trace

1 and trace 3 in Fig.2(a).

For wave packets and signals the relation

Δν · Δt ≥ 1, (7)

holds, where Δν and Δt are � than ∞. Actually, relation 7 is proportional to the information content

of a signal as was shown by Shannon [16]. This fact represents the basis of all information transport

in modern IT devices. Misleading interpretations are given for the superluminal experiments in the

articles of Refs.[8, 14, 15, 17], for example. It is claimed that the front velocity of all the apparently

measured superluminal signals and also of the superluminal single photons was luminal. A sketch of

the latter interpretation is displayed in Fig.3.

Figure 3. Propagation of an ensemble of single tunneling photons as a tortoise. The single photons are well

separated in the measured ensemble. Assuming a luminal front velocity the small tunneled and the vacuum

traveled ensemble, only the center of the ensemble - it has the same FDHM signal (full duration at half maximum)

as the input ensemble - and thus the group was FTL. The measured FTL velocity of the arrow was declared as the

group velocity of the single photons and a fictitious luminal front velocity was shown in the sketch of Ref.[17].

4 Causality

Does the measured superluminal signal velocity violate the principle of causality? The line of argu-

ments showing how to manipulate the past in the case of superluminal signal velocities is illustrated

in Fig. 4. Two frames of reference are displayed. In the first one at the time t = 0 lottery numbers are

presented as points on the time coordinate without duration. At t = −0.5 s the counters are closed.

Mary (A) sends the lottery numbers to her friend Susan (B) with a signal velocity of 4·c. Susan, mov-

ing in the second inertial system at a relative speed of 0.75·c, sends the numbers back at a speed of

2·c, to arrive in the first system at t = −1 s, thus in time to deliver the correct lottery numbers before

the counters close at t = −0.5 s.
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t

x

t x´ ´

B

A

v=4c

x=ct
v =0.75cr

L -1s
v =2c´

Figure 4. Coordinates of two inertial observers A (0, 0) and B with O(x, t) and O′(x′, t′) moving with a relative

velocity of 0.75·c. The distance L between A and B is 2 000 000 km. A makes use of a signal velocity vs = 4·c
and B makes use of v′s = 2·c ( in the sketch is v ≡ vs). The numbers in the example are chosen arbitrarily. The

signal returns -1 s in the past in A.

The time shift of a point on the time axis of reference system A into the past is given by the relation

[12, 13, 30]

tA = −L
c
· (vr − c2/vs − c2/v′s + c2vr/vsv

′
s)

(c − cvr/v′s)
, (8)

where L is the transmission length of the signal, vr is the velocity between the two inertial systems

A and B. The condition for the change of chronological order is tA < 0, the time shift between the

systems A and B. This interpretation assumes, however, a signal to be a point in the time dimension

neglecting its temporal width.

Several tunneling experiments have revealed superluminal signal velocity in tunneling photonic

barriers [10, 19]. Nevertheless, the principle of causality has not been violated as will be explained in

the following.

In the example with the lottery data, the signal was assumed to be a point in space-time. However,

a physical signal has a finite duration like the pulses sketched along the time axis in Fig. 5. The general

relationship for the bandwidth-time interval product of a signal, i.e. a packet of oscillations is given

by Eq. 7. A zero time duration of a signal would require an infinite frequency bandwidth. Taking

into consideration the dispersion of the transmission of tunneling barriers, the frequency band of a

signal has to be narrow in order to avoid non-superluminal frequency components and thus a signal

reshaping.

Assuming a signal duration of 4 s the complete information is obtained with superluminal signal

velocity at 3 s in positive time as illustrated in Fig. 5. The compulsory finite duration of all signals

is the reason that a superluminal velocity does not violate the principle of causality. A shorter signal

with the same information content would have an equivalently broader frequency bandwidth (Eq. 7).

That means an increase of vs or v′s can not violate the principle of causality. For instance, the disper-

sion relation of FTIR (Eq. 2) elucidate this universal behavior: Assuming a wavelength λ0 = c/ν, a

tunneling time τ = T = 1/ν, and a tunneling gap between the prisms d = j · λ0 (j = 1,2,3,....) the super-

luminal signal velocity is vs = j · c, (remember the tunneling time is independent of barrier length).
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Figure 5. In contrast to Fig. 4 the pulse-like signal has now a finite duration of 4 s. This data is used for a

clear demonstration of the effect. In all superluminal experiments, the signal length is long compared with the

measured negative time shift. In this sketch the signal envelope ends in the future with 3 s (in the sketch is v ≡ vs).

However, with increasing vs the bandwidth Δν (that is the tolerated imaginary wave number width Δκ)
of the signal decreases ∝ 1/d in order to guarantee the same amplitude distribution of all frequency

components of the signal. In spite of an increasing superluminal signal velocity vs → ∞ the general

causality can not be violated because the signal time duration increases analogously Δt →∞ (Eq. 7).

5 Virtual Particles

Evanescent optical modes with their imaginary momentum are strange particles. In spite that they are

not measurable inside the barrier they transport measurable energy to the barrier exit [10]. This was

shown more than a hundred years ago by the Indian Physicist Bose - another Bose, he was not that

physicist known from the Bose-Einstein condensation. Around 1970 several theoreticians showed

that the evanescent modes can be explained by Feynman’s virtual photons, see Refs. [20, 21]. One

important base of their calculations is the violation of the Einstein energy relation E2 = (hν)2 = (pc)2

for massless particles, where E is the energy, h the Planck constant, ν the frequency, p the momentum,

the latter is imaginary in the case of evanescent and tunneling modes. The authors have shown that the

commutator of field operators doesn’t vanish, if they are space-like separated. Causality requires that

the commutator vanishes. Fig. 6 shows the Minkowski presentation of the virtual tunneling process

[9]. The remarkable point of the investigation is that this interpretation holds for EM as well as

for elastic fields. 70a ago Brillouin wrote in his book on wave propagation in periodic structures that

propagation of waves is universal for all fields. The expression 1/[(hν)2 - (pc)2] in the Feynman photon

propagator means that a photon has the highest probability of traveling exactly at the speed of light

(hν = pc), but it has non-vanishing probability to violate the laws of special relativity, as a "virtual

photon", over short time and length scales. While it would be impossible to transport information over

cosmologically relevant time scales using tunneling (the tunneling probability is simply too small if

the classically forbidden region is too large), over short time and length scales, the tunneling photons

are allowed to propagate faster than light, in view of their property as virtual particles. The photon

propagation probability is non-vanishing even if the photon’s frequency νh is not equal to the product

of the speed of light c and the wave momentum p [20, 21, 33, 34].
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Figure 6. Minkowski diagram of the real and virtual photons in frustrated total internal reflection [10].

6 Summing-up

Superluminal signals have been measured in different tunneling experiments. However, a time ma-

chine is not possible. It was shown that a signal may begin in the past, but it always ends in the

future due to its finite time duration [12–14]. Physical signals are defined by the product of a finite

time duration and a finite frequency bandwidth. Evanescent and tunneling modes are virtual particles.

They are observed in electromagnetic, elastic fields, and they appear also at macroscopic extensions.

Remarkably, wave packets display a universal tunneling time for all fields. Zero tunneling time was

claimed to have been observed in the case of tunneling electron ionization in Ref.[27]. The tunneling

process seems to represent an exception of special theory of relativity.
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