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Quantum Interference without Quantum 
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Arend Niehaus* 

Utrecht University, Utrecht, The Netherlands 

 
 
 

Abstract 
A recently proposed model of the Dirac electron, which has been shown to 
describe several observed properties of the particle correctly, is in the present 
paper shown to be also able to explain quantum interference by classical 
probabilities. According to this model, the electron is not point-like, but ra-
ther an “entity with structure”, formed by a fast periodic motion of a “light-like 
object”, whose momentum (p) causes the angular momentum responsible for 
the spin, and whose energy (E = pc) is equal to the energy of the electron, 
mc2. A qualitative description of the model is given, together with the quan-
titative formulae that allow to discuss interference. Applied to the experi-
mental situation of the “two-slit” experiment, the formulae yield the same 
time dependence of the detection probability as the quantum mechanical 
treatment, and hence the same interference pattern. In contrast to quantum 
mechanics, the pattern is due to “particle interference” rather than to “wave 
interference”. No wave-particle paradox arises. The merits of the model are 
summarized, and its physical content discussed. 
 

Keywords 
Interpretation of Quantum Mechanics, Quantum Interference,  
Classical Probability 

 

1. Introduction 
Quantum mechanics treats the electron as a point-like particle having a certain 
mass, but no structure. To describe observed phenomena correctly, it ascribes 
certain other properties to the particle, for instance spin, and a wavelike nature, 
which are “non-classical”, and cannot be “derived” (e.g. [1]). The validity of the 
theory is unquestioned; however, its interpretation is still subject of debate (see, 
f.i., [2]), because the “quantum world” it creates contains numerous well known 
paradoxes. 
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There have been attempts to escape interpretational problems by supposing 
that the electron, and possibly other elementary particles also, do have an inter-
nal structure that possibly could explain their properties. Especially, the fact that 
a so called “Zitterbewegung (ZBW)” [3] is one of the properties arising from the 
relativistic quantum theoretical treatment of the free electron, has led to the 
proposal of a dynamic substructure [4] [5] [6]. Typical time scale for such a 
structure would be the very short period (τ) of the (ZBW): 

τ = 2π/ωZBW with ωZBW = 2c/L0, leading to τ = 2πL0 /2c ≈ 4∙10−21 s. 
Theoretical analyses have indeed shown that the spin, arising in the Dirac 

theory, can be related to a motion; however, an extended (ZBW), not predicted 
by the Dirac theory, would be necessary to explain the properties of the electron 
[6]. Also models of the electron, based on the (ZBW), have been proposed [7] 
[8]. For a recent discussion we refer to [9]. 

The model to be used in this paper, is also based on the assumption of a 
(ZBW). But the new aspect is that, the (ZBW) is not ascribed to the electron, but 
rather to a light-like object that possesses momentum and energy, and establish-
es the electron by its periodic motion around a point in space. The model has 
been developed in two recent publications [10] [11]1 of the present author, and 
has been shown to explain the properties like spin, magnetic moment, and mass, 
of the electron. In the present paper it will be shown to be also able to explain 
quantum interference using classical probabilities. First, we give a short qualita-
tive description of the model. 

Starting from the assumption that spin is caused by orbital motion due to an 
extended (ZBW), a probability distribution of orientation and value of an in-
stantaneous orbital angular momentum is designed, which describes spin and 
spin measurements in accordance with experiment. Under the assumption that 
the “object” that causes the angular momenta is “light-like”, with momentum (p 
= ħ/L), probability distributions for orientation and length of the instantaneous 
position vector of the “light-like object”, which we will call “quantum”, are de-
rived from the angular distributions. The instantaneous positions of the quan-
tum turn out to lie on a torus around a fixed point, the torus radius (Rt) being 
equal to the radius of the circle (Rc) the torus axis forms around the fixed point: 
Rt = Rc = (L/2). This special Torus is a so called Clifford Torus. The relation be-
tween instantaneous position vector (r) of the quantum, its instantaneous mo-
mentum (p), and the resulting instantaneous angular momentum vector (I = r × 
p) is depicted in Figure 1. 

The Torus, on whose surface the instantaneous positions of the quantum are 
located, is shown in Figure 2. 

In Cartesian coordinates the position vector is given by 

( ) ( ) ( ) ( ) ( ) ( ) ( ){ }2 2, , cos cos ,cos sin ,sin cosr x y z L θ ϕ θ ϕ θ θ=      (1) 

The idea is now, to describe the distributions in terms of the extended ZBW of  

 

 

1Erroneously, the labels (a) and (b) of the two figures in Figure 3 were interchanged in the final 
typesetting. 
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Figure 1. Relation between the following instantaneous 
vectors, 1) momentum (p) of the quantum, 2) its position 
(r), and 3) of the resulting angular momentum I = r × p. 
Equal population of the circle around the point Ph by the 
quantum, together with cylindrical symmetry around the 
Z-axis, lead to the required angular distribution I(θ) = 
(h/2π)cos(θ), which explains spin and spin measurements 
correctly (see Ref. [10]). 

 

 
Figure 2. The instantaneous positions of the quan-
tum are located on the surface of a Clifford Torus. 
The torus radius (Rt) is equal to the radius of the cir-
cle (Rc) the torus axis forms around the fixed point: 
Rt = Rc = L/2. 

 
the quantum. To obtain a motion of the quantum on the torus surface, we relate 
the angles ( ),θ φ  as 

; ;
2

t
p p tt t n

ω
ϕ ω θ ω ω = = = 

 
                  (2) 

The parameter (t) is taken to be proper time, so that (ωp, ωt) are frequencies, 
and the position vector describes a path in space and time on the surface of the 
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torus. From (1) we get: 

( ) ( ) ( ) ( )2 2 sin
, , , cos cos ,cos sin ,

2 2 2
tt t

p p

t
r x y z t L t t t t

ωω ω
ω ω

        =        
        

 (3) 

As an example, we show in Figure 3 the path for the case n = 10 as calculated 
with (3). 

Properties of the “entity” obtained using relation (3) as averages over an ob-
servation time, approach definite values after times sufficiently long compared 
to the period τ = 4π/ωt. If (L) is taken to be the reduced Compton wavelength L 
= ħ/mc, with (m) the relativistic mass of the particle described, such values are, 
for instance, spin = ħ/2, and the correct magnetic moment = ħe/(2m0). We stress 
that the value of the number (n) has no influence on the general situation de-
scribed so far. 

We identify the “entity”, if it is observed with a sufficiently low time-resolution, 
with the particle described. Then, the center of the torus is the position of the 
particle, and due to the dynamical origin of its torus-structure, it has its estab-
lished properties. 

In this paper we attempt to describe the property “wave nature” of moving 
particles. It becomes observable by the phenomenon interference, for instance in 
the two-slit experiment. Therefore, the velocity (v) is introduced into the model 
represented so far by relation (3). Assuming a velocity in Z-direction, this is 
done in the following way: 

1) The coordinate (z) is replaced by ( )z vt+ ; 2) ( )1 22
0 1L L β= −  with  

v cβ = ; 3) 02p c Lω =  so that pω  becomes the ZBW-frequency arising in 
the Dirac theory. 

The velocity component at the torus axis (at point Ph in Figure 1) in the X-Y 
plane thus becomes ( )1 222 1p L cω β= − , and the velocity component in 
Z-direction is (βc), resulting in a constant tangential speed (c) at the torus axis, 

 

 
Figure 3. The closed path of the quantum. The “entity” 
it forms is taken to represent the electron for the case 
(ωp/ωt = n = 10). Coordinates are given in units of the 
reduced Compton wave length (L). The path lies on the 
surface of the Torus shown in Figure 2. 
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independent of (v), as required. The ratio of the frequencies becomes:  
( )1 221p t nω ω β β= = − , so that ( )1 221 1 nβ = + . 

The complete model for the case of a velocity (v = βc) in Z-direction may thus 
be represented by the modified relation (3) as follows: 

( )

( ) ( ) ( )2 2
0

0

, , , ,

sin
cos cos ,cos sin ,

2 2 2
tt t

p p

r x y z t

t ctL n t t t t
nL

β

ωω ω
β ω ω
        = +       

        

 

( )1 22
0

0 0

2; ; ; 1p
p t

cL n
m c L n

ω
ω ω β β= = = = −

ħ
;              (4) 

The model is completely general and contains no free parameters. In this pa-
per we will demonstrate, in which way it describes observed interference phe-
nomena of electrons correctly. As example we discuss the two slit experiment in 
paragraph (2). 

2. Interference 

First we show in Figure 4 a 3D-parametric plot of the path of the quantum dur-
ing a time span of 2.5 periods ( )4 tτ π ω=  for the case n = 10, as calculated 
using relation (4). 

In order to treat interference in the two-slit experiment, we need the velocity 
of the quantum in Z-direction (vq). As calculated using (4), this velocity is given 
by 

( )2 22 cos 2 cos
2

 t
DBvq v v t

ω
ω 

 =
 

=                (5) 

where, according to the definition of the Torus frequency given in (4), ωDB is the 
De Broglie frequency defined as ωDB = c/LDB = c mv/ħ. 

For the case of many particles starting with a different phase (φ) from a cer-
tain position in Z-direction, there arises a constant current of quanta in 
Z-direction, which is obtained by integration over (φ). Assuming equal proba-
bility (1/2π) for different phases, the current becomes 

( ) ( )2π 2
0

1 2 cos d
2π DBI t v t vω ϕ ϕ = + = 

  ∫
           (6) 

Let us now consider the normal two-slit situation in the context of the model, 
where diffracted particles from the two narrow slits separated by distance (B) 
form currents into certain directions behind the slits, and hit the surface of a 
screen that is oriented perpendicular to the currents and positioned at a distance 
large compared to the distance between the two slits (see Figure 5). 

Then, at any position on the screen determined by the diffraction angle (+δ), 
particles from both slits will arrive. For symmetry reasons, the same current will 
arrive at the angle (−δ). For each particle detected at (+δ) on the screen at time 
(t), there is a certain probability that it originates from slit 1, or slit 2. According 
to classical probability theory [12], this conditional probability is obtained by the 
unification of the probabilities for the two slits, P1 and P2. 
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Figure 4. Traces from left to right: 1), A parametric 3D plot of the 
positions in real space of the quantum (in units of L) during the first 
2.5 periods of the (EZBW), for the case n = 10. 2), Path of the quan-
tum during one period, starting 1.3 periods after (t = 0). 3), Path of 
the point (Ph) on the torus axis (see Figure 1) during the first pe-
riod. Its tangential speed is (c) (see text). Progress of the “entity” in 
z-direction is seen to proceed at the velocity v = 2πL/τ = βc, while 
progress of the quantum is given by ( )( )2

t2 cos 2vq v tω=  (see text). 

 

 
Figure 5. The two slit situation. The distance (D) of 
the screen from the slits is large compared to the dis-
tance (B) between the slits. 
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( ) ( ), , 1 or 2 1 2 1 2P t P P P P P Pϕ δ+ = = + − ∩             (7) 

The last term in (7) is the intersection between the probabilities P1 and P2. 
Using relation (5), and setting the constant current to v = 1, we have  

( )21 2cos DBP tω ϕ= +  and ( )( )22 2cos DBP t Dtω ϕ= + + . The intersection is 
the probability that both paths—via slit 1, and via slit two—lead to detection at 
(−δ). In the present case, we identify the intersection as  

( ) ( )( )( )2
1 2 cos cosDB DBP P t t Dtω ϕ ω ϕ∩ = + − + + . The total probability on the 

screen at position (+δ) is then obtained by integration of (7) over possible initial 
conditions (φ): 

( )
( ) ( )( ){

( ) ( )( )( ) }
2π 2 2
0

2

2

,

2cos 2cos

   cos cos d

2cos
2

DB DB

DB DB

DB

P t

t t Dt

t t Dt

Dt

δ

ω ϕ ω ϕ

ω ϕ ω ϕ ϕ

ω

+

+

= + + + +

− +

 
 


− +

=


∫
         (8) 

As is well known, the probability given by (8), is identical to the probability 
calculated in quantum mechanics for the superposition (Ψ) of two equal ampli-
tude, single momentum, particle De Broglie waves, starting from the two slits. 
This is indicated below. 

( )( ) ( )2 21 2 e e ; 2cos 2cos
2 2

ikr ik r DBk r r Dtω′ ∗ ′− 
Ψ = + ΨΨ = = 

 


 
 

   (9) 

In (9) we used the De Broglie wavenumber 1 DB DBk L cω= = , and the fact 
that ( )r r cDt′− = , the extra distance to be travelled from the more distant of 
the two slits. 

The different derivations, (8) and (9), of the same result, clearly show the rela-
tion between model and quantum mechanics for the case of interference. Most 
remarkably, the non-local wave nature, ascribed in the quantum mechanical de-
scription to a single particle, the model ascribes to an ensemble of localized par-
ticles having a certain structure. Therefore, the paradoxical wave-particle dual-
ism does not arise. 

Below we demonstrate the prediction of a two-slit interference pattern using 
result (8) for a concrete case. The dependence of the detection probability on the 
angle (δ), for a given v = βc, is given through the relations S = cDt = Bsinδ, and 

( )2
0 01DBL L L L nβ β β= = √ − = , so that the phase in (8) becomes  

( )02 sin 2 sinDB DBS L B nL Bδ π λ δ= = . 
Relation (8) is the predicted interference pattern for the case of two infinitely 

narrow slits separated by a distance (B). In a realistic case, the slits have a finite 
width (d), so that interference of particles coming from different positions with-
in one slit arises, and leads to a certain single-slit interference pattern, which can 
be calculated approximately with relation (8) by replacing (B) by (d/2). At suffi-
ciently narrow slit widths (d), and a slit distance (B) considerably larger than (d), 
the complete interference pattern thus becomes a modulation of the diffraction 
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profile by the two-slit interference. In Figure 6 we show an example using B/λDB 
= 5 to calculate the two slit modulation, and d = λDB to calculate the diffraction 
profile. At this width we have d = Δx = λDB, and a width of the diffraction peak 
corresponding to Δp = p = ħ/λDB, so that the uncertainty relation inherent in the 
model becomes ΔpΔx = ħ. 

As the main result of the present paper we state that the two-slit quantum in-
terference is correctly described without quantum mechanics.  

3. Conclusion and Discussion 

The dynamic substructure, which the model ascribes to the particle, explains the 
two slit interference, one of the main quantum phenomena, without using 
quantum mechanics. In a similar way, energy quantization of bound states, as 
well as angular momentum quantization, is predicted by the model in agreement 
with observation. In addition, as has been shown in the previous papers [10] 
[11], the properties of the electron, mass, spin, and magnetic moment, follow from 
the substructure implied by the model. Further, the paradox of “wave-particle 
dualism” does not arise, because “wave interference” is explained as “particle in-
terference”. 

As already mentioned, the model is based on the idea that spin might be ex-
plained as angular momentum caused by a quantum of momentum (mc) when it 
passes a fixed point in space. The completed model of an elementary particle, 
used in this paper, may be visualized in a very simple way: The point (Ph) (see 
Figure 1), which is located in the center of the circle containing the quantum, is 
identified as a photon, and the point, which is located in the center of this circu-
lating photon, is identified as the particle. As shown in Figure 4, the photon 
forms a spiraling trace with tangential speed (c), independent of the relative mo-
tion (v) with respect to an observer, and its energy is pc = mc2, with  

( )( )2
0 1m m β= √ − . The momentum component of the photon in direction of 

relative motion, ( )0mv m c m c nβ= = , is the momentum of the “particle”. 
 

 
Figure 6. The two slit interference pattern for “particles” calculated 
with formula (8).The central diffraction peak, common to both slits, 
is modulated by the two-slit interference. The same interference pat-
tern would be calculated using quantum mechanics. 
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There remain important questions regarding the validity of the model. On the 
other hand, in our opinion, its demonstrated successes are too manifold and 
substantial to be accidental. Therefore, a thorough theoretical investigation of 
the model, especially of its relation to quantum field theory, seems interesting. 
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Abstract 
One of the methods for calculating electromagnetic wave dispersion in mul-
ti-layer structures is the transfer matrix method. In this paper, we use the 
transfer matrix method for second harmonic generation in a nonlinear mul-
tilayer structure. The nonlinear photonic crystals investigated in this paper 
are as one-dimensional multi-layered structures including ferroelectric mate-
rials such as LiTaO3. Our goal is to investigate the effect of the disorder on the 
transmission spectrum of electromagnetic waves. Our results showed that po-
sitional disorder has different effects on the transmitting band and the gap 
band. The disorder in the transmitting band reduces the transmission coeffi-
cient of the waves and increases the transmission coefficient of the waves in 
the gap band. Such work has not yet been done on nonlinear photonic crys-
tals producing the second harmonic. 
 

Keywords 
Transfer Matrix Method, Nonlinear Photonic Crystal, Random Binary  
Medium, Transmission Spectra, Disorder Effect, Second Harmonic Waves 

 

1. Introduction 

In recent decades, the study of the transmission of waves in random systems has 
been highly studied because it plays an important role in understanding the opt-
ical, mechanical, magnetic, and electrical properties of materials. The most im-
portant theory in this case is Anderson’s theory. This theory is about electrons 
crossing in random systems [1] [2]. Although Anderson’s theory was initially 
about the transmission of electron waves in disordered systems, it was later ex-
tended to other waves such as electromagnetic and acoustic waves. 
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A weak disorder in 3D devices does not turn all of the extended modes into 
localized modes. That is; there is a series of transmission modes in the system. 
For strong disorder, due to the incoherent interference of waves, transmitted 
modes are exponentially localized. For one-dimensional systems, Anderson’s 
theory shows that all the passing modes are exponentially localized for any de-
gree of disorder [2] [3]. 

There are several models for one dimensional multi-layer system in which 
exponential localization is violated. For example a one-dimensional system with 
the periodic period consisting of two parts is known as a random-dimer model 
[4] [5]. In this type of system, there are modes that disorder does not affect them. 
Another model that violates Anderson’s localization in disordered one-dimensional 
systems is a long-range correlation model [6] [7]. The tight-binding 1D model 
also violates the exponential localization in one-dimensional systems that occur 
for any disorder [8] [9]. Finally, the last model that produces non-localized 
states, unlike the one-dimensional Anderson model prediction, is called the 
“necklace” model [10]. This model has been used in a multilayer dielectric 
structure [11]. 

A periodic structure with a transmission spectrum that does not have any 
propagating modes in certain frequency regions is called the photonic crystal 
[12]. Frequency spectrum, in which there are no propagating modes, is known as 
photonic band gap. Due to the vectorial nature of the electromagnetic waves, 
compared with the scalar nature of electron waves, the emission of electromag-
netic waves in photonic crystals depends on its polarization and the wave prop-
agation angle [13]. 

In a binary multi-layer structure made up of dielectric slabs, in which the opt-
ical lengths of the layers are equal, putting the disorder in the order of the layers 
leads to the appearance of necklace modes in the photonic band gap [14]. By 
placing a positional disorder in a multilayer structure, when the optical length of 
layer is equal to a quarter wavelength, a series of transmission modes through 
the photonic band gap are created [15]. 

Photonic crystals contain ferroelectric materials, due to the unique properties 
that compensate for the phase mismatch in the second harmonic generation, 
which have been much considered. Second harmonic generation is investigated 
in multilayer nonlinear structures including ferroelectrics such as LiNbO3, KTi-
OPO4 and strontium barium niobate [16] [17]. 

But until now, the effect of the disorder on the second harmonic generation 
(SHG) in the photonic crystals including ferroelectric materials has not been 
studied. We investigate the effects of positional disorder on the transmission 
spectrum of one-dimensional structures composed of lithium tantalite (LiTaO3). 
We study a binary disordered system composed of N periods. Using the transfer 
matrix method, we draw the transmission spectrum of the electromagnetic wave 
as a function of the incoming wave frequency. We study the effect of the posi-
tional disorder on the transmission of an electromagnetic wave that collides ver-
tically on the surface of the structure, so that during the initial wave propagation 
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in the nonlinear structure, a second harmonic wave is also produced. 
This paper is organized as follows in Section 2 we focus on the details of the 

model and we derive the related transfer matrix. We also explain how we calcu-
late the Transmission coefficient. In Section 3 we present and discuss our nu-
merical results. Finally, Section 4 ends the paper with a summary of our results. 

2. Model and Method 

In this section, we study a multi-layered nonlinear structure, which changes the 
nonlinear parameter sign periodically in layers. In this structure, the scales of li-
near and nonlinear parameters are the same. The nonlinear structure is divided 
into N periods of thickness d, and each period is divided into two homogeneous 
sections, Figure 1. Thickness and linear parameter (refractive index) and nonli-
near parameter (second order susceptibility) for Section 1 are, respectively, Id , 

( )r
In  and ( )2χ , while those for Section 2 are, IId , ( )r

IIn  and ( )2χ− , while 
,r f s=  is use for the fundamental field and second harmonic field, respectively. 

Due to the fact that the refractive index of regions I ( ( )r
In ) and II ( ( )r

IIn ) are not 
equal, its reflection will occur at each layer interface, resulting in between the 
transmitted and reflective waves in each layer, the phenomenon of interference 
will appear. 

It is assumed that an electromagnetic wave with frequency ω incident from 
the left-hand side of the system and propagates in the direction of the z axis, so 
that the polarization of the electric field is in the x-axis direction. Our numerical 
calculations are based on the nonlinear transfer matrix method (TMM) [18] [19]. 
In this method, the SHG process is divided into three stages: 1) First, the funda-
mental field (FF), with the propagation in the structure, causes the macroscopic 
polarization of matter. 2) Since the material is non-linear, then the second-order 
nonlinear polarization is created in matter. And this nonlinear polarization ra-
diates the second harmonic (SH) field in the structure. 3) This second harmonic 
field is propagated in the device, and it comes out in the form of a second har-
monic signal. 

In the first stage of the second harmonic generation, the fundamental and 
second harmonic fields follow the following equations: 

( ) ( ) ( )

( )

2
22 2

2 2 02

2
2

02

2
2 NL

NL

c

c

ω ω
ω ω

ωω
ω ω

ε ω
µ ω

ε ω
µ ω

∇× ∇× − =

∇× ∇× − =

E E P

E E P
             (1) 

In which, ωε , 2ωε , NL
ωP , and 2

NL
ωP  are permittivity and nonlinear polariza-

tion at FF and SH frequencies. Because the nonlinear process is weak. As a result, 
the nonlinear process has no significant effect on the intensity of the fundamen-
tal pump field (Given that the material we have used in this paper is ferroelectric 
(LiTaO3), whose second-order non-linear coefficient ( )2χ  is 13.8 pm/V. 
Therefore, in our calculations, we used the source approximation without de-
creasing (strong source approximation) to solve non-linear equations and  
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Figure 1. Multi-layered nonlinear structure. In each layer, the vectors represent the non-
linear polarization direction. 

 
obtaining the transmission coefficient. That is, the second-order nonlinear coeffi-
cient is small, so the nonlinear process does not have a significant effect on the ini-
tial wave intensity). So here we are using the non-depleted pump wave approxima-
tion, 2E Eω ω . Therefore, the above equations for the m-th layer are as follows 

( )( ) ( )

( )( ) ( ) ( )

2 2

2

2 2 2 2
02

d 0
d

d 2
d

f f
m m

s s
m m NL

k E z
z

k E z
z

ωµ ω

 
+ = 

 
 

+ = − 
 

P
               (2) 

where ( ) ( ) ( )
0

f f f
m mk n k= , ( ) ( ) ( )

0
s s s

m mk n k= , ( )
0

fk cω= , and ( )
0 2sk cω= . and also, 

( )f
mn  and ( )s

mn  show the refractive index of the pump waves and the second 
harmonic, respectively in the mth slab; c, the speed of light is in vacuum 

The first equation of coupling Equations (2) gives the fundamental electric 
field in the mth layer. 

( )
( ) ( )( ) ( ) ( )( )1 1e e

f f
m m m mi k z z t i k z z tf f f

m m mE E E
ω ω− −− − − − −+ −= +             (3) 

where 0z  is zero, 1m m mz z d−= +  and md  is the thickness of the mth layer. 
( )f
mE +  is the magnitude of forward plane wave and ( )f

mE −  is the magnitude of 
backward plane wave at the left interface of the mth layer. 

According to the continuity conditions on the boundary of the layers, we have 
the following matrix relation between the electric and magnetic fields passing 
through odd layer to even layer: 

( )

( ) ( ) ( ) ( )

( ) ( ) ( ) ( )

1 1 1 1
2 1 2 2

121 1 1 1 1
2 1 2 2

1
2

f f f
I II I IIm m i

f f f
m m iI I II I II

n n n nE E E
T

E E En n n n n

+ + +
−
− − −
−

   + −    
 = =      − +      

       (4) 

Using the matrix of dynamics and the matrix of propagation that are as follows. 

( ) ( )

1 1
m f f

m m

D
n n

 
=   − 

 

( )( )
( )( )

exp 0

0 exp

f
m m

m f
m m

ik d
P

ik d

 
 =   − 
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The general transfer matrix for the multi-layer structure is as follows 

( )1 1 1
0 0

N

II II II I I IT D D P D D P D D− − −=                  (5) 

This transfer matrix connects the fields at the beginning and the end of the 
structure, as follows 

0

0

f f
t
f f

t

E E
T

E E

+ +

− −

   
=   

   
                       (6) 

For harmonic fields that is produced in the structure, we use Equation (2) 
with ( ) ( ) ( ) ( ) ( )

222
0, exp 2f

NL m mP z t E z i tω ε χ ω = −   that yields to: 

( )

( )

( )

( ) ( )
( )
( )

( )

( )
( )
( )

( )

2

2 111 1
0 0 0 2

1 2 1

1 2 1 2 1
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2

21
0 2

2

1 2 2
0

 

 
0
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II I I I Is s f
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f f
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m

II II II II II
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f f
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EE E
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G I N
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−−− −

− − −
− −

+ −
− − −

+

−

−

+ −
−

         = + −            
 

+ −  
 

 Ω + −   Ω 
 

+ −  
 

       (7) 

In which: 
( )

( ) ( )

( )

( )

2 22 2
0 0

2 2 2

4 4
,

4
l l

l ls f s
l l l

A C
k k k
µε χ ω µε χ ω− −

= =
−  

( ) ( )
( ) ( )

( )

( ) ( )

( )
0 0

0 0

1 1
1 1

, 2 2f f f f
l l l ls s

l l s s

G B k n k n
n n

k k

 
   

= =     −−   
   

( )( )
( )( )

exp 0

0 exp

s
l i

i s
l l

ik d
Q

ik d

 
 =   − 

 

( )( )
( )( )

exp 2 0
,

0 exp 2

f
l l

l f
l l

i k d
F l I II

i k d

 
 = =  − 

 

1 1 1,II II II I I I II II II IIS G Q G G Q G N G Q G− − −= =  

In this section, we determined the method of obtaining the amplitude of the 
second harmonic field in the nonlinear multi-layer structure. We can not ac-
tually measure this quantity, but the intensity of the second harmonic is mea-
surable (In this paper, which is a theoretical work, the intensity of the waves is 
obtained using the electromagnetic magnitude (intensity is proportional to the 
square of the field magnitude). The purpose of writing the phrase “measurable 
intensity of electromagnetic waves” is that in the laboratory, researchers measure 
the intensity of electromagnetic waves. In fact, this sentence is presented for 
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comparison with laboratory work). Using the intensity of waves, we have the 
following definitions for the nonlinear reflectance and nonlinear transmittance: 

( )

( )

2

2

r
NL harm

pump

t
NL harm

pump

I
R

I

I
T

I

=

=

                        (8) 

where ,t r
harmI  and pumpI  are the intensities of the reflected or transmitted har-

monic and pump fields, respectively. 
In our structure, it is assumed that the nonlinear photonic crystal are com-

posed of periodically poled lithium tantalite (LiTaO3) crystal, whose nonlinear 
susceptibility is ( )2 13.8 pm Vχ =  and The refractive index for lithium tantalite 
(LiTaO3) is given by the following dispersion formula [20]: 

( ) ( )
( )

2 2
2 2 22

,
B b T En T A D

FC c T
λ λ

λλ

+
= + + +

−− +  
          (9) 

where 4.5284A = , 37.2449 10B −= × , 0.2453C = , 22.3670 10D −= − × ,  
27.7690 10E −= × , 0.1838F = , ( ) ( )282.6794 10 273.15b T T−= × + ,  

( ) ( )281.6234 10 273.15c T T−= × + . 
Periodic polar ferroelectric (LiTaO3) crystals are described by modulations of 

the nonlinear susceptibilities. An optoelectronic effect is used to produce the 
photonic band gap structure. This effect is the origin of the modulation of the 
refractive index of the layers in the photonic crystal. If the electric field E is ap-
plied in the direction of the optical axis of the material, correction of refractive 
index and new refractive index (in odd layers) are as follows: 

3
1 1 33

1
2

n n n n n r E= + ∆ = −                    (10) 

where 33r  is the optoelectronic coefficient of the material and E is the electric 
field amplitude. Similar to the nonlinear optical coefficient, the optoelectronic 
coefficient of the material in different layers has different signs. So in reverse 
(even) layers the optoelectronic coefficient changes sign and the refractive index 
in these layers is written as follows: 

3
2 2 33

1
2

n n n n n r E= + ∆ = +                  (11) 

3. Numerical Results 

We investigate a random binary structure constructed of N lithium tantalite 
(LiTaO3) layers. The positional disorder in the structure means the probability 
that the ith layer is Layer I or Layer II is equal. In order to have an overall picture 
of the role played by disorder, and to illustrate the effect of disorder in the non-
linear multi-layered structure, we compare the transmission spectrum of a peri-
odic structure with alternating layers I and II with a disordered structure, as 
shown in Figure 2 for the structure with N = 70 layers. 
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Figure 2. Transmission spectrum of periodic (red) and random (blue) binary structure 
with N = 70 layers. For the random system, to calculate the transmission coefficient 
quantity, averaging operations are performed on 3000 systems with different ordering. 
The placement of disorder has different effects on the transmitting and gap bands. The 
disorder results in the appearance of transmission modes in the middle of the gap band. 

 
The transmission spectrum for periodic structures is a sequence of transmit-

ting and stop bands. In the transmitting band, there is a frequency in which the 
optical length of each layer is an integer multiple of half the wavelength in the 
vacuum. In other words, the phase change in each layer is equal to mπ, that m is 
the member of the integers. The nonlinear multi-layer structure for this incom-
ing wave frequency is completely transparent. In the center of the stop bands, 
there are frequencies in which the optical length of each layer is odd multiples of 
one quarter wavelength. As a result, the phase change in these layers is equal to 
( )2 π1m + . For the random system, to calculate the Transmission coefficient 
quantity, averaging operations are performed on 3000 systems with different 
ordering (Figure 2). The placement of disorder has different effects on the 
transmitting and gap bands. Firstly, the disorder does not affect the frequency in 
the transmitting band in which the optical length of each layer is an integer mul-
tiple of half the wavelength. In other words, in a periodic and random structure 
at this frequency, the transmission coefficient is equal to the unit. Note that at 
this frequency, for each layer, the transfer matrix is a unit matrix (I). In this 
mode, independent of the existence and absence of disorder in the structure, is 
similar to the violation of Anderson localization in the random-dimer model. 
But, by placing disorder in the structure, the width of the transmission band is 
reduced. In the forbidden (gap) band, the disorder leads to the emergence of a 
series of transmitting modes. These mods are known as necklace modes. 

In order to see the different effects of positional disorder in the transmitting 
band and the forbidden band, we plot the average transmission coefficient 
around the half- and quarter-wavelength modes as a function of the disorder in-
tensity. In Figure 3 and Figure 4, q shows the disorder strength, in other words, 
q is equal to the probability that in the periodic structure (I, II, I, II, I, II, ∙∙∙, I, II), 
the ith layer, replaced with another layer. So 0q =  is related to the periodic 
structure and 1 2q =  is a structure with complete disorder. The results are 
shown in Figure 3 and Figure 4 for N = 70. In order to obtain the transmission  
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Figure 3. The average transmission coefficient as a function of the severity of the disorder, 
for the transmitting band. In this case, when the disorder increases, the transmission 
coefficient decreases, so Anderson’s localization is established. The averaging is per-
formed on 3000 structures in different order and N = 70. 
 

 
Figure 4. The average transmission coefficient as a function of the severity of the disorder, 
for the forbidden (gap) band. In quarter-wavelength modes, with increasing disorder, a 
series of transmitting modes are created, and thus a weak transmittance occurs at these 
frequencies. The averaging is performed on 3000 structures in different order and N = 70. 
 
coefficient in random structures, the averaging is performed on 3000 structures 
in different order. Figure 3 for the transmitting band and Figure 4 for forbidden 
band. 

For the average transmission coefficient around the half-wavelength reson-
ance, when the disorder increases, the transmission coefficient decreases, so 
Anderson’s localization is established (Figure 3). Meanwhile, disorder effect in 
an around the quarter-wavelength resonance mode have a completely reverse 
result. As the disorder increases, the average transmittance increases (Figure 4). 
The reason for this is the appearance of transmitting modes in the forbidden 
band (Because in the periodic structure, in the gap band, the interference of the 
waves is non constructive. Using a disorder in the arrangement of the layers, the 
periodic structure that causes non-constructive interference of the waves and the 
transmission coefficient 0 in this frequency region (gaps) collapses. And with 
increasing disorder, the effect of the structure on the non-constructive interfe-
rence of the waves decreases. As a result, the waves interact constructively. And 
there is a series of poorly transmitted modes in the gap band). 

Figure 3 shows the average transmission coefficient in the transmitting band 
according to Anderson’s localization. In this case, the average transmittance 
coefficient decreases monotonically with increasing intensity disorder. 
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(a) 

 
(b) 

Figure 5. Transmission coefficient for different values of the disorder intensity. The 
number of layers is 70 and the averaging is performed on 2500 structures in different or-
der. Figure 5(a) shows strong intensity disorder, in which case Anderson’s theory is vi-
olated in the band gap. Figure 5(b) is for weak intensity disorders, in which case Ander-
son’s localization is established. 

 
While Figure 4 is a violation of Anderson’s theory, the disorder result in the 

emergence of a few resonance necklace modes that creates a small transmittance 
in gap band. 

Figure 5 shows the transmission coefficient as a function of the collision wa-
velength for different degrees of disorder. By increasing Severity of disorder, the 
bandwidth of transmission is reduced and a series of necklace mode is created in 
the gap bands which cause a slight increase in the transmission coefficient of 
electromagnetic waves. Figure 5(b) is for weak intensity disorders, in which case 
Anderson’s localization is established. Figure 5(a) shows strong intensity dis-
order, in which case Anderson’s theory is violated in the band gap. 

4. Results 

We studied the transmittance spectra in a nonlinear structure composed of tan-
talum lithium (LiTaO3). This system is a binary structure with N layer. The effect 
of disorder on the transmitting and forbidden bands is quite distinct. For the 
transmission band, the disorder in the frequency at which the coefficient of 
transmission is equal to 1 does not affect. At this frequency, the transfer matrix 
of each layer is equal to the unit matrix (I). The lack of sensitivity of this fully 
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resonance mode is similar to the violation of Anderson’s theory in the ran-
dom-dimer model. However, the width of the transmittance band in a disor-
dered system is narrower than the width of the transmittance band of the peri-
odic system. For the gap band, disorder lead to the appearance of several modes 
in the center of the band. These modes are called necklace modes, which are 
based on the hybridization of degenerate modes localized. The transmittance in 
the stop (gap) band increases with the disorder intensity. The transmittance in 
the transmitting band decreases with the disorder intensity. 
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Abstract 
In this work, we present a new method of directly determining Fourier com-
ponents of the spatial correlation function of the dielectric susceptibility of 
random medium. The method is based on the analysis of the ratio of the 
spectrum of the light scattered by the spatial correlation components of the 
dielectric susceptibility of tissue to the spectrum of light scattered by the ran-
domly distributed scatterers which are independent on the value of the spec-
trum of the incident light and the direction of the observation. The results 
may find wide applications in areas such as in biomedical diagnosis. 
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1. Introduction 

When light propagates through a random medium such tissue, it will be scat-
tered due to the spatial variations of the refractive index of the tissue. The prop-
erties of the scattered light are dependent on both the properties of the incident 
light and the three-dimensional (3D) microstructures of the tissue. The rela-
tionships that exist between the properties of the scattered light and properties 
of the structure of the object under investigation can be explored to obtain in-
formation about cells and tissues. 

In 1989, Wolf et al. investigated the scattering of polychromatic light by a me-
dium whose dielectric susceptibility is a random function of position [1]. How-
ever, their concern is on the frequency shifts of the spectral density due to the 
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scattering process. They found that the spectrum of the scattered light is depen-
dent on both the spectrum of the incident light and the Fourier components of 
the spatial correlation function of the dielectric susceptibility of the random me-
dium. For light propagating through random medium, changes in coherence, 
polarization and spectrum of light have also been considered [2]-[12]. These re-
sults may be explored to derive some information about structures of tissues [13] 
[14] [15] [16]. 

Information about cell and tissue structures can also be obtained by combing 
measured properties of reflected and scattered light with theoretical models. In 
fact, it has been shown that the size distribution of the cell nuclei can be ob-
tained by fitting measured light scattering spectra to the predictions of Mie 
theory [17]. In addition, by analyzing the amplitude and frequency of a fine 
structure component in backscattered light, the density and size distribution of 
epithelial cell nuclei can be extracted [18] [19]. Finally, it was also found that 
some Fourier components of the spatial correlation functions of refractive index 
fluctuations of living tissues can be measured by Fourier domain optical cohe-
rence tomography (FDOCT) [8] [13] [20]. 

Tissue has very complex structures and can be decomposed into different 
components from different points of view. It can be approximately represented 
by a structure consisting of an infinite number of particles with sizes within a 
large range in which the refractive index variations can be approximately gener-
ated by spherical particles with some size distribution (for example) [21]. The 
particle model of light scattering in tissue is appropriate in cases where the im-
aging resolution is much larger than the size of the scatterers [22]. At the micro-
scopic level, there is no clear interface between constituents of tissue. A conti-
nuous model of refractive index was then proposed in which refractive index 
variation is represented by a continuous function of position within tissue 
[23]-[28]. 

It has been demonstrated experimentally that at the microscopic level, there is 
a degree of spatial correlation among tissue structures between any two points 
[2]-[28]. In this work, we present a new method of directly determining Fourier 
components of the spatial correlation function of the dielectric susceptibility of 
random medium. First, the ratio is derived of the spectrum of the light scattered 
by the spatial correlation components of the dielectric susceptibility of tissue to 
the spectrum of light scattered by the randomly distributed scatterers. It is found 
that the ratio of the spectrum of the scattered light induced by the spatial corre-
lation of the refractive index fluctuations to the spectrum of the scattered light 
generated by the randomly distributed scatterers is independent on the value of 
the incident spectrum. There is also no 4ω  factor in the ratio. A new method is 
proposed for directly determining Fourier components of the spatial correlation 
function of the dielectric susceptibility of random medium. A model for charac-
terizing the Fourier spectrum of the refractive index correlation function of tis-
sue is used as an example to demonstrate the analysis. The results obtained may 
find wide applications in areas such as in biomedical diagnosis. 
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2. Theory 

Within the accuracy of the first-order born approximation, the spectrum 
( ) ( ),S r ω∞ s  of the light scattered by deterministic medium and observed in the 

far zone can be expressed as Equation (1) 

( ) ( ) ( ) ( ) ( ) ( )
4

0 02

1, , , iS r k k S
cr
ωω η ω η ω ω∞ ∗     = − −      

 s s s s s ,    (1) 

where * denotes the complex conjugate, 2k cω π λ= =  is the wavenumber, ω 
is the frequency of the light, c  is the speed of light in vacuo, λ is the wave-
length, s  is the unit vector in the direction of scattering, r  is the distance 
from the observation point to the reference point, 0s  is a real unit vector in a 
direction, ( ) ( )iS ω  is the spectrum of the incident light, and 

( ) ( ) ( )( )
3

0 0, , exp d
V

k jk rη ω η ω
′

′ ′ ′   − = − − ⋅   ∫

r
s s r s s r ,       (2) 

is the Fourier transform of the dielectric susceptibility  
( ) ( )2, , 1 4nη ω ω π = − r r , ( ),n ωr  is the refractive index of the medium (see 

Figure 1). Equation (1) is valid when the amplitude of the scattered light field is 
small compared with the amplitude of the incident field. It can be seen from 
Equation (1) that in this case, by measuring the spectrum of the scattered light, 
one can directly obtain the Fourier components represented by the spatial fre-
quency vector ( )0k= −K s s  in K  space. The Fourier components available, 
of course, are determined by the range of the wavenumber of the incident light 
and the directions of the observation achievable. 

Note that the basic principle of the Fourier domain optical coherence tomo-
graphy (FDOCT) is based on the interferometric measurement of one dimen-
sion simplified version of Equation (1) [29] [30] [31] [32] [33]. 

For the random scattering medium, its refractive index and dielectric suscep-
tibility fluctuate with position, which causes scattering of light. An ensemble av-
erage is then needed to find the expectation value of the spectrum in Equation 
(1). We have [1] 

( ) ( ) [ ] ( ) ( )
4

2

1, , , i
cS r C S

cr η
ωω ω ω∞  = − 
 

s K K ,          (3) 

where Cη
  is the Fourier transform of the spatial correlation function  

( ) ( ) ( )1 2 1 2, , , ,Cη ω η ω η ω∗′ ′ ′ ′=r r r r  of the dielectric susceptibility and is defined 
as 

( ) ( ) ( )
( ) ( )

*
1 2 1 2

3 3
1 2 2 2 1 1 1 2

, , , ,

                         , , exp d d
V V

C a

C r r j

η

η

ω η ω η ω

ω

=

′ ′ ′ ′ ′ ′= − ⋅ − ⋅  ∫ ∫



 K K K K

K r K r r r
   (4) 

Equation (3) shows that, for the random scattering medium, the spectrum of 
the scattered light observed in the direction s  in the far zone is proportional to 
the product of a factor proportional to 4ω  and the Fourier component of the 
spatial correlation function of the dielectric susceptibility with the spatial fre-
quency vector ( )0k= −K s s  in K  space. On the other hand, Equation (1)  
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Figure 1. Illustrating the notations. The real unit vector

0s  denotes the direction of the incident light, the real 
unit vector s  denotes the direction of the scattered 
light, and ( )0k= −K s s  is the spatial frequency vector. 

 
reveals that for deterministic medium, the spectrum observed in the direction s  
is proportional to the square of the Fourier component of the dielectric suscepti-
bility itself. 

Thus when there exist spatial correlated fluctuations in the dielectric suscepti-
bility or refractive index of the medium, the Fourier component of the dielectric 
susceptibility is also random function. In this case, it is the spatial correlation of 
the dielectric susceptibility that determines the spectrum of the scattered light. 

In the case when the dielectric susceptibility of the medium is completely un-
correlated, we have 

( ) ( ) ( ) ( )3
1 2 2 1 1 2, ,     when    ,  

                   0                              otherwise,
C I V Vη ω ω δ′ ′ ′ ′ ′ ′= − ∈ ∈

=

r r r r r r
     (5) 

where ( ) ( )3δ ′r  is the 3D Dirac delta function and ( )I ω  is a nonnegative 
function of frequency. In this case, from Equation (3) we have: 

( ) ( ) ( ) ( ) ( )
4

2

1, i
uS r I S

cr
ωω ω ω∞  =  
 

s .              (6) 

We can see from Equation (6) that for a given frequency ω of light, there is no 
observation direction dependence of the spectrum of the scattered light. Note 
that when the dielectric susceptibility of the medium is completely uncorrelated, 
from the measured spectrum of the scattered light, we can obtain no information 
about the spatial correlated structure of the scatterers, as expected. This fact has 
important implications in the biomedical imaging of tissues. For example, this 
fact shows that it is then possible to detect some forms of variations of tissue 
structures by analyzing properties of ratio of the spectrum of the light scattered 
by the spatial correlation of the fluctuations of the tissue refractive index and the 
scattered light arising from the deterministic change of the refractive index such 
as in the small interfaces between different tissue elements. 

For the light scattering induced by the spatial correlation of the refractive in-
dex fluctuations, there is an intimate relationship between its spectrum and the 
Fourier components of the of the spatial correlation function of the dielectric 
susceptibility. Notice that it has been found experimentally that there exists only 
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finite spatial correlation length between the fluctuations of tissue refractive index 
at two points. For tissues, the spatial correlation length is found to equal or ex-
ceed 4 μm [16]. Thus, tissue elements with sizes larger than the spatial correla-
tion may be regarded as being randomly distributed. In this case, there is no 
scattering due to the correlation of its refractive index. 

If we calculate the ratio of Equation (3) to Equation (6) and denote it by 
( )
SR ∞ , we have 

( ) ( )
( ) ( )
( ) ( )

[ ]
( )

, ,,
,

,
c

S
u

CS r
R r

IS r
η ωω

ω
ωω

∞
∞

∞

−
= =

 K Ks
s

s
.            (7) 

Equation (7) demonstrates that the ration ( )
SR ∞  is equal to the ratio of the 

Fourier component of the spatial correlation function of the dielectric suscepti-
bility to a function of the frequency. From Equation (7) we can see that the ratio 
of the spectrum of the scattered light induced by the spatial correlation of the 
refractive index fluctuations to the spectrum of the scattered light generated by 
the randomly distributed scatterers is independent on the value of the incident 
spectrum. There is also no 4ω  factor in the ratio. Thus, the value of the ratio 
may reveal some inherent micro-structural characteristics of the scattering me-
dium. 

3. Method 

Now we consider a specific case when incident light is monochromatic or with a 
very small bandwidth. In this case, ( )I ω  can be regarded as a constant ( )0I ω , 
where 0ω  the average frequency of the light. For different observation direc-
tion, denoted by s , ( )

SR ∞  is equal to the ratio of the Fourier component of the 
spatial correlation function of the dielectric susceptibility with the spatial fre-
quency vector ( )0k= −K s s  to the constant ( )0I ω . In this case, we have 

[ ] ( ) ( ) ( )0 0 0, , ,SC R r Iη ω ω ω∞− = K K s .               (8) 

Equation (8) shows that if we have the knowledge about ( )0I ω , for a given 
value of 0ω , we can directly obtain the values of [ ]0, ,Cη ω− K K . 

The spatial correlation function of the dielectric susceptibility is an important 
parameter for characterizing the effects of the random medium on the propaga-
tion properties of light within it. It is related to the refractive index correlation 
function. Consider the case of tissue, if we express refractive ( ),n ωr  index in 
the form of ( ) ( ) ( ), , ,n n nω ω δ ω= +r r r , where r  denotes the position 
within the medium, ( ),n ωr  is the mean of the refractive index, ( ),nδ ωr  is 
the varying part of refractive index with position, it has been shown that [4] 

( ) ( ) ( )( )4 2 22
1 2 1 2, , 1 16 2 1 4 , ,nC n n n Cη ω π ω= − + +r r r r ,     (9) 

where ( ) ( ) ( )1 2 1 2, , , ,nC n nω δ ω δ ω=r r r r  is the refractive index correlation 
function. The Fourier transform of the spatial correlation function of the dielec-
tric susceptibility can then be expressed as 
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( ) ( ) ( )22, 1 4C K n Kη ω π = Φ 
 ,                (10) 

where ( )KΦ  is the Fourier spectrum of the refractive index correlation func-
tion of tissue. For tissue samples, ( )KΦ  has been measured and is of the form 
[23] 

( ) ( )( )2 2 2 2
0 04 1 1

m

nK L m K Lπσ
−

Φ = − + ,              (11) 

where 0L  is the outer scale of tissue index inhomogeneities,  
( )1 2

0 2 1cL l m = −  , m is a parameter (1 < m < 2), where nσ  is the standard 
deviation of the refractive index, cl  is the index correlation distance, and 

( )0 2 sin 2K k θ= = − =K k k ,                 (12) 

where θ is the angle between the unit vector 0s  along the incident direction 
and the unit vector s  along the observation direction, respectively. Figure 2 
shows the normalized curve of the variation of the ration ( )

SR ∞  with the obser-
vation direction for the light backscattered from the human upper dermis [23]. 

The refractive index correlation function determines the light scattering cha-
racteristics in tissue as well as the changes of the coherence and polarization of 
the light beam propagating through tissue [2]-[8]. Equation (10) shows that the 
Fourier spectrum of the refractive index correlation function of tissue may be 
obtained by measuring the spectrum of the scattered light through relations (8) 
and (10). Here, it should be emphasize that the result obtained in this work is 
based on the first-order born approximation. In our analysis, it is also assumed 
that the scattering properties of the medium can be described by its refractive 
index ( ),n ωr  which is a three-dimensional function of position r . 

A comparison of Equation (5) with Equation (9) shows that when dispersion 
effect of the tissue can be neglected, we have: 

( )
( ) 2

0
0 24

n
I

ω
ω

π
= .                     (12) 

Equation (12) demonstrates that the value of ( )0I ω  can be obtained by 
measuring the mean of the refractive index and using the Equation (12). One 
possible method for measuring the ration ( )

SR ∞  is to use the fact that the spec-
trum of the light scattered by the spatially correlated structures of the dielectric 
susceptibility is a function of the angle of scattering and there is no observation 
direction dependence of the spectrum of the light scattered by completely un-
correlated components. So the angle varying part of the measured spectrum of 
the scattered light represents the contribution of the spatially correlated struc-
tures of the dielectric susceptibility and the angle independent part describes the 
contribution due to the completely uncorrelated components of the medium. 

In general, the real medium, such as living tissue, is a complex system, in 
which light is scattered or reflected by various aspects of its structure. First of all, 
the layer structures of tissue may be regarded as its deterministic aspect. In this 
case, the spectrum of the scattered light is related to the Fourier transform of the  
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Figure 2. The normalizd curve of variation of the ration ( )
SR ∞  with the observation di-

rection for some selected values of the parameters. n  = 1.35, nσ  = 0.06, m = 1.43, 

0L  = 4 µm, 
c

λ  = 0.83 µm. 

 
dielectric susceptibility, as is also shown in the images obtained with FDOCT 
[14]. Second, for the microscopic structures that have no clear layer structure, 
the scattering of light may arise from the spatial fluctuations of the refractive in-
dex and the spectrum of the scattered light is related to the Fourier component 
of the spatial correlation function of the dielectric susceptibility, which reveals 
the microscopic morphological information about the cells or tissues. 

In conclusion, we have demonstrated that the ratio of the spectrum of the 
scattered light induced by the spatial correlation of the dielectric susceptibility to 
the spectrum of the scattered light generated by the randomly distributed scat-
terers is independent on the value of the incident spectrum. There is also no 4ω  
factor in the ratio. The results supply us a new method for direct determination 
of Fourier components of the spatial correlation function of the dielectric sus-
ceptibility of random medium by measuring the spectrum of the scattered light 
field, including atmospheric turbulence, oceanic turbulence, and biological tis-
sue. Because the spatial correlation characteristics of the dielectric susceptibility 
of random medium is a manifestation of the underlying process that produces 
local correlations in the positions of growing cells in living tissue, the work has 
potential application in biomedical diagnosis. 

Define abbreviations and acronyms the first time they are used in the text, 
even after they have been defined in the abstract. Abbreviations such as IEEE, SI, 
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MKS, CGS, sc, dc, and rms do not have to be defined. Do not use abbreviations 
in the title or heads unless they are unavoidable. 
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Abstract 
It is shown that when the compressibility of a fluid is taken into account, the 
nonlinear term disappears in the Euler equation. The validity of this approach 
is proved by the example of capillary waves. 
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1. Introduction 

In the monography [1], the expression for the square of phase speed of capillary 
wave on the surface of fluid is received, according to which it generally depends 
on its depth and consists of the sum of two members. One of them defines the 
influence of gravitational field, and the second the influence of surface tension, 
and as a result of which this wave is called capillary-gravitational. This result was 
obtained under the assumption of the potentiality of motion and incompressi-
bility of a fluid, on which the entire existing theory of gravitational waves is 
based [2]-[15]. In the work [16] it was shown that the movement of fluid in a 
gravitational field of the Earth cannot be potential. It was also shown that the 
condition of incompressibility is inapplicable to liquids, because it leads to the 
existence of an internal wave [1], the nature of which is completely inexplicable 
from the point of view of physics. This conclusion was made on the basis of a 
correct determination of the speed of sound [17] and a new definition of the cri-
teria of compressibility and incompressibility of the medium [18]. This situation 
made it necessary to refine mass conservation equation, and after its refinement, 
the gravity acceleration disappeared from the dispersion equation of capil-
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lary-gravitational wave, and it becomes purely capillary [16]. The further inves-
tigations of gas and hydrodynamics have shown that Euler equation (fluid mo-
tion equation) also must be subject to refinement, since for it assumes that the 
density of a fluid is constant. This approach leads to the fact that the nonlinear 
term disappears from this equation and it becomes linear. 

In this work, we apply Euler’s refined equation towards capillary waves and 
show that despite the use of the boundary condition at the bottom of the liquid, 
the depth of the reservoir disappears from the dispersion equation, and thus the 
phase velocity of the capillary wave depends only on its length. In addition, it 
will be shown that there is no stability condition for a capillary wave, i.e. it is al-
ways stable in the first equation of system (72) in [16] typo, which the interested 
reader can easily correct. 

2. Improved Euler Equation 

In existing gas and hydrodynamics theory, Euler equation is applied in the form: 

( )d
d

P
t t

ρ ρ ρ∂ = + ∇ = −∇ + ∂ 

V V V V g              (1) 

where: ρ -density, V —speed fluid particles, P —pressure, g —gravitational 
acceleration. Here supposed to that liquid is incompressible and consequently 

constρ = . In several works (see e.g. [19]), it was shown by us, that updated 
continuity equation of mass has the following form: 

( ) 2
p

P
t C
ρ ρ ρ∂ ∇
+ ∇ = − ∇ −

∂
VV V                     (2) 

where pC  is isobaric sound speed in the liquid which can be considered as infi-
nitely large, and we have: 

( )d
dt t
ρ ρ ρ ρ∂
= + ∇ = − ∇
∂

V V                      (3) 

From (3) this it follows that liquid is compressible medium ( 0∇ ≠V ) end 
d d 0tρ ≠ . Consequently, Euler equation should be written in the form of: 

( )d d d
d d d

P
t t t
ρ ρ ρ ρ= + = −∇ +

V VV g                 (4) 

Then if we substitute d dtρ  from (3) in (4), we get: 

( )

d
d

d
d

P
t

P
t

P
t

ρ ρ ρ

ρ ρ

ρ ρ

− ∇ + = −∇ +

 ⇒ − ∇ = −∇ +  
∂

⇒ = −∇ +
∂

VV V g

V V V g

V g

                 (5) 

So, we have a system of two equations: 
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( )

P
t

t

ρ ρ

ρ ρ ρ

∂ = −∇ + ∂
∂ + ∇ = − ∇
 ∂

V g

V V
                     (6) 

We see that the nonlinear term from the Euler equation has disappeared. It 
remains only in the mass conservation equation. 

3. Dispersion Equation of Capillary Waves and Her Decision 

Let’s presenting all the variables from the system (6) in the form of the sum of 
their stationary and perturbed values 0f f f ′= +  and supposing that  

0 1f f′ <  , after linearization it will take the following form: 

0 2

0 02

1

V P P
t C

P P
tC

ρ

ρ

∂ = −∇ + ∂
 ∂  + ∇ = − ∇  ∂ 

g

V V
                   (7) 

where we used: state equation of medium 2P Cρ′ ′=  (C—adiabatic speed of 
sound in the liquid), liquid equilibrium equation 0 0P ρ∇ = g  and perturbed 
values don’t have stokes. 

If 0V  there is a stationary velocity of fluid flow, then the linearized Equation 
(1) will be 

( )0 0 2P P
t C

ρ ∂ + ∇ = −∇ + ∂ 

V gV V  

As we see, this equation, which determines the acceleration of a liquid par-
ticle, contains a stationary velocity of motion, on which the acceleration should 
not depend. This fact irrefutably proves the validity of formula (4). 

Appling to the first equation of system (7) operator ∇  and to the second 
operator t∂ ∂ , they easily reduced to differential equation for perturbed pres-
sure 

2

02 2 2

1 1 0PP g V P
tC C t
∂ ∂ ∆ − + ∇ − = ∂ ∂ 



                 (8) 

Presenting now the perturbed pressure in the form of periodic function 

( ) ( ) ( ), , expaP x z t P z i kx tω= −                    (9) 

and supposing that 0 0xV=V e  and z g= −g e , we will get ordinary differential 
equation of second order for the amplitude of pressure disturbance in the fol-
lowing form: 

( ) ( ) ( ) ( )
2

2
02 2 2

d d
0

dd
a a

a

P z P zg kV k P z
zz C C

ω ω + + − − =  
        (10) 

The Equation (10) describes pressure disturbance on both sides of surface of 
tangential discontinuity 0z = . We solve this equation for air ( )0z >  in the 
form: 
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( ) ( )1 expaP z A zγ= ,                  (11) 

where upon, taking into account the attenuation of the disturbance when 
z →∞ , for γ  we will get: 

( )02
1 2

1 1

1 1 1 0p pU U Vk
C

γ θ
θ

  −  = − + + − < 
    

             (12) 

where 1C  is sound speed in the air on the sea level, pU kω=  is phase speed 
of surface wave and 1θ  is dimensionless value and it is equal to 

2
1

1
2kC

g
θ =                             (13) 

For the liquid ( )0z < , because of its depth limitation, from (10) analogically 
we will have: 

( ) ( ) ( )2 1 1 2 2exp expaP z B z B zδ δ= +                   (14) 

where 

2
2

1 2 2
2 2

1 1 1 0pUk
C

δ θ
θ

  
 = − + + − <     

                 (15) 

2
2

2 2 2
2 2

1 1 1 0pUk
C

δ θ
θ

  
 = − − + − >     

                 (16) 

2
2

2
2kC

g
θ =                           (17) 

Let us denote liquid surface displacement along the axis z through 

( ) ( ), expx t a i kx tξ ω= −                       (18) 

and in this case, the boundary conditions on the surface ( )0z =  and on the 
bottom ( )z h= −  of the liquid will have the form of: 

( )
2

2 1 20

1 00

2 0

2 0

z

z z

z z

z z h

P P
x

V V
t x

V
t

V

ξα

ξ ξ

ξ

=

=

=

=−

 ∂
− = − ∂

∂ ∂ = +
∂ ∂

 ∂
=
∂

 =

                    (19) 

where α  is the coefficient of surface tension. 
Let’s present perturbation velocity in the form of periodical function: 

( ) ( ) ( ), , expax z t z i kx tω= −  V V               (20) 

and denote its z component through disturbance pressure from the first equa-
tion of the system (7): 
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( ) ( ) ( ) ( )2
0

, , expa
z a

P zi gV x z t P z i kx t
z C

ω
ρ ω

∂ 
= − + −    ∂ 

      (21) 

Substituting (9), (11), (14) and (21) in the boundary conditions (19), we will 
get the system of homogenous equations referred to unknown coefficients 

1 2, ,A B B  and a: 

( )

( ) ( )

2
1 2

2
1

0
01

2 2
1 2 2 2

1 2
02 02

2 2
1 2 2 2

1 1 2 2
02 02

0

0

0

exp exp 0

A B B k a
g C A kV a

g C g CB B a

g C g Ch B h B

α

γ
ω

ρ ω

δ δ
ω

ρ ω ρ ω

δ δ
δ δ

ρ ω ρ ω

 − − + =


+ − − =


+ +
+ − =


 + +

− + − =


        (22) 

Equating the determinant of the system (22) to zero, we will get dispersion re-
lation for the wave on the liquid surface taking into account surface tension 
force in the form of: 

( ) ( )

( ) ( )

21 2
0 1 2

02 01

2 1 1 2
01

exp exp

exp exp 0

kV k h h

h h

δ δ γω α δ δ
ρ ω ρ ω
γ δ δ δ δ
ρ

 
− − − − −    

 

− − + − =  

      (23) 

Taking into account that on the sea level 1 340 m secC ≅ , let’s consider the 
inequality 

2 2
51 1

1 2
1

2 4π1 1.45 10  m
2

kC Cgk
g gC

θ λ= > ⇒ > ⇒ < = ×  

We can see, that to this inequality satisfies with the entire range of lengths of 
surface waves on the water, from capillary to tsunami. It is apparent that for the 
capillary waves length of which does not exceed a few centimeters, we have: 

2 1 1θ θ  . Considering also that 2 2 2 2
2 1 1p pU C U C  , from (12), (15) and 

(16) we find 1 kγ δ= = − , 2 kδ =  and then neglecting 01ρ  with respect to 

02ρ , the dispersion Equation (23) takes the form: 
2

02 01 0 0p pU V U kρ ρ α+ − =                    (24) 

the solution of which is 
2 2

01 0 01 0 02

02

4
2p

V V k
U

ρ ρ α ρ
ρ

− ± +
=                (25) 

4. Discussion of Results 

In order to show the truthfulness of our results, let’s consider earlier results and 
show their drawbacks. As it was said in the introduction, in the monography [1] 
dispersion relation for the capillary-gravitational wave on the surface of incom-
pressible liquid is presented in the form of: 
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( )
2

2

02
p

g kU th kh
k k
ω α

ρ
  = = +  

   
                 (26) 

from which it follows that when 

02

02 02

2π 1.72 sm
gg k k

k g
ρα αλ

ρ α ρ
> ⇒ < ⇒ > =         (27) 

the influence of the surface tension force is negligible, and the wave becomes 
purely gravitational. This conclusion contradicts to the classical experiment, in 
which a steel needle does not sink in a glass filled with water to the brim. This is 
because although the diameter of glass greatly exceeds the above specified 
length, the force of surface tension acts which balances the pressure produced by 
the needle. Thus, the dependence of phase speed on gravitational acceleration is 
excluded and consequently there is no existing condition that limits the length of 
capillary wave. Such a conclusion is quite understandable from the point of view 
of physics, because surface tension arises due to the interaction forces between 
molecules on the surface of a liquid that significantly exceed the gravitational 
force. 

The contradiction associated with the influence of the gravitational field is 
eliminated by taking into account the compressibility of the fluid in the mass 
continuity equation. The solution of the problem for such a case is given in [17], 
where the dispersion equation is obtained in the form: 

( ) ( ){ }1 22
01 0 02 01 02 0

02
p

V th kh th kh k V
U

k

ρ ρ α ρ ρω
ρ

 ± − = =         (28) 

from which follows the condition of stability of capillary wave: 

0
01

kV α
ρ

≤                              (29) 

From (29) it is easy to calculate that the wind with the speed of 0 5V =  m/s, 
will blow off capillary waves whose length 1.6λ >  cm. However, simple obser-
vations show that capillary waves exist at quite stronger winds. In addition, since 
the capillary wave is a purely surface phenomenon, its phase speed must not de-
pend on the depth of the fluid. 

As it is apparent in the Equation (25), this contradiction is eliminated if in 
Euler equation, we consider liquid as compressible. Capillary wave is stable in 
any wind, if only the wind force does not exceed intermolecular interaction force 
and in this case, setting of the problem becomes meaningless. We can also see 
that phase speed of capillary wave does not depend on the depth of fluid. 

5. Conclusion 

Contradictions that are present in the theory of surface waves are described in 
detail in the works [16] and [19]. In this work, through the example of capillary 
waves we have explicitly investigated the causes of these contradictions and 
showed how to overcome them. We can say with confidence that our recom-
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mendations will result in overcoming contradictions not only in the theory of 
capillary waves but also in the theory of gravity waves too. 
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Lorem ipsum dolor sit amet, consectetuer
adipiscing elit. Ut purus elit, vestibulum ut,
placerat ac, adipiscing vitae, felis. Curabitur
dictum gravida mauris. Nam arcu libero,
nonummy eget, consectetuer id, vulputate a,
magna. Donec vehicula augue eu neque. Pel-
lentesque habitant morbi tristique senectus et
netus et malesuada fames ac turpis egestas.
Mauris ut leo. Cras viverra metus rhoncus
sem. Nulla et lectus vestibulum urna fringilla
ultrices. Phasellus eu tellus sit amet tortor
gravida placerat. Integer sapien est, iaculis in,
pretium quis, viverra ac, nunc. Praesent eget
sem vel leo ultrices bibendum. Aenean fau-
cibus. Morbi dolor nulla, malesuada eu, pulv-
inar at, mollis ac, nulla. Curabitur auctor sem-
per nulla. Donec varius orci eget risus. Duis
nibh mi, congue eu, accumsan eleifend, sagit-
tis quis, diam. Duis eget orci sit amet orci
dignissim rutrum.
Nam dui ligula, fringilla a, euismod sodales,
sollicitudin vel, wisi. Morbi auctor lorem non
justo. Nam lacus libero, pretium at, lobortis
vitae, ultricies et, tellus. Donec aliquet, tor-
tor sed accumsan bibendum, erat ligula aliquet
magna, vitae ornare odio metus a mi. Morbi
ac orci et nisl hendrerit mollis. Suspendisse
ut massa. Cras nec ante. Pellentesque a nul-
la. Cum sociis natoque penatibus et magnis
dis parturient montes, nascetur ridiculus mus.
Aliquam tincidunt urna. Nulla ullamcorper
vestibulum turpis. Pellentesque cursus luctus
mauris.
Nulla malesuada porttitor diam. Donec felis
erat, congue non, volutpat at, tincidunt tris-
tique, libero. Vivamus viverra fermentum felis.
Donec nonummy pellentesque ante. Phasellus
adipiscing semper elit. Proin fermentum mas-
sa ac quam. Sed diam turpis, molestie vitae,
placerat a, molestie nec, leo. Maecenas lacinia.
Nam ipsum ligula, eleifend at, accumsan nec,
suscipit a, ipsum. Morbi blandit ligula feu-
giat magna. Nunc eleifend consequat lorem.
Sed lacinia nulla vitae enim. Pellentesque t-
incidunt purus vel magna. Integer non en-
im. Praesent euismod nunc eu purus. Donec
bibendum quam in tellus. Nullam cursus pul-
vinar lectus. Donec et mi. Nam vulputate
metus eu enim. Vestibulum pellentesque felis
eu massa.
Quisque ullamcorper placerat ipsum. Cras
nibh. Morbi vel justo vitae lacus tincidun-
t ultrices. Lorem ipsum dolor sit amet, con-
sectetuer adipiscing elit. In hac habitasse
platea dictumst. Integer tempus convallis au-
gue. Etiam facilisis. Nunc elementum fermen-
tum wisi. Aenean placerat. Ut imperdiet, en-
im sed gravida sollicitudin, felis odio placerat
quam, ac pulvinar elit purus eget enim. Nunc
vitae tortor. Proin tempus nibh sit amet nisl.
Vivamus quis tortor vitae risus porta vehicula.
Fusce mauris. Vestibulum luctus nibh at lec-
tus. Sed bibendum, nulla a faucibus semper,
leo velit ultricies tellus, ac venenatis arcu wisi
vel nisl. Vestibulum diam. Aliquam pellen-
tesque, augue quis sagittis posuere, turpis la-
cus congue quam, in hendrerit risus eros eget
felis. Maecenas eget erat in sapien mattis port-
titor. Vestibulum porttitor. Nulla facilisi. Sed
a turpis eu lacus commodo facilisis. Morbi
fringilla, wisi in dignissim interdum, justo lec-
tus sagittis dui, et vehicula libero dui cursus
dui. Mauris tempor ligula sed lacus. Duis cur-
sus enim ut augue. Cras ac magna. Cras nulla.
Nulla egestas. Curabitur a leo. Quisque eges-
tas wisi eget nunc. Nam feugiat lacus vel est.
Curabitur consectetuer.
Suspendisse vel felis. Ut lorem lorem, inter-
dum eu, tincidunt sit amet, laoreet vitae, ar-
cu. Aenean faucibus pede eu ante. Praesent
enim elit, rutrum at, molestie non, nonummy
vel, nisl. Ut lectus eros, malesuada sit amet,
fermentum eu, sodales cursus, magna. Donec
eu purus. Quisque vehicula, urna sed ultricies
auctor, pede lorem egestas dui, et convallis elit
erat sed nulla. Donec luctus. Curabitur et
nunc. Aliquam dolor odio, commodo pretium,
ultricies non, pharetra in, velit. Integer arcu
est, nonummy in, fermentum faucibus, egestas
vel, odio.
Sed commodo posuere pede. Mauris ut est.
Ut quis purus. Sed ac odio. Sed vehicula hen-
drerit sem. Duis non odio. Morbi ut dui. Sed
accumsan risus eget odio. In hac habitasse
platea dictumst. Pellentesque non elit. Fusce
sed justo eu urna porta tincidunt. Mauris felis
odio, sollicitudin sed, volutpat a, ornare ac, er-
at. Morbi quis dolor. Donec pellentesque, er-
at ac sagittis semper, nunc dui lobortis purus,
quis congue purus metus ultricies tellus. Proin
et quam. Class aptent taciti sociosqu ad litora
torquent per conubia nostra, per inceptos hy-
menaeos. Praesent sapien turpis, fermentum
vel, eleifend faucibus, vehicula eu, lacus.
Pellentesque habitant morbi tristique senectus
et netus et malesuada fames ac turpis eges-
tas. Donec odio elit, dictum in, hendrerit sit
amet, egestas sed, leo. Praesent feugiat sapi-
en aliquet odio. Integer vitae justo. Aliquam
vestibulum fringilla lorem. Sed neque lectus,
consectetuer at, consectetuer sed, eleifend ac,
lectus. Nulla facilisi. Pellentesque eget lec-
tus. Proin eu metus. Sed porttitor. In hac
habitasse platea dictumst. Suspendisse eu lec-
tus. Ut mi mi, lacinia sit amet, placerat et,
mollis vitae, dui. Sed ante tellus, tristique ut,
iaculis eu, malesuada ac, dui. Mauris nibh leo,
facilisis non, adipiscing quis, ultrices a, dui.
Morbi luctus, wisi viverra faucibus pretium,
nibh est placerat odio, nec commodo wisi enim
eget quam. Quisque libero justo, consectetuer
a, feugiat vitae, porttitor eu, libero. Sus-
pendisse sed mauris vitae elit sollicitudin male-
suada. Maecenas ultricies eros sit amet ante.
Ut venenatis velit. Maecenas sed mi eget dui
varius euismod. Phasellus aliquet volutpat o-
dio. Vestibulum ante ipsum primis in faucibus
orci luctus et ultrices posuere cubilia Curae;
Pellentesque sit amet pede ac sem eleifend con-
sectetuer. Nullam elementum, urna vel im-
perdiet sodales, elit ipsum pharetra ligula, ac
pretium ante justo a nulla. Curabitur tristique
arcu eu metus. Vestibulum lectus. Proin mau-
ris. Proin eu nunc eu urna hendrerit faucibus.
Aliquam auctor, pede consequat laoreet var-
ius, eros tellus scelerisque quam, pellentesque
hendrerit ipsum dolor sed augue. Nulla nec
lacus.
Suspendisse vitae elit. Aliquam arcu neque,
ornare in, ullamcorper quis, commodo eu,
libero. Fusce sagittis erat at erat tristique
mollis. Maecenas sapien libero, molestie et,
lobortis in, sodales eget, dui. Morbi ultrices
rutrum lorem. Nam elementum ullamcorper
leo. Morbi dui. Aliquam sagittis. Nunc plac-
erat. Pellentesque tristique sodales est. Mae-
cenas imperdiet lacinia velit. Cras non urna.
Morbi eros pede, suscipit ac, varius vel, eges-
tas non, eros. Praesent malesuada, diam id
pretium elementum, eros sem dictum tortor,
vel consectetuer odio sem sed wisi.
Sed feugiat. Cum sociis natoque penatibus
et magnis dis parturient montes, nascetur
ridiculus mus. Ut pellentesque augue sed ur-
na. Vestibulum diam eros, fringilla et, con-
sectetuer eu, nonummy id, sapien. Nullam at
lectus. In sagittis ultrices mauris. Curabitur
malesuada erat sit amet massa. Fusce blan-
dit. Aliquam erat volutpat. Aliquam euismod.
Aenean vel lectus. Nunc imperdiet justo nec
dolor.
Etiam euismod. Fusce facilisis lacinia dui.
Suspendisse potenti. In mi erat, cursus id,
nonummy sed, ullamcorper eget, sapien. Prae-
sent pretium, magna in eleifend egestas, pede
pede pretium lorem, quis consectetuer tortor
sapien facilisis magna. Mauris quis magna var-
ius nulla scelerisque imperdiet. Aliquam non
quam. Aliquam porttitor quam a lacus. Prae-
sent vel arcu ut tortor cursus volutpat. In vi-
tae pede quis diam bibendum placerat. Fusce
elementum convallis neque. Sed dolor orci,
scelerisque ac, dapibus nec, ultricies ut, mi.
Duis nec dui quis leo sagittis commodo.
Aliquam lectus. Vivamus leo. Quisque ornare
tellus ullamcorper nulla. Mauris porttitor
pharetra tortor. Sed fringilla justo sed mau-
ris. Mauris tellus. Sed non leo. Nullam el-
ementum, magna in cursus sodales, augue est
scelerisque sapien, venenatis congue nulla arcu
et pede. Ut suscipit enim vel sapien. Donec
congue. Maecenas urna mi, suscipit in, plac-
erat ut, vestibulum ut, massa. Fusce ultrices
nulla et nisl.
Etiam ac leo a risus tristique nonummy. Donec
dignissim tincidunt nulla. Vestibulum rhoncus
molestie odio. Sed lobortis, justo et pretium
lobortis, mauris turpis condimentum augue,
nec ultricies nibh arcu pretium enim. Nunc
purus neque, placerat id, imperdiet sed, pellen-
tesque nec, nisl. Vestibulum imperdiet neque
non sem accumsan laoreet. In hac habitasse
platea dictumst. Etiam condimentum facili-
sis libero. Suspendisse in elit quis nisl aliquam
dapibus. Pellentesque auctor sapien. Sed eges-
tas sapien nec lectus. Pellentesque vel dui vel
neque bibendum viverra. Aliquam porttitor
nisl nec pede. Proin mattis libero vel turpis.
Donec rutrum mauris et libero. Proin euismod
porta felis. Nam lobortis, metus quis elemen-
tum commodo, nunc lectus elementum mauris,
eget vulputate ligula tellus eu neque. Vivamus
eu dolor.
Nulla in ipsum. Praesent eros nulla, congue
vitae, euismod ut, commodo a, wisi. Pellen-
tesque habitant morbi tristique senectus et ne-
tus et malesuada fames ac turpis egestas. Ae-
nean nonummy magna non leo. Sed felis erat,
ullamcorper in, dictum non, ultricies ut, lec-
tus. Proin vel arcu a odio lobortis euismod.
Vestibulum ante ipsum primis in faucibus orci
luctus et ultrices posuere cubilia Curae; Proin
ut est. Aliquam odio. Pellentesque massa
turpis, cursus eu, euismod nec, tempor congue,
nulla. Duis viverra gravida mauris. Cras tin-
cidunt. Curabitur eros ligula, varius ut, pulv-
inar in, cursus faucibus, augue.
Nulla mattis luctus nulla. Duis commodo
velit at leo. Aliquam vulputate magna et leo.
Nam vestibulum ullamcorper leo. Vestibulum
condimentum rutrum mauris. Donec id mau-
ris. Morbi molestie justo et pede. Vivamus
eget turpis sed nisl cursus tempor. Curabitur
mollis sapien condimentum nunc. In wisi nis-
l, malesuada at, dignissim sit amet, lobortis
in, odio. Aenean consequat arcu a ante. Pel-
lentesque porta elit sit amet orci. Etiam at
turpis nec elit ultricies imperdiet. Nulla fa-
cilisi. In hac habitasse platea dictumst. Sus-
pendisse viverra aliquam risus. Nullam pede
justo, molestie nonummy, scelerisque eu, facil-
isis vel, arcu.
Curabitur tellus magna, porttitor a, commo-
do a, commodo in, tortor. Donec interdum.
Praesent scelerisque. Maecenas posuere so-
dales odio. Vivamus metus lacus, varius quis,
imperdiet quis, rhoncus a, turpis. Etiam ligu-
la arcu, elementum a, venenatis quis, sollici-
tudin sed, metus. Donec nunc pede, tincidunt
in, venenatis vitae, faucibus vel, nibh. Pel-
lentesque wisi. Nullam malesuada. Morbi ut
tellus ut pede tincidunt porta. Lorem ipsum
dolor sit amet, consectetuer adipiscing elit. E-
tiam congue neque id dolor.
Donec et nisl at wisi luctus bibendum. Nam in-
terdum tellus ac libero. Sed sem justo, laoreet
vitae, fringilla at, adipiscing ut, nibh. Mae-
cenas non sem quis tortor eleifend fermentum.
Etiam id tortor ac mauris porta vulputate. In-
teger porta neque vitae massa. Maecenas tem-
pus libero a libero posuere dictum. Vestibu-
lum ante ipsum primis in faucibus orci luc-
tus et ultrices posuere cubilia Curae; Aenean
quis mauris sed elit commodo placerat. Class
aptent taciti sociosqu ad litora torquent per
conubia nostra, per inceptos hymenaeos. Viva-
mus rhoncus tincidunt libero. Etiam elemen-
tum pretium justo. Vivamus est. Morbi a tel-
lus eget pede tristique commodo. Nulla nisl.
Vestibulum sed nisl eu sapien cursus rutrum.
Nulla non mauris vitae wisi posuere conval-
lis. Sed eu nulla nec eros scelerisque pharetra.
Nullam varius. Etiam dignissim elementum
metus. Vestibulum faucibus, metus sit amet
mattis rhoncus, sapien dui laoreet odio, nec
ultricies nibh augue a enim. Fusce in ligula.
Quisque at magna et nulla commodo conse-
quat. Proin accumsan imperdiet sem. Nunc
porta. Donec feugiat mi at justo. Phasellus
facilisis ipsum quis ante. In ac elit eget ipsum
pharetra faucibus. Maecenas viverra nulla in
massa.
Nulla ac nisl. Nullam urna nulla, ullamcorper
in, interdum sit amet, gravida ut, risus. Ae-
nean ac enim. In luctus. Phasellus eu quam
vitae turpis viverra pellentesque. Duis feugiat
felis ut enim. Phasellus pharetra, sem id port-
titor sodales, magna nunc aliquet nibh, nec b-
landit nisl mauris at pede. Suspendisse risus
risus, lobortis eget, semper at, imperdiet sit
amet, quam. Quisque scelerisque dapibus nib-
h. Nam enim. Lorem ipsum dolor sit amet,
consectetuer adipiscing elit. Nunc ut metus.
Ut metus justo, auctor at, ultrices eu, sagittis
ut, purus. Aliquam aliquam.
Etiam pede massa, dapibus vitae, rhoncus
in, placerat posuere, odio. Vestibulum luc-
tus commodo lacus. Morbi lacus dui, tem-
por sed, euismod eget, condimentum at, tor-
tor. Phasellus aliquet odio ac lacus tempor
faucibus. Praesent sed sem. Praesent iac-
ulis. Cras rhoncus tellus sed justo ullamcor-
per sagittis. Donec quis orci. Sed ut tor-
tor quis tellus euismod tincidunt. Suspendisse
congue nisl eu elit. Aliquam tortor diam, tem-
pus id, tristique eget, sodales vel, nulla. Prae-
sent tellus mi, condimentum sed, viverra at,
consectetuer quis, lectus. In auctor vehicula
orci. Sed pede sapien, euismod in, suscipit in,
pharetra placerat, metus. Vivamus commodo
dui non odio. Donec et felis.
Etiam suscipit aliquam arcu. Aliquam sit amet
est ac purus bibendum congue. Sed in eros.
Morbi non orci. Pellentesque mattis lacini-
a elit. Fusce molestie velit in ligula. Nul-
lam et orci vitae nibh vulputate auctor. Ali-
quam eget purus. Nulla auctor wisi sed ipsum.
Morbi porttitor tellus ac enim. Fusce ornare.
Proin ipsum enim, tincidunt in, ornare vene-
natis, molestie a, augue. Donec vel pede in
lacus sagittis porta. Sed hendrerit ipsum quis
nisl. Suspendisse quis massa ac nibh pretium
cursus. Sed sodales. Nam eu neque quis pede
dignissim ornare. Maecenas eu purus ac urna
tincidunt congue.
Donec et nisl id sapien blandit mattis. Ae-
nean dictum odio sit amet risus. Morbi pu-
rus. Nulla a est sit amet purus venenatis iac-
ulis. Vivamus viverra purus vel magna. Donec
in justo sed odio malesuada dapibus. Nunc
ultrices aliquam nunc. Vivamus facilisis pel-
lentesque velit. Nulla nunc velit, vulputate
dapibus, vulputate id, mattis ac, justo. Nam
mattis elit dapibus purus. Quisque enim risus,
congue non, elementum ut, mattis quis, sem.
Quisque elit.
Maecenas non massa. Vestibulum pharetra
nulla at lorem. Duis quis quam id lacus
dapibus interdum. Nulla lorem. Donec ut
ante quis dolor bibendum condimentum. Eti-
am egestas tortor vitae lacus. Praesent cursus.
Mauris bibendum pede at elit. Morbi et felis a
lectus interdum facilisis. Sed suscipit gravida
turpis. Nulla at lectus. Vestibulum ante ip-
sum primis in faucibus orci luctus et ultrices
posuere cubilia Curae; Praesent nonummy luc-
tus nibh. Proin turpis nunc, congue eu, egestas
ut, fringilla at, tellus. In hac habitasse platea
dictumst.
Vivamus eu tellus sed tellus consequat suscipit.
Nam orci orci, malesuada id, gravida nec, ul-
tricies vitae, erat. Donec risus turpis, luctus sit
amet, interdum quis, porta sed, ipsum. Sus-
pendisse condimentum, tortor at egestas po-
suere, neque metus tempor orci, et tincidunt
urna nunc a purus. Sed facilisis blandit tellus.
Nunc risus sem, suscipit nec, eleifend quis, cur-
sus quis, libero. Curabitur et dolor. Sed vitae
sem. Cum sociis natoque penatibus et mag-
nis dis parturient montes, nascetur ridiculus
mus. Maecenas ante. Duis ullamcorper enim.
Donec tristique enim eu leo. Nullam molestie
elit eu dolor. Nullam bibendum, turpis vitae
tristique gravida, quam sapien tempor lectus,
quis pretium tellus purus ac quam. Nulla fa-
cilisi.
Duis aliquet dui in est. Donec eget est.
Nunc lectus odio, varius at, fermentum in, ac-
cumsan non, enim. Aliquam erat volutpat.
Proin sit amet nulla ut eros consectetuer cur-
sus. Phasellus dapibus aliquam justo. Nunc
laoreet. Donec consequat placerat magna.
Duis pretium tincidunt justo. Sed sollicitudin
vestibulum quam. Nam quis ligula. Vivamus
at metus. Etiam imperdiet imperdiet pede.
Aenean turpis. Fusce augue velit, scelerisque
sollicitudin, dictum vitae, tempor et, pede.
Donec wisi sapien, feugiat in, fermentum ut,
sollicitudin adipiscing, metus.
Donec vel nibh ut felis consectetuer laoreet.
Donec pede. Sed id quam id wisi laoreet sus-
cipit. Nulla lectus dolor, aliquam ac, fringilla
eget, mollis ut, orci. In pellentesque justo in
ligula. Maecenas turpis. Donec eleifend leo
at felis tincidunt consequat. Aenean turpis
metus, malesuada sed, condimentum sit amet,
auctor a, wisi. Pellentesque sapien elit, biben-
dum ac, posuere et, congue eu, felis. Vestibu-
lum mattis libero quis metus scelerisque ultri-
ces. Sed purus.
Donec molestie, magna ut luctus ultrices, tel-
lus arcu nonummy velit, sit amet pulvinar elit
justo et mauris. In pede. Maecenas euis-
mod elit eu erat. Aliquam augue wisi, facil-
isis congue, suscipit in, adipiscing et, ante. In
justo. Cras lobortis neque ac ipsum. Nunc
fermentum massa at ante. Donec orci tortor,
egestas sit amet, ultrices eget, venenatis eget,
mi. Maecenas vehicula leo semper est. Mauris
vel metus. Aliquam erat volutpat. In rhoncus
sapien ac tellus. Pellentesque ligula.
Cras dapibus, augue quis scelerisque ultricies,
felis dolor placerat sem, id porta velit odio eu
elit. Aenean interdum nibh sed wisi. Prae-
sent sollicitudin vulputate dui. Praesent iac-
ulis viverra augue. Quisque in libero. Aenean
gravida lorem vitae sem ullamcorper cursus.
Nunc adipiscing rutrum ante. Nunc ipsum
massa, faucibus sit amet, viverra vel, elemen-
tum semper, orci. Cras eros sem, vulputate et,
tincidunt id, ultrices eget, magna. Nulla varius
ornare odio. Donec accumsan mauris sit amet
augue. Sed ligula lacus, laoreet non, aliquam
sit amet, iaculis tempor, lorem. Suspendisse
eros. Nam porta, leo sed congue tempor, fe-
lis est ultrices eros, id mattis velit felis non
metus. Curabitur vitae elit non mauris var-
ius pretium. Aenean lacus sem, tincidunt ut,
consequat quis, porta vitae, turpis. Nullam
laoreet fermentum urna. Proin iaculis lectus.
Sed mattis, erat sit amet gravida malesuada,
elit augue egestas diam, tempus scelerisque
nunc nisl vitae libero. Sed consequat feugiat
massa. Nunc porta, eros in eleifend varius,
erat leo rutrum dui, non convallis lectus or-
ci ut nibh. Sed lorem massa, nonummy quis,
egestas id, condimentum at, nisl. Maecenas at
nibh. Aliquam et augue at nunc pellentesque
ullamcorper. Duis nisl nibh, laoreet suscipit,
convallis ut, rutrum id, enim. Phasellus odio.
Nulla nulla elit, molestie non, scelerisque at,
vestibulum eu, nulla. Ut odio nisl, facilisis id,
mollis et, scelerisque nec, enim. Aenean sem
leo, pellentesque sit amet, scelerisque sit amet,
vehicula pellentesque, sapien.
Sed consequat tellus et tortor. Ut tempor
laoreet quam. Nullam id wisi a libero tris-
tique semper. Nullam nisl massa, rutrum ut,
egestas semper, mollis id, leo. Nulla ac mas-
sa eu risus blandit mattis. Mauris ut nunc.
In hac habitasse platea dictumst. Aliquam
eget tortor. Quisque dapibus pede in erat.
Nunc enim. In dui nulla, commodo at, con-
sectetuer nec, malesuada nec, elit. Aliquam
ornare tellus eu urna. Sed nec metus. Cum
sociis natoque penatibus et magnis dis par-
turient montes, nascetur ridiculus mus. Pel-
lentesque habitant morbi tristique senectus et
netus et malesuada fames ac turpis egestas.
Phasellus id magna. Duis malesuada inter-
dum arcu. Integer metus. Morbi pulvinar pel-
lentesque mi. Suspendisse sed est eu magna
molestie egestas. Quisque mi lorem, pulvinar
eget, egestas quis, luctus at, ante. Proin auc-
tor vehicula purus. Fusce ac nisl aliquam ante
hendrerit pellentesque. Class aptent taciti so-
ciosqu ad litora torquent per conubia nostra,
per inceptos hymenaeos. Morbi wisi. Etiam
arcu mauris, facilisis sed, eleifend non, non-
ummy ut, pede. Cras ut lacus tempor metus
mollis placerat. Vivamus eu tortor vel metus
interdum malesuada.
Sed eleifend, eros sit amet faucibus elemen-
tum, urna sapien consectetuer mauris, quis
egestas leo justo non risus. Morbi non felis ac
libero vulputate fringilla. Mauris libero eros,
lacinia non, sodales quis, dapibus porttitor,
pede. Class aptent taciti sociosqu ad litora
torquent per conubia nostra, per inceptos hy-
menaeos. Morbi dapibus mauris condimentum
nulla. Cum sociis natoque penatibus et magnis
dis parturient montes, nascetur ridiculus mus.
Etiam sit amet erat. Nulla varius. Etiam t-
incidunt dui vitae turpis. Donec leo. Morbi
vulputate convallis est. Integer aliquet. Pel-
lentesque aliquet sodales urna.
Nullam eleifend justo in nisl. In hac habitasse
platea dictumst. Morbi nonummy. Aliquam
ut felis. In velit leo, dictum vitae, posuere id,
vulputate nec, ante. Maecenas vitae pede nec
dui dignissim suscipit. Morbi magna. Vestibu-
lum id purus eget velit laoreet laoreet. Prae-
sent sed leo vel nibh convallis blandit. Ut
rutrum. Donec nibh. Donec interdum. Fusce
sed pede sit amet elit rhoncus ultrices. Nullam
at enim vitae pede vehicula iaculis.
Class aptent taciti sociosqu ad litora torquen-
t per conubia nostra, per inceptos hymenaeos.
Aenean nonummy turpis id odio. Integer eu-
ismod imperdiet turpis. Ut nec leo nec di-
am imperdiet lacinia. Etiam eget lacus eget
mi ultricies posuere. In placerat tristique tor-
tor. Sed porta vestibulum metus. Nulla ia-
culis sollicitudin pede. Fusce luctus tellus in
dolor. Curabitur auctor velit a sem. Mor-
bi sapien. Class aptent taciti sociosqu ad l-
itora torquent per conubia nostra, per incep-
tos hymenaeos. Donec adipiscing urna vehic-
ula nunc. Sed ornare leo in leo. In rhoncus
leo ut dui. Aenean dolor quam, volutpat nec,
fringilla id, consectetuer vel, pede.
Nulla malesuada risus ut urna. Aenean
pretium velit sit amet metus. Duis iaculis. In
hac habitasse platea dictumst. Nullam mo-
lestie turpis eget nisl. Duis a massa id pede
dapibus ultricies. Sed eu leo. In at mauris sit
amet tortor bibendum varius. Phasellus justo
risus, posuere in, sagittis ac, varius vel, tor-
tor. Quisque id enim. Phasellus consequat,
libero pretium nonummy fringilla, tortor lacus
vestibulum nunc, ut rhoncus ligula neque id
justo. Nullam accumsan euismod nunc. Proin
vitae ipsum ac metus dictum tempus. Nam ut
wisi. Quisque tortor felis, interdum ac, sodales
a, semper a, sem. Curabitur in velit sit amet
dui tristique sodales. Vivamus mauris pede,
lacinia eget, pellentesque quis, scelerisque eu,
est. Aliquam risus. Quisque bibendum pede
eu dolor.
Donec tempus neque vitae est. Aenean egestas
odio sed risus ullamcorper ullamcorper. Sed in
nulla a tortor tincidunt egestas. Nam sapien
tortor, elementum sit amet, aliquam in, port-
titor faucibus, enim. Nullam congue suscipit
nibh. Quisque convallis. Praesent arcu nibh,
vehicula eget, accumsan eu, tincidunt a, nibh.
Suspendisse vulputate, tortor quis adipiscing
viverra, lacus nibh dignissim tellus, eu suscipit
risus ante fringilla diam. Quisque a libero v-
el pede imperdiet aliquet. Pellentesque nunc
nibh, eleifend a, consequat consequat, hen-
drerit nec, diam. Sed urna. Maecenas laoreet
eleifend neque. Vivamus purus odio, eleifend
non, iaculis a, ultrices sit amet, urna. Mau-
ris faucibus odio vitae risus. In nisl. Praesent
purus. Integer iaculis, sem eu egestas lacinia,
lacus pede scelerisque augue, in ullamcorper
dolor eros ac lacus. Nunc in libero.
Fusce suscipit cursus sem. Vivamus risus mi,
egestas ac, imperdiet varius, faucibus quis,
leo. Aenean tincidunt. Donec suscipit. Cras
id justo quis nibh scelerisque dignissim. Ali-
quam sagittis elementum dolor. Aenean con-
sectetuer justo in pede. Curabitur ullamcorper
ligula nec orci. Aliquam purus turpis, aliquam
id, ornare vitae, porttitor non, wisi. Maecenas
luctus porta lorem. Donec vitae ligula eu ante
pretium varius. Proin tortor metus, convallis
et, hendrerit non, scelerisque in, urna. Cras
quis libero eu ligula bibendum tempor. Viva-
mus tellus quam, malesuada eu, tempus sed,
tempor sed, velit. Donec lacinia auctor libero.
Praesent sed neque id pede mollis rutrum.
Vestibulum iaculis risus. Pellentesque lacus.
Ut quis nunc sed odio malesuada egestas. Duis
a magna sit amet ligula tristique pretium. Ut
pharetra. Vestibulum imperdiet magna nec
wisi. Mauris convallis. Sed accumsan sollic-
itudin massa. Sed id enim. Nunc pede enim,
lacinia ut, pulvinar quis, suscipit semper, elit.
Cras accumsan erat vitae enim. Cras sollici-
tudin. Vestibulum rutrum blandit massa.
Sed gravida lectus ut purus. Morbi laoreet
magna. Pellentesque eu wisi. Proin turpis. In-
teger sollicitudin augue nec dui. Fusce lectus.
Vivamus faucibus nulla nec lacus. Integer di-
am. Pellentesque sodales, enim feugiat cursus
volutpat, sem mauris dignissim mauris, quis
consequat sem est fermentum ligula. Nullam
justo lectus, condimentum sit amet, posuere a,
fringilla mollis, felis. Morbi nulla nibh, pellen-
tesque at, nonummy eu, sollicitudin nec, ip-
sum. Cras neque. Nunc augue. Nullam vitae
quam id quam pulvinar blandit. Nunc sit amet
orci. Aliquam erat elit, pharetra nec, aliquet
a, gravida in, mi. Quisque urna enim, viverra
quis, suscipit quis, tincidunt ut, sapien. Cras
placerat consequat sem. Curabitur ac diam.
Curabitur diam tortor, mollis et, viverra ac,
tempus vel, metus.
Curabitur ac lorem. Vivamus non justo in
dui mattis posuere. Etiam accumsan ligula
id pede. Maecenas tincidunt diam nec velit.
Praesent convallis sapien ac est. Aliquam ul-
lamcorper euismod nulla. Integer mollis enim
vel tortor. Nulla sodales placerat nunc. Sed
tempus rutrum wisi. Duis accumsan gravi-
da purus. Nunc nunc. Etiam facilisis dui eu
sem. Vestibulum semper. Praesent eu eros.
Vestibulum tellus nisl, dapibus id, vestibulum
sit amet, placerat ac, mauris. Maecenas et elit
ut erat placerat dictum. Nam feugiat, turpis
et sodales volutpat, wisi quam rhoncus neque,
vitae aliquam ipsum sapien vel enim. Maece-
nas suscipit cursus mi.
Quisque consectetuer. In suscipit mauris a do-
lor pellentesque consectetuer. Mauris convallis
neque non erat. In lacinia. Pellentesque leo
eros, sagittis quis, fermentum quis, tincidun-
t ut, sapien. Maecenas sem. Curabitur eros
odio, interdum eu, feugiat eu, porta ac, nis-
l. Curabitur nunc. Etiam fermentum convallis
velit. Pellentesque laoreet lacus. Quisque sed
elit. Nam quis tellus. Aliquam tellus arcu,
adipiscing non, tincidunt eleifend, adipiscing
quis, augue. Vivamus elementum placerat en-
im. Suspendisse ut tortor. Integer faucibus
adipiscing felis. Aenean consectetuer mattis
lectus. Morbi malesuada faucibus dolor. Nam
lacus. Etiam arcu libero, malesuada vitae, ali-
quam vitae, blandit tristique, nisl.
Maecenas accumsan dapibus sapien. Duis
pretium iaculis arcu. Curabitur ut lacus. Ali-
quam vulputate. Suspendisse ut purus sed sem
tempor rhoncus. Ut quam dui, fringilla at, dic-
tum eget, ultricies quis, quam. Etiam sem est,
pharetra non, vulputate in, pretium at, ipsum.
Nunc semper sagittis orci. Sed scelerisque sus-
cipit diam. Ut volutpat, dolor at ullamcorp-
er tristique, eros purus mollis quam, sit amet
ornare ante nunc et enim.
Phasellus fringilla, metus id feugiat con-
sectetuer, lacus wisi ultrices tellus, quis lobor-
tis nibh lorem quis tortor. Donec egestas
ornare nulla. Mauris mi tellus, porta fau-
cibus, dictum vel, nonummy in, est. Ali-
quam erat volutpat. In tellus magna, port-
titor lacinia, molestie vitae, pellentesque eu,
justo. Class aptent taciti sociosqu ad litora
torquent per conubia nostra, per inceptos hy-
menaeos. Sed orci nibh, scelerisque sit amet,
suscipit sed, placerat vel, diam. Vestibulum
nonummy vulputate orci. Donec et velit ac ar-
cu interdum semper. Morbi pede orci, cursus
ac, elementum non, vehicula ut, lacus. Cras
volutpat. Nam vel wisi quis libero venenatis
placerat. Aenean sed odio. Quisque posuere
purus ac orci. Vivamus odio. Vivamus var-
ius, nulla sit amet semper viverra, odio mau-
ris consequat lacus, at vestibulum neque arcu
eu tortor. Donec iaculis tincidunt tellus. Ali-
quam erat volutpat. Curabitur magna lorem,
dignissim volutpat, viverra et, adipiscing nec,
dolor. Praesent lacus mauris, dapibus vitae,
sollicitudin sit amet, nonummy eget, ligula.
Cras egestas ipsum a nisl. Vivamus varius do-
lor ut dolor. Fusce vel enim. Pellentesque
accumsan ligula et eros. Cras id lacus non
tortor facilisis facilisis. Etiam nisl elit, cur-
sus sed, fringilla in, congue nec, urna. Cum
sociis natoque penatibus et magnis dis par-
turient montes, nascetur ridiculus mus. In-
teger at turpis. Cum sociis natoque penati-
bus et magnis dis parturient montes, nascetur
ridiculus mus. Duis fringilla, ligula sed porta
fringilla, ligula wisi commodo felis, ut adipisc-
ing felis dui in enim. Suspendisse malesuada
ultrices ante. Pellentesque scelerisque augue
sit amet urna. Nulla volutpat aliquet tortor.
Cras aliquam, tellus at aliquet pellentesque,
justo sapien commodo leo, id rhoncus sapien
quam at erat. Nulla commodo, wisi eget sol-
licitudin pretium, orci orci aliquam orci, ut
cursus turpis justo et lacus. Nulla vel tor-
tor. Quisque erat elit, viverra sit amet, sagittis
eget, porta sit amet, lacus.
In hac habitasse platea dictumst. Proin at est.
Curabitur tempus vulputate elit. Pellentesque
sem. Praesent eu sapien. Duis elit magna, ali-
quet at, tempus sed, vehicula non, enim. Mor-
bi viverra arcu nec purus. Vivamus fringilla,
enim et commodo malesuada, tortor metus el-
ementum ligula, nec aliquet est sapien ut lec-
tus. Aliquam mi. Ut nec elit. Fusce euismod
luctus tellus. Curabitur scelerisque. Nullam
purus. Nam ultricies accumsan magna. Morbi
pulvinar lorem sit amet ipsum. Donec ut jus-
to vitae nibh mollis congue. Fusce quis diam.
Praesent tempus eros ut quam.
Donec in nisl. Fusce vitae est. Vivamus ante
ante, mattis laoreet, posuere eget, congue vel,
nunc. Fusce sem. Nam vel orci eu eros viver-
ra luctus. Pellentesque sit amet augue. Nunc
sit amet ipsum et lacus varius nonummy. In-
teger rutrum sem eget wisi. Aenean eu sapien.
Quisque ornare dignissim mi. Duis a urna vel
risus pharetra imperdiet. Suspendisse potenti.
Morbi justo. Aenean nec dolor. In hac
habitasse platea dictumst. Proin nonummy
porttitor velit. Sed sit amet leo nec metus
rhoncus varius. Cras ante. Vestibulum com-
modo sem tincidunt massa. Nam justo. Ae-
nean luctus, felis et condimentum lacinia, lec-
tus enim pulvinar purus, non porta velit nisl
sed eros. Suspendisse consequat. Mauris a dui
et tortor mattis pretium. Sed nulla metus, vo-
lutpat id, aliquam eget, ullamcorper ut, ipsum.
Morbi eu nunc. Praesent pretium. Duis ali-
quam pulvinar ligula. Ut blandit egestas justo.
Quisque posuere metus viverra pede.
Vivamus sodales elementum neque. Viva-
mus dignissim accumsan neque. Sed at enim.
Vestibulum nonummy interdum purus. Mau-
ris ornare velit id nibh pretium ultricies. Fusce
tempor pellentesque odio. Vivamus augue pu-
rus, laoreet in, scelerisque vel, commodo id,
wisi. Duis enim. Nulla interdum, nunc eu sem-
per eleifend, enim dolor pretium elit, ut com-
modo ligula nisl a est. Vivamus ante. Nulla
leo massa, posuere nec, volutpat vitae, rhon-
cus eu, magna.
Quisque facilisis auctor sapien. Pellentesque
gravida hendrerit lectus. Mauris rutrum so-
dales sapien. Fusce hendrerit sem vel lorem.
Integer pellentesque massa vel augue. Integer
elit tortor, feugiat quis, sagittis et, ornare non,
lacus. Vestibulum posuere pellentesque eros.
Quisque venenatis ipsum dictum nulla. Ali-
quam quis quam non metus eleifend interdum.
Nam eget sapien ac mauris malesuada adipisc-
ing. Etiam eleifend neque sed quam. Nulla
facilisi. Proin a ligula. Sed id dui eu nibh
egestas tincidunt. Suspendisse arcu.
Maecenas dui. Aliquam volutpat auctor lorem.
Cras placerat est vitae lectus. Curabitur
massa lectus, rutrum euismod, dignissim ut,
dapibus a, odio. Ut eros erat, vulputate ut, in-
terdum non, porta eu, erat. Cras fermentum,
felis in porta congue, velit leo facilisis odio, vi-
tae consectetuer lorem quam vitae orci. Sed
ultrices, pede eu placerat auctor, ante ligula
rutrum tellus, vel posuere nibh lacus nec nibh.
Maecenas laoreet dolor at enim. Donec mo-
lestie dolor nec metus. Vestibulum libero. Sed
quis erat. Sed tristique. Duis pede leo, fer-
mentum quis, consectetuer eget, vulputate sit
amet, erat.
Donec vitae velit. Suspendisse porta fermen-
tum mauris. Ut vel nunc non mauris phare-
tra varius. Duis consequat libero quis urna.
Maecenas at ante. Vivamus varius, wisi sed
egestas tristique, odio wisi luctus nulla, lobor-
tis dictum dolor ligula in lacus. Vivamus ali-
quam, urna sed interdum porttitor, metus orci
interdum odio, sit amet euismod lectus felis et
leo. Praesent ac wisi. Nam suscipit vestibu-
lum sem. Praesent eu ipsum vitae pede cursus
venenatis. Duis sed odio. Vestibulum eleifend.
Nulla ut massa. Proin rutrum mattis sapien.
Curabitur dictum gravida ante.
Phasellus placerat vulputate quam. Maece-
nas at tellus. Pellentesque neque diam, dig-
nissim ac, venenatis vitae, consequat ut, lacus.
Nam nibh. Vestibulum fringilla arcu mollis ar-
cu. Sed et turpis. Donec sem tellus, volut-
pat et, varius eu, commodo sed, lectus. Lorem
ipsum dolor sit amet, consectetuer adipiscing
elit. Quisque enim arcu, suscipit nec, tempus
at, imperdiet vel, metus. Morbi volutpat pu-
rus at erat. Donec dignissim, sem id semper
tempus, nibh massa eleifend turpis, sed pellen-
tesque wisi purus sed libero. Nullam lobortis
tortor vel risus. Pellentesque consequat nulla
eu tellus. Donec velit. Aliquam fermentum,
wisi ac rhoncus iaculis, tellus nunc malesuada
orci, quis volutpat dui magna id mi. Nunc vel
ante. Duis vitae lacus. Cras nec ipsum.
Morbi nunc. Aliquam consectetuer varius nul-
la. Phasellus eros. Cras dapibus porttitor ris-
us. Maecenas ultrices mi sed diam. Praesent
gravida velit at elit vehicula porttitor. Phasel-
lus nisl mi, sagittis ac, pulvinar id, gravida sit
amet, erat. Vestibulum est. Lorem ipsum do-
lor sit amet, consectetuer adipiscing elit. Cur-
abitur id sem elementum leo rutrum hendrerit.
Ut at mi. Donec tincidunt faucibus massa.
Sed turpis quam, sollicitudin a, hendrerit eget,
pretium ut, nisl. Duis hendrerit ligula. Nunc
pulvinar congue urna.
Nunc velit. Nullam elit sapien, eleifend eu,
commodo nec, semper sit amet, elit. Nulla lec-
tus risus, condimentum ut, laoreet eget, viver-
ra nec, odio. Proin lobortis. Curabitur dictum
arcu vel wisi. Cras id nulla venenatis tortor
congue ultrices. Pellentesque eget pede. Sed
eleifend sagittis elit. Nam sed tellus sit amet
lectus ullamcorper tristique. Mauris enim sem,
tristique eu, accumsan at, scelerisque vulpu-
tate, neque. Quisque lacus. Donec et ipsum sit
amet elit nonummy aliquet. Sed viverra nisl at
sem. Nam diam. Mauris ut dolor. Curabitur
ornare tortor cursus velit.
Morbi tincidunt posuere arcu. Cras venenatis
est vitae dolor. Vivamus scelerisque semper
mi. Donec ipsum arcu, consequat scelerisque,
viverra id, dictum at, metus. Lorem ipsum
dolor sit amet, consectetuer adipiscing elit. Ut
pede sem, tempus ut, porttitor bibendum, mo-
lestie eu, elit. Suspendisse potenti. Sed id lec-
tus sit amet purus faucibus vehicula. Praesen-
t sed sem non dui pharetra interdum. Nam
viverra ultrices magna.
Aenean laoreet aliquam orci. Nunc interdum
elementum urna. Quisque erat. Nullam tem-
por neque. Maecenas velit nibh, scelerisque a,
consequat ut, viverra in, enim. Duis magna.
Donec odio neque, tristique et, tincidunt eu,
rhoncus ac, nunc. Mauris malesuada malesua-
da elit. Etiam lacus mauris, pretium vel, blan-
dit in, ultricies id, libero. Phasellus bibendum
erat ut diam. In congue imperdiet lectus.
Aenean scelerisque. Fusce pretium porttitor
lorem. In hac habitasse platea dictumst. Nulla
sit amet nisl at sapien egestas pretium. Nunc
non tellus. Vivamus aliquet. Nam adipiscing
euismod dolor. Aliquam erat volutpat. Nul-
la ut ipsum. Quisque tincidunt auctor au-
gue. Nunc imperdiet ipsum eget elit. Ali-
quam quam leo, consectetuer non, ornare sit
amet, tristique quis, felis. Vestibulum ante ip-
sum primis in faucibus orci luctus et ultrices
posuere cubilia Curae; Pellentesque interdum
quam sit amet mi. Pellentesque mauris dui,
dictum a, adipiscing ac, fermentum sit amet,
lorem.
Ut quis wisi. Praesent quis massa. Vivamus
egestas risus eget lacus. Nunc tincidunt, risus
quis bibendum facilisis, lorem purus rutrum
neque, nec porta tortor urna quis orci. Ae-
nean aliquet, libero semper volutpat luctus,
pede erat lacinia augue, quis rutrum sem ip-
sum sit amet pede. Vestibulum aliquet, nibh
sed iaculis sagittis, odio dolor blandit augue,
eget mollis urna tellus id tellus. Aenean ali-
quet aliquam nunc. Nulla ultricies justo eget
orci. Phasellus tristique fermentum leo. Sed
massa metus, sagittis ut, semper ut, pharetra
vel, erat. Aliquam quam turpis, egestas vel,
elementum in, egestas sit amet, lorem. Duis
convallis, wisi sit amet mollis molestie, libero
mauris porta dui, vitae aliquam arcu turpis ac
sem. Aliquam aliquet dapibus metus.
Vivamus commodo eros eleifend dui. Vestibu-
lum in leo eu erat tristique mattis. Cras at
elit. Cras pellentesque. Nullam id lacus sit
amet libero aliquet hendrerit. Proin placerat,
mi non elementum laoreet, eros elit tincidun-
t magna, a rhoncus sem arcu id odio. Nul-
la eget leo a leo egestas facilisis. Curabitur
quis velit. Phasellus aliquam, tortor nec ornare
rhoncus, purus urna posuere velit, et commo-
do risus tellus quis tellus. Vivamus leo turpis,
tempus sit amet, tristique vitae, laoreet quis,
odio. Proin scelerisque bibendum ipsum. Eti-
am nisl. Praesent vel dolor. Pellentesque vel
magna. Curabitur urna. Vivamus congue ur-
na in velit. Etiam ullamcorper elementum dui.
Praesent non urna. Sed placerat quam non mi.
Pellentesque diam magna, ultricies eget, ultri-
ces placerat, adipiscing rutrum, sem.
Morbi sem. Nulla facilisi. Vestibulum ante
ipsum primis in faucibus orci luctus et ultri-
ces posuere cubilia Curae; Nulla facilisi. Mor-
bi sagittis ultrices libero. Praesent eu ligula
sed sapien auctor sagittis. Class aptent taciti
sociosqu ad litora torquent per conubia nos-
tra, per inceptos hymenaeos. Donec vel nunc.
Nunc fermentum, lacus id aliquam porta, dui
tortor euismod eros, vel molestie ipsum purus
eu lacus. Vivamus pede arcu, euismod ac, tem-
pus id, pretium et, lacus. Curabitur sodales
dapibus urna. Nunc eu sapien. Donec eget
nunc a pede dictum pretium. Proin mauris.
Vivamus luctus libero vel nibh.
Fusce tristique risus id wisi. Integer molestie
massa id sem. Vestibulum vel dolor. Pel-
lentesque vel urna vel risus ultricies elemen-
tum. Quisque sapien urna, blandit nec, iaculis
ac, viverra in, odio. In hac habitasse platea
dictumst. Morbi neque lacus, convallis vitae,
commodo ac, fermentum eu, velit. Sed in or-
ci. In fringilla turpis non arcu. Donec in ante.
Phasellus tempor feugiat velit. Aenean var-
ius massa non turpis. Vestibulum ante ipsum
primis in faucibus orci luctus et ultrices po-
suere cubilia Curae;
Aliquam tortor. Morbi ipsum massa, imperdi-
et non, consectetuer vel, feugiat vel, lorem.
Quisque eget lorem nec elit malesuada vestibu-
lum. Quisque sollicitudin ipsum vel sem. Nul-
la enim. Proin nonummy felis vitae felis. Nul-
lam pellentesque. Duis rutrum feugiat fe-
lis. Mauris vel pede sed libero tincidunt mol-
lis. Phasellus sed urna rhoncus diam euismod
bibendum. Phasellus sed nisl. Integer condi-
mentum justo id orci iaculis varius. Quisque et
lacus. Phasellus elementum, justo at dignissim
auctor, wisi odio lobortis arcu, sed sollicitudin
felis felis eu neque. Praesent at lacus.
Vivamus sit amet pede. Duis interdum, nunc
eget rutrum dignissim, nisl diam luctus leo,
et tincidunt velit nisl id tellus. In lorem tel-
lus, aliquet vitae, porta in, aliquet sed, lectus.
Phasellus sodales. Ut varius scelerisque erat.
In vel nibh eu eros imperdiet rutrum. Donec
ac odio nec neque vulputate suscipit. Nam nec
magna. Pellentesque habitant morbi tristique
senectus et netus et malesuada fames ac turpis
egestas. Nullam porta, odio et sagittis iaculis,
wisi neque fringilla sapien, vel commodo lorem
lorem id elit. Ut sem lectus, scelerisque eget,
placerat et, tincidunt scelerisque, ligula. Pel-
lentesque non orci.
Etiam vel ipsum. Morbi facilisis vestibulum
nisl. Praesent cursus laoreet felis. Integer
adipiscing pretium orci. Nulla facilisi. Quisque
posuere bibendum purus. Nulla quam mauris,
cursus eget, convallis ac, molestie non, enim.
Aliquam congue. Quisque sagittis nonummy
sapien. Proin molestie sem vitae urna. Mae-
cenas lorem. Vivamus viverra consequat enim.
Nunc sed pede. Praesent vitae lectus. Prae-
sent neque justo, vehicula eget, interdum id,
facilisis et, nibh. Phasellus at purus et libero
lacinia dictum. Fusce aliquet. Nulla eu ante
placerat leo semper dictum. Mauris metus.
Curabitur lobortis. Curabitur sollicitudin hen-
drerit nunc. Donec ultrices lacus id ipsum.
Donec a nibh ut elit vestibulum tristique. In-
teger at pede. Cras volutpat varius magna.
Phasellus eu wisi. Praesent risus justo, lobor-
tis eget, scelerisque ac, aliquet in, dolor. Proin
id leo. Nunc iaculis, mi vitae accumsan com-
modo, neque sem lacinia nulla, quis vestibulum
justo sem in eros. Quisque sed massa. Morbi
lectus ipsum, vulputate a, mollis ut, accumsan
placerat, tellus. Nullam in wisi. Vivamus eu
ligula a nunc accumsan congue. Suspendisse
ac libero. Aliquam erat volutpat. Donec au-
gue. Nunc venenatis fringilla nibh. Fusce ac-
cumsan pulvinar justo. Nullam semper, dui ut
dignissim auctor, orci libero fringilla massa, b-
landit pulvinar pede tortor id magna. Nunc
adipiscing justo sed velit tincidunt fermentum.
Integer placerat. Pellentesque habitant morbi
tristique senectus et netus et malesuada fames
ac turpis egestas. Sed in massa. Class aptent
taciti sociosqu ad litora torquent per conubi-
a nostra, per inceptos hymenaeos. Phasellus
tempus aliquam risus. Aliquam rutrum purus
at metus. Donec posuere odio at erat. Nam
non nibh. Phasellus ligula. Quisque vene-
natis lectus in augue. Sed vestibulum dapibus
neque.
Mauris tempus eros at nulla. Sed quis dui dig-
nissim mauris pretium tincidunt. Mauris ac
purus. Phasellus ac libero. Etiam dapibus ia-
culis nunc. In lectus wisi, elementum eu, sollic-
itudin nec, imperdiet quis, dui. Nulla viverra
neque ac libero. Mauris urna leo, adipiscing
eu, ultrices non, blandit eu, dui. Maecenas
dui neque, suscipit sit amet, rutrum a, laoreet
in, eros. Ut eu nibh. Fusce nec erat tempus
urna fringilla tempus. Curabitur id enim. Sed
ante. Cras sodales enim sit amet wisi. Nunc
fermentum consequat quam.
Ut auctor, augue porta dignissim vestibulum,
arcu diam lobortis velit, vel scelerisque ris-
us augue sagittis risus. Maecenas eu justo.
Pellentesque habitant morbi tristique senectus
et netus et malesuada fames ac turpis eges-
tas. Mauris congue ligula eget tortor. Nul-
lam laoreet urna sed enim. Donec eget eros ut
eros volutpat convallis. Praesent turpis. Inte-
ger mauris diam, elementum quis, egestas ac,
rutrum vel, orci. Nulla facilisi. Quisque adip-
iscing, nulla vitae elementum porta, sem urna
volutpat leo, sed porta enim risus sed massa.
Integer ac enim quis diam sodales luctus. Ut
eget eros a ligula commodo ultricies. Donec eu
urna viverra dolor hendrerit feugiat. Aliquam
ac orci vel eros congue pharetra. Quisque
rhoncus, justo eu volutpat faucibus, augue leo
posuere lacus, a rhoncus purus pede vel est.
Proin ultrices enim.
Aenean tincidunt laoreet dui. Vestibulum ante
ipsum primis in faucibus orci luctus et ultri-
ces posuere cubilia Curae; Integer ipsum lec-
tus, fermentum ac, malesuada in, eleifend ut,
lorem. Vivamus ipsum turpis, elementum vel,
hendrerit ut, semper at, metus. Vivamus sapi-
en tortor, eleifend id, dapibus in, egestas et,
pede. Pellentesque faucibus. Praesent lorem
neque, dignissim in, facilisis nec, hendrerit vel,
odio. Nam at diam ac neque aliquet viver-
ra. Morbi dapibus ligula sagittis magna. In
lobortis. Donec aliquet ultricies libero. Nunc
dictum vulputate purus. Morbi varius. Lorem
ipsum dolor sit amet, consectetuer adipiscing
elit. In tempor. Phasellus commodo porttitor
magna. Curabitur vehicula odio vel dolor.
Praesent facilisis, augue a adipiscing vene-
natis, libero risus molestie odio, pulvinar con-
sectetuer felis erat ac mauris. Nam vestibu-
lum rhoncus quam. Sed velit urna, pharetra
eu, eleifend eu, viverra at, wisi. Maecenas ul-
trices nibh at turpis. Aenean quam. Nulla
ipsum. Aliquam posuere luctus erat. Cur-
abitur magna felis, lacinia et, tristique id, ul-
trices ut, mauris. Suspendisse feugiat. Cras
eleifend wisi vitae tortor. Phasellus leo purus,
mattis sit amet, auctor in, rutrum in, magna.
In hac habitasse platea dictumst. Phasellus
imperdiet metus in sem. Vestibulum ac enim
non sem ultricies sagittis. Sed vel diam.
Integer vel enim sed turpis adipiscing biben-
dum. Vestibulum pede dolor, laoreet nec, po-
suere in, nonummy in, sem. Donec imperdiet
sapien placerat erat. Donec viverra. Aliquam
eros. Nunc consequat massa id leo. Sed ullam-
corper, lorem in sodales dapibus, risus metus
sagittis lorem, non porttitor purus odio nec o-
dio. Sed tincidunt posuere elit. Quisque eu
enim. Donec libero risus, feugiat ac, dapibus
eget, posuere a, felis. Quisque vel lectus ut me-
tus tincidunt eleifend. Duis ut pede. Duis velit
erat, venenatis vitae, vulputate a, pharetra sit
amet, est. Etiam fringilla faucibus augue.
Aenean velit sem, viverra eu, tempus id,
rutrum id, mi. Nullam nec nibh. Proin ullam-
corper, dolor in cursus tristique, eros augue
tempor nibh, at gravida diam wisi at purus.
Donec mattis ullamcorper tellus. Phasellus vel
nulla. Praesent interdum, eros in sodales sol-
licitudin, nunc nulla pulvinar justo, a euismod
eros sem nec nibh. Nullam sagittis dapibus
lectus. Nullam eget ipsum eu tortor lobortis
sodales. Etiam purus leo, pretium nec, feu-
giat non, ullamcorper vel, nibh. Sed vel elit
et quam accumsan facilisis. Nunc leo. Sus-
pendisse faucibus lacus.
Pellentesque interdum sapien sed nulla. Proin
tincidunt. Aliquam volutpat est vel massa.
Sed dolor lacus, imperdiet non, ornare non,
commodo eu, neque. Integer pretium sem-
per justo. Proin risus. Nullam id quam.
Nam neque. Duis vitae wisi ullamcorper di-
am congue ultricies. Quisque ligula. Mauris
vehicula.
Curabitur nunc magna, posuere eget, vene-
natis eu, vehicula ac, velit. Aenean ornare,
massa a accumsan pulvinar, quam lorem
laoreet purus, eu sodales magna risus molestie
lorem. Nunc erat velit, hendrerit quis, male-
suada ut, aliquam vitae, wisi. Sed posuere.
Suspendisse ipsum arcu, scelerisque nec, ali-
quam eu, molestie tincidunt, justo. Phasellus
iaculis. Sed posuere lorem non ipsum. Pel-
lentesque dapibus. Suspendisse quam libero,
laoreet a, tincidunt eget, consequat at, est.
Nullam ut lectus non enim consequat facili-
sis. Mauris leo. Quisque pede ligula, auctor
vel, pellentesque vel, posuere id, turpis. Cras
ipsum sem, cursus et, facilisis ut, tempus eu-
ismod, quam. Suspendisse tristique dolor eu
orci. Mauris mattis. Aenean semper. Viva-
mus tortor magna, facilisis id, varius mattis,
hendrerit in, justo. Integer purus.
Vivamus adipiscing. Curabitur imperdiet tem-
pus turpis. Vivamus sapien dolor, congue ve-
nenatis, euismod eget, porta rhoncus, magna.
Proin condimentum pretium enim. Fusce
fringilla, libero et venenatis facilisis, eros en-
im cursus arcu, vitae facilisis odio augue vitae
orci. Aliquam varius nibh ut odio. Sed condi-
mentum condimentum nunc. Pellentesque
eget massa. Pellentesque quis mauris. Donec
ut ligula ac pede pulvinar lobortis. Pellen-
tesque euismod. Class aptent taciti sociosqu
ad litora torquent per conubia nostra, per in-
ceptos hymenaeos. Praesent elit. Ut laoreet
ornare est. Phasellus gravida vulputate nulla.
Donec sit amet arcu ut sem tempor malesua-
da. Praesent hendrerit augue in urna. Proin
enim ante, ornare vel, consequat ut, blandit
in, justo. Donec felis elit, dignissim sed, sagit-
tis ut, ullamcorper a, nulla. Aenean pharetra
vulputate odio.
Quisque enim. Proin velit neque, tristique eu,
eleifend eget, vestibulum nec, lacus. Vivamus
odio. Duis odio urna, vehicula in, elementum
aliquam, aliquet laoreet, tellus. Sed velit. Sed
vel mi ac elit aliquet interdum. Etiam sapi-
en neque, convallis et, aliquet vel, auctor non,
arcu. Aliquam suscipit aliquam lectus. Proin
tincidunt magna sed wisi. Integer blandit la-
cus ut lorem. Sed luctus justo sed enim.
Morbi malesuada hendrerit dui. Nunc mauris
leo, dapibus sit amet, vestibulum et, commodo
id, est. Pellentesque purus. Pellentesque tris-
tique, nunc ac pulvinar adipiscing, justo eros
consequat lectus, sit amet posuere lectus neque
vel augue. Cras consectetuer libero ac eros. Ut
eget massa. Fusce sit amet enim eleifend sem
dictum auctor. In eget risus luctus wisi conva-
llis pulvinar. Vivamus sapien risus, tempor in,
viverra in, aliquet pellentesque, eros. Aliquam
euismod libero a sem.
Nunc velit augue, scelerisque dignissim, lobor-
tis et, aliquam in, risus. In eu eros. Vestibu-
lum ante ipsum primis in faucibus orci luctus
et ultrices posuere cubilia Curae; Curabitur
vulputate elit viverra augue. Mauris fringilla,
tortor sit amet malesuada mollis, sapien mi
dapibus odio, ac imperdiet ligula enim eget
nisl. Quisque vitae pede a pede aliquet sus-
cipit. Phasellus tellus pede, viverra vestibu-
lum, gravida id, laoreet in, justo. Cum soci-
is natoque penatibus et magnis dis parturient
montes, nascetur ridiculus mus. Integer com-
modo luctus lectus. Mauris justo. Duis var-
ius eros. Sed quam. Cras lacus eros, rutrum
eget, varius quis, convallis iaculis, velit. Mau-
ris imperdiet, metus at tristique venenatis, pu-
rus neque pellentesque mauris, a ultrices elit
lacus nec tortor. Class aptent taciti sociosqu
ad litora torquent per conubia nostra, per in-
ceptos hymenaeos. Praesent malesuada. Nam
lacus lectus, auctor sit amet, malesuada vel,
elementum eget, metus. Duis neque pede, fa-
cilisis eget, egestas elementum, nonummy id,
neque.
Proin non sem. Donec nec erat. Proin libero.
Aliquam viverra arcu. Donec vitae purus.
Donec felis mi, semper id, scelerisque porta,
sollicitudin sed, turpis. Nulla in urna. Integer
varius wisi non elit. Etiam nec sem. Mau-
ris consequat, risus nec congue condimentum,
ligula ligula suscipit urna, vitae porta odio er-
at quis sapien. Proin luctus leo id erat. Etiam
massa metus, accumsan pellentesque, sagittis
sit amet, venenatis nec, mauris. Praesent ur-
na eros, ornare nec, vulputate eget, cursus sed,
justo. Phasellus nec lorem. Nullam ligula ligu-
la, mollis sit amet, faucibus vel, eleifend ac,
dui. Aliquam erat volutpat.
Fusce vehicula, tortor et gravida porttitor, me-
tus nibh congue lorem, ut tempus purus mau-
ris a pede. Integer tincidunt orci sit amet
turpis. Aenean a metus. Aliquam vestibulum
lobortis felis. Donec gravida. Sed sed urna.
Mauris et orci. Integer ultrices feugiat ligu-
la. Sed dignissim nibh a massa. Donec orci
dui, tempor sed, tincidunt nonummy, viverra
sit amet, turpis. Quisque lobortis. Proin vene-
natis tortor nec wisi. Vestibulum placerat. In
hac habitasse platea dictumst. Aliquam por-
ta mi quis risus. Donec sagittis luctus diam.
Nam ipsum elit, imperdiet vitae, faucibus nec,
fringilla eget, leo. Etiam quis dolor in sapien
porttitor imperdiet.
Cras pretium. Nulla malesuada ipsum ut
libero. Suspendisse gravida hendrerit tellus.
Maecenas quis lacus. Morbi fringilla. Vestibu-
lum odio turpis, tempor vitae, scelerisque a,
dictum non, massa. Praesent erat felis, por-
ta sit amet, condimentum sit amet, placer-
at et, turpis. Praesent placerat lacus a en-
im. Vestibulum non eros. Ut congue. Donec
tristique varius tortor. Pellentesque habitant
morbi tristique senectus et netus et malesuada
fames ac turpis egestas. Nam dictum dictum
urna.
Phasellus vestibulum orci vel mauris. Fusce
quam leo, adipiscing ac, pulvinar eget, mo-
lestie sit amet, erat. Sed diam. Suspendisse
eros leo, tempus eget, dapibus sit amet, tem-
pus eu, arcu. Vestibulum wisi metus, dapibus
vel, luctus sit amet, condimentum quis, leo.
Suspendisse molestie. Duis in ante. Ut so-
dales sem sit amet mauris. Suspendisse ornare
pretium orci. Fusce tristique enim eget mi.
Vestibulum eros elit, gravida ac, pharetra sed,
lobortis in, massa. Proin at dolor. Duis ac-
cumsan accumsan pede. Nullam blandit elit
in magna lacinia hendrerit. Ut nonummy luc-
tus eros. Fusce eget tortor.
Ut sit amet magna. Cras a ligula eu urna
dignissim viverra. Nullam tempor leo porta
ipsum. Praesent purus. Nullam consequat.
Mauris dictum sagittis dui. Vestibulum sol-
licitudin consectetuer wisi. In sit amet diam.
Nullam malesuada pharetra risus. Proin lacus
arcu, eleifend sed, vehicula at, congue sit amet,
sem. Sed sagittis pede a nisl. Sed tincidunt o-
dio a pede. Sed dui. Nam eu enim. Aliquam
sagittis lacus eget libero. Pellentesque diam
sem, sagittis molestie, tristique et, fermentum
ornare, nibh. Nulla et tellus non felis imperdi-
et mattis. Aliquam erat volutpat.
Vestibulum sodales ipsum id augue. Integer
ipsum pede, convallis sit amet, tristique vi-
tae, tempor ut, nunc. Nam non ligula non
lorem convallis hendrerit. Maecenas hendrerit.
Sed magna odio, aliquam imperdiet, porta ac,
aliquet eget, mi. Cum sociis natoque penati-
bus et magnis dis parturient montes, nascetur
ridiculus mus. Vestibulum nisl sem, dignissim
vel, euismod quis, egestas ut, orci. Nunc vi-
tae risus vel metus euismod laoreet. Cras sit
amet neque a turpis lobortis auctor. Sed ali-
quam sem ac elit. Cras velit lectus, facilisis
id, dictum sed, porta rutrum, nisl. Nam hen-
drerit ipsum sed augue. Nullam scelerisque
hendrerit wisi. Vivamus egestas arcu sed pu-
rus. Ut ornare lectus sed eros. Suspendisse
potenti. Mauris sollicitudin pede vel velit. In
hac habitasse platea dictumst.
Suspendisse erat mauris, nonummy eget,
pretium eget, consequat vel, justo. Pellen-
tesque consectetuer erat sed lacus. Nullam
egestas nulla ac dui. Donec cursus rhoncus
ipsum. Nunc et sem eu magna egestas male-
suada. Vivamus dictum massa at dolor. Mor-
bi est nulla, faucibus ac, posuere in, interdum
ut, sapien. Proin consectetuer pretium urna.
Donec sit amet nibh nec purus dignissim mat-
tis. Phasellus vehicula elit at lacus. Nulla fa-
cilisi. Cras ut arcu. Sed consectetuer. Integer
tristique elit quis felis consectetuer eleifend.
Cras et lectus.
Ut congue malesuada justo. Curabitur congue,
felis at hendrerit faucibus, mauris lacus port-
titor pede, nec aliquam turpis diam feugiat ar-
cu. Nullam rhoncus ipsum at risus. Vestibu-
lum a dolor sed dolor fermentum vulputate.
Sed nec ipsum dapibus urna bibendum lobor-
tis. Vestibulum elit. Nam ligula arcu, volutpat
eget, lacinia eu, lobortis ac, urna. Nam mol-
lis ultrices nulla. Cras vulputate. Suspendisse
at risus at metus pulvinar malesuada. Nullam
lacus. Aliquam tempus magna. Aliquam ut
purus. Proin tellus.
Vestibulum ante ipsum primis in faucibus orci
luctus et ultrices posuere cubilia Curae; Donec
scelerisque metus. Maecenas non mi ut metus
porta hendrerit. Nunc semper. Cras quis wisi
ut lorem posuere tristique. Nunc vestibulum
scelerisque nulla. Suspendisse pharetra sollic-
itudin ante. Praesent at augue sit amet ante
interdum porta. Nunc bibendum augue luctus
diam. Etiam nec sem. Sed eros turpis, facilisis
nec, vehicula vitae, aliquam sed, nulla. Cur-
abitur justo leo, vestibulum eget, tristique ut,
tempus at, nisl.
Nulla venenatis lorem id arcu. Morbi cur-
sus urna a ipsum. Donec porttitor. Integer
eleifend, est non mattis malesuada, mi nulla
convallis mi, et auctor lectus sapien ut pu-
rus. Aliquam nulla augue, pharetra sit amet,
faucibus semper, molestie vel, nibh. Pellen-
tesque vestibulum magna et mi. Sed fringilla
dolor vel tellus. Nunc libero nunc, venenatis
eget, convallis hendrerit, iaculis elementum,
mi. Nullam aliquam, felis et accumsan vehic-
ula, magna justo vehicula diam, eu condimen-
tum nisl felis et nunc. Quisque volutpat mauris
a velit. Pellentesque massa. Integer at lorem.
Nam metus erat, lacinia id, convallis ut, pul-
vinar non, wisi. Cras iaculis mauris ut neque.
Cras sodales, sem vitae imperdiet consequat,
pede purus sollicitudin urna, ac aliquam metus
orci in leo. Ut molestie ultrices mauris. Viva-
mus vitae sem. Aliquam erat volutpat. Prae-
sent commodo, nisl ac dapibus aliquet, tortor
orci sodales lorem, non ornare nulla lorem quis
nisl.
Sed at sem vitae purus ultrices vestibulum.
Vestibulum tincidunt lacus et ligula. Pel-
lentesque vitae elit. Vestibulum ante ipsum
primis in faucibus orci luctus et ultrices po-
suere cubilia Curae; Duis ornare, erat eget
laoreet vulputate, lacus ipsum suscipit turpis,
et bibendum nisl orci non lectus. Vestibu-
lum nec risus nec libero fermentum fringilla.
Morbi non velit in magna gravida hendrerit.
Pellentesque quis lectus. Vestibulum eleifend
lobortis leo. Vestibulum non augue. Vivamus
dictum tempor dui. Maecenas at ligula id fe-
lis congue porttitor. Nulla leo magna, egestas
quis, vulputate sit amet, viverra id, velit.
Ut lectus lectus, ultricies sit amet, semper
eget, laoreet non, ante. Proin at massa quis
nunc rhoncus mattis. Aliquam lorem. Cur-
abitur pharetra dui at neque. Aliquam eu tel-
lus. Aenean tempus, felis vitae vulputate ia-
culis, est dolor faucibus urna, in viverra wisi
neque non risus. Fusce vel dolor nec sapien
pretium nonummy. Integer faucibus massa ac
nulla ornare venenatis. Nulla quis sapien. Sed
tortor. Phasellus eget mi. Cras nunc. Cras a
enim.
Quisque nisl. In dignissim dapibus massa. Ae-
nean sem magna, scelerisque nec, ullamcorper
quis, porttitor ut, lectus. Fusce dignissim fa-
cilisis tortor. Vivamus gravida felis sit amet
nunc. Nam pulvinar odio vel enim. Pellen-
tesque sit amet est. Vivamus pulvinar leo non
sapien. Aliquam erat volutpat. Ut elementum
auctor metus. Mauris vestibulum neque vitae
eros. Pellentesque aliquam quam. Donec ve-
nenatis tristique purus. In nisl. Nulla velit
libero, fermentum at, porta a, feugiat vitae,
urna. Etiam aliquet ornare ipsum. Proin non
dolor. Aenean nunc ligula, venenatis suscipit,
porttitor sit amet, mattis suscipit, magna. Vi-
vamus egestas viverra est. Morbi at risus sed
sapien sodales pretium.
Morbi congue congue metus. Aenean sed pu-
rus. Nam pede magna, tristique nec, porta
id, sollicitudin quis, sapien. Vestibulum blan-
dit. Suspendisse ut augue ac nibh ullamcorper
posuere. Integer euismod, neque at eleifend
fringilla, augue elit ornare dolor, vel tincidunt
purus est id lacus. Vivamus lorem dui, commo-
do quis, scelerisque eu, tincidunt non, magna.
Cras sodales. Quisque vestibulum pulvinar di-
am. Phasellus tincidunt, leo vitae tristique fa-
cilisis, ipsum wisi interdum sem, dapibus sem-
per nulla velit vel lectus. Cras dapibus mauris
et augue. Quisque cursus nulla in libero. Sus-
pendisse et lorem sit amet mauris malesuada
mollis. Nullam id justo. Maecenas venenatis.
Donec lacus arcu, egestas ac, fermentum con-
sectetuer, tempus eu, metus. Proin sodales,
sem in pretium fermentum, arcu sapien com-
modo mauris, venenatis consequat augue ur-
na in wisi. Quisque sapien nunc, varius eget,
condimentum quis, lacinia in, est. Fusce facil-
isis. Praesent nec ipsum.
Suspendisse a dolor. Nam erat eros, congue
eget, sagittis a, lacinia in, pede. Maecenas
in elit. Proin molestie varius nibh. Vivamus
tristique purus sed augue. Proin egestas sem-
per tortor. Vestibulum ante ipsum primis in
faucibus orci luctus et ultrices posuere cubil-
ia Curae; Class aptent taciti sociosqu ad l-
itora torquent per conubia nostra, per incep-
tos hymenaeos. Vestibulum orci enim, sagittis
ornare, eleifend ut, mattis at, ligula. Nulla
molestie convallis arcu. Ut eros tellus, condi-
mentum at, sodales in, ultrices vel, nulla.
Duis magna ante, bibendum eget, eleifend
eget, suscipit sed, neque. Vestibulum in mi
sed massa cursus cursus. Pellentesque pulv-
inar mollis neque. Fusce ut enim vitae mauris
malesuada tincidunt. Vivamus a neque. Mau-
ris pulvinar, sapien id condimentum dictum,
quam arcu rhoncus dui, id tempor lacus justo
et justo. Proin sit amet orci eu diam eleifend
blandit. Nunc erat massa, luctus ac, fermen-
tum lacinia, tincidunt ultrices, sapien. Prae-
sent sed orci vitae dolor sollicitudin adipiscing.
Cras a neque. Ut risus dui, interdum at, plac-
erat id, tristique eu, enim. Vestibulum ante
ipsum primis in faucibus orci luctus et ultrices
posuere cubilia Curae; Etiam adipiscing eros
vestibulum dolor. Pellentesque aliquam, diam
eget eleifend posuere, augue eros porttitor lec-
tus, ac dignissim dui metus nec felis. Quisque
lacinia. Vestibulum tellus. Suspendisse nec
wisi. Aenean ac felis. Aliquam ultrices metus
et nulla.
Praesent sed est non nibh tempus venenatis.
Praesent rhoncus. Curabitur sagittis est sit
amet neque. Sed commodo malesuada lectus.
Phasellus enim tellus, tempor ut, tristique eu,
aliquam eu, quam. Aenean quis quam quis
wisi gravida vehicula. Pellentesque a massa
a leo pretium rhoncus. Suspendisse ultrices.
Donec lacinia malesuada massa. Class apten-
t taciti sociosqu ad litora torquent per conu-
bia nostra, per inceptos hymenaeos. Donec
pretium ornare mauris. Phasellus auctor er-
at eget enim. Integer scelerisque, felis eu con-
sequat fringilla, lorem wisi ultricies velit, id
vehicula purus nulla eget odio. Nullam mat-
tis, diam a rutrum fermentum, odio sapien
tristique quam, id mollis tellus quam in odi-
o. Mauris eu sapien. Donec aliquam lorem sit
amet lorem pharetra lobortis.
Donec ac velit. Sed convallis vestibulum sapi-
en. Vivamus tempor lacus sed lacus. Nunc
ut lorem. Ut et tortor. Nullam varius wisi at
diam. Etiam ultricies, dolor sit amet fermen-
tum vulputate, neque libero vestibulum orci,
vitae fringilla neque arcu aliquet ante. Lorem
ipsum dolor sit amet, consectetuer adipiscing
elit. Quisque venenatis lobortis augue. Sed
tempor, tellus iaculis pellentesque pharetra,
pede dui malesuada mauris, vel ultrices urna
mauris ac nibh. Etiam nibh odio, ultricies ve-
hicula, vestibulum vitae, feugiat eleifend, fe-
lis. Vivamus pulvinar. Aliquam erat volutpat.
Nulla egestas venenatis metus. Nam feugiat
nunc quis elit egestas sagittis. Sed vitae fe-
lis. In libero arcu, rhoncus in, commodo eget,
auctor in, enim. Vivamus suscipit est. Nul-
la dapibus, magna vel aliquet egestas, massa
massa hendrerit lacus, ac rutrum tellus tellus
sit amet felis. Cras viverra.
Suspendisse eu nunc. Aliquam dignissim urna
sit amet mauris. Cras commodo, urna ut port-
titor venenatis, arcu metus sodales risus, vitae
gravida sapien ligula in est. Donec vulputate
sollicitudin wisi. Donec vehicula, est id inter-
dum ornare, nibh tellus consectetuer justo, a
ultrices felis erat at lectus. In est massa, male-
suada non, suscipit at, ullamcorper eu, elit.
Nam nulla lacus, bibendum sit amet, sagit-
tis sed, tempor eget, libero. Praesent ligula.
Suspendisse nulla. Etiam diam. Nulla ante
diam, vestibulum et, aliquet ac, imperdiet vi-
tae, urna. Fusce tincidunt lacus vel elit. Mae-
cenas dictum, tortor non euismod bibendum,
pede nibh pretium tellus, at dignissim leo eros
eget pede. Nulla venenatis eleifend eros. Ae-
nean ut odio dignissim augue rutrum faucibus.
Fusce posuere, tellus eget viverra mattis, er-
at tellus porta mi, at facilisis sem nibh non
urna. Phasellus quis turpis quis mauris sus-
cipit vulputate. Sed interdum lacus non velit.
Vestibulum ante ipsum primis in faucibus orci
luctus et ultrices posuere cubilia Curae;
Vivamus vehicula leo a justo. Quisque nec au-
gue. Morbi mauris wisi, aliquet vitae, dignis-
sim eget, sollicitudin molestie, ligula. In dic-
tum enim sit amet risus. Curabitur vitae velit
eu diam rhoncus hendrerit. Vivamus ut elit.
Praesent mattis ipsum quis turpis. Curabitur
rhoncus neque eu dui. Etiam vitae magna.
Nam ullamcorper. Praesent interdum biben-
dum magna. Quisque auctor aliquam dolor.
Morbi eu lorem et est porttitor fermentum.
Nunc egestas arcu at tortor varius viverra.
Fusce eu nulla ut nulla interdum consectetuer.
Vestibulum gravida. Morbi mattis libero sed
est.

Abstract

It is pointed out that the evanescent light wave occurring at total
reflection does not possess a transverse spin angular momentum as
Bliokh, Bekshaev, and Nori claimed recently in (2014) Nature Com-
munications, 5, 3300. This is not only because of the nonlocality
of the photon spin but also because the evanescent wave is such a
state whose angular momentum cannot be separated into spin and
orbital parts.

Keywords

Nonexistence, Transverse Spin, Evanescent Light Wave

1. Introduction

It was once believed [1] [2] that separating the photon angular momen-
tum into its spin and orbital parts is physically meaningless. Howev-
er, since the seminal work of Allen et al. [3], theoretical identification
of spin and orbital parts of photon angular momentum have drawn
much attention [4–14]. In a recent publication, Bliokh, Bekshaev, and
Nori [15] claimed that the evanescent light wave occurring at total
reflection has a transverse spin, which is independent of the polariza-
tion. They arrived at that conclusion by resorting to the so-called
local densities for the spin and orbital angular momentum (OAM),
which were constructed in Ref. [11].

Bialynicki-Birula [12] showed that even though the total angular
momentum of a light wave is local, after the splitting into spin and
orbital parts, “the locality is lost”. Furthermore, one of the authors
[16] found that the spin of the photon can be derived from a set of
two relativistic quantum equations for those states with respect to
which the momentum operator is Hermitian. The nonlocality of the
photon spin originates in the nonlocality of the photon itself that is
expressed by the relativistic quantum constraint. On the basis of
these discussions, we will demonstrate in this paper that the notion of
transverse spin advanced in Ref. [15] is physically incorrect.
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2. Description of Demonstration Method

For clarity, let us first take a brief look at how Bliokh et al. came
to their conclusion. Consider a monochromatic light wave of angular
frequency ω in the air. The local spin density they defined reads

s = ψ†Ŝψ =
γ

2
Im(E∗ ×E + H∗ ×H), (1)

where Ŝ =

(
Σ̂ 0

0 Σ̂

)
is a vector matrix, (Σ̂k)ij = −iεijk with εijk

the Levi-Civitá pseudotensor, ψ =
√

γ
2

(
E
H

)
is the spinor wave-

function with E and H the complex electric and magnetic vectors,
respectively, the superscript “†” denotes the conjugate transpose, the
superscript “∗” denotes the complex conjugate, Gaussian units with
γ = (8πω)−1 are used, and ~ = 1 is assumed. They claimed that the
spin density is generated by the so-called spin part pS of the momen-
tum density in the following way,

s = x× pS , (2)

where x is the position vector relative to the origin. Meanwhile, they
claimed that pS is expressed in terms of s as

pS =
1

2
∇× s. (3)

The local OAM density about the origin they defined is as follows,

l = x× pO, (4)

where

pO = Re(ψ†P̂ψ) =
γ

2
Im[(∇E) ·E∗ + (∇H) ·H∗] (5)

is the so-called canonical part of the momentum density and P̂ = −i∇
is the operator for the canonical momentum. They required that the
sum of pS and pO should be equal to the momentum density that is
proportional to the Poynting vector and is expressed in terms of the
complex electric and magnetic vectors as

p = γk0Re(E∗ ×H), (6)

where k0 = ω/c is the wavenumber in the air. When applying Equa-
tion (1) to the evanescent wave that occurs at a total reflection, they
found that s is perpendicular to the propagation direction.

It is well known [17] [18] [19] that the angular momentum of a light
wave about the origin is given by

∫
x× pd3x, where the integrand is

known as the angular-momentum density about the origin,

j = x× p, (7)

and p is the momentum density (6). As a physically meaningful no-
tion, the angular-momentum density has to be unique. So if s in
Equation (1) and l in Equation (4) are true local spin and OAM den-
sities, respectively, one must have s + l = j. This can also be seen
from pS+pO = p if s is generated by pS via Equation (2). To demon-
strate the nonexistence of the transverse spin in an evanescent wave,
it is enough to show that there is no such relation in that case. This
is done below.
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3. Demonstration of Nonexistence of the
Transverse Spin

Because it was claimed in Ref. [15] that the transverse spin in an e-
vanescent wave is independent of the polarization, we consider such
an evanescent wave that occurs when a TM-polarized plane wave is
totally reflected by an interface between a dielectric medium of refrac-
tive index ni > 1 and the air of refractive index n0 = 1 as is shown in
Figure 1.

The complex magnetic vector of the evanescent wave in the air as-
sumes the following form,

H = A exp[i(k0 · x− ωt)]ȳ, x ≥ 0, (8)

where A is a constant, k0 = iκx̄ + kz z̄ is the complex wavevector,
κ = (k2z − k20)1/2 is the decay coefficient in the air, kz = ki sin θ,
ki = nik0, θ is the incidence angle that is larger than the critical angle
for total reflection θc = sin−1(1/ni), x̄, ȳ, and z̄ are unit vectors along
the corresponding axes. The corresponding complex electric vector is
given by

E =
kzx̄− iκz̄

k0
A exp[i(k0 · x− ωt)], x ≥ 0. (9)

It is needless to say that the electric vector (9) is “perpendicular”
to the associated complex wavevector, E · k0 = 0, as the Maxwell
equation ∇ ·E = 0 requires. Substituting Equations (8) and (9) into
Equation (6), we find for the momentum density,

p = γkz|A|2 exp(−2κx)z̄, (10)

which is in the propagation direction, the z-axis. Upon substituting it
into Equation (7), we have for the angular-momentum density about
the origin,

j = γkz|A|2 exp(−2κx)(yx̄− xȳ). (11)

It is transverse, having both x and y components.
Substituting Equations (8) and (9) into Equation (1), one gets

Figure 1. The evanescent wave that occurs at the total reflection of a
TM-polarized plane wave by an interface at x = 0 between two dielectric
media of refractive indices ni and n0.
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s =
γkzκ

k20
|A|2 exp(−2κx)ȳ, (12)

which is in the transverse y direction. It is on the basis of this result
that Bliokh et al. [15] claimed that the evanescent wave possesses a
transverse spin. However, substituting Equations (8) and (9) into
Equation (5), one finds

pO =
γk3z
k20
|A|2 exp(−2κx)z̄, (13)

which, when substituted into Equation (4), gives

l =
γk3z
k20
|A|2 exp(−2κx)(yx̄− xȳ). (14)

Obviously, the sum of s and l in Equations (12) and (14) is different
from the angular-momentum density (11). Instead, one has

s + l =
γkz
k20
|A|2 exp(−2κx)[k2zyx̄+ (κ− k2zx)ȳ].

From this result it is concluded that the s in Equation (12) cannot
be the local spin density and therefore the evanescent light wave does
not possess a transverse spin.

Furthermore, substituting Equation (12) into Equation (3), one has

pS = −γkzκ
2

k20
|A|2 exp(−2κx)z̄. (15)

The sum of (13) and (15) is indeed equal to the momentum density
(10). But upon substituting Equation (15) into Equation (2), one
cannot find Equation (12). Instead, one obtains

x× pS = −γkzκ
2

k20
|A|2 exp(−2κx)(yx̄− xȳ), (16)

which, in addition to a y-component, has a x-component. This is un-
derstandable. Resulting from Equation (1), the s in Equation (12) is
supposed to be independent of the choice of a reference point. Nev-
ertheless, coming from Equation (2), expression (16) must depend on
the reference point, the origin. This further demonstrates that the s
in Equation (12) is not the local spin density. After all, as pointed
out by Bialynicki-Birula [12], “when one splits the total angular mo-
mentum into its orbital part and the intrinsic part, locality cannot be
preserved”.

It is noted that according to the definition in quantum mechanics
[20], the expectation value of the canonical momentum taken with
respect to state ψ is given by

〈P̂ 〉 =

∫
ψ†P̂ψd3x∫
ψ†ψd3x

.

If the evanescent wave (8) and (9) can be regarded as a photon
state, the resultant expectation value of the canonical momentum is
complex, 〈P̂ 〉 = k0 = iκx̄ + kz z̄. This shows that the evanescent
wave is such a state with respect to which the canonical-momentum
operator is not Hermitian. In other words, the canonical momentum of

DOI: 10.4236/jmp.2019.104031 462 Journal of Modern Physics

https://dx.doi.org/10.4236/jmp.2019.104031


C. F. Li, Y. L. Zhang

the photon in the evanescent wave is not an observable from the point
of view of quantum mechanics. Accordingly, the corresponding OAM
represented by the operator x × P̂ is not an observable, either. As
a consequence, dividing the angular momentum of the photon in the
evanescent wave into spin and orbital parts is physically impossible.
This also explains why the angular momentum density j given by
Equation (11) is different from the sum of s and l in Equations (12)
and (14).

4. Discussions and Conclusions

On a final note, the photon in the evanescent wave (8) and (9) does
have a transverse angular momentum about the origin. To see this
in more detail, let us calculate the energy density of the evanescent
wave,

u =
1

16π
(|E|2 + |H|2) =

k2z
8πk20

|A|2 exp(−2κx).

Considering that the energy of each photon is ω, we adopt the tech-
nique used in Ref. [6] to find the momentum of a single photon per
unit length along the propagation direction,

P = ω

∫
x≥0 pdxdy∫
x≥0 udxdy

=
k20
kz
z̄.

Because of k0
kz

< 1, its magnitude, P =
k20
kz

, is less than that of
the momentum of free photon in the air, k0. Correspondingly, from
Equation (11) we have for the angular momentum of a single photon
per unit length along the propagation direction,

J = ω

∫
x≥0 jdxdy∫
x≥0 udxdy

= − P
2κ
ȳ,

which is in the transverse y direction. According to the definition of
the angular momentum of a point particle about the origin, J = x×P ,
it follows from preceding two equations that the x-component of the
photon’s position vector x at any instant is x = 1

2κ if we consider
the photon as a point particle. That is to say, the photon behaves
as a point particle of momentum P along the propagation direction
with a distance 1

2κ away from the interface. The effect of such a
transverse angular momentum was observed twenty years ago [21] in
an experiment on combined Mie particles and was then explained as
the result of the vertical gradient of the longitudinal radiation pressure
that is expressed by the momentum density (10).

In conclusion, the evanescent light wave does not possess a trans-
verse spin not only because of the nonlocality of the photon spin but
also because the angular momentum of the evanescent wave cannot be
separated into spin and orbital parts.
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Abstract 
Siva’s constant “K” has been explained in brief. Its numerical values have 
been calculated for each fundamental force of nature. Spin of quantum me-
chanics has been interpreted in terms of Sivas constant “K”. Thus limitation 
to velocity of light and interrelation between relativity and quantum mechan-
ics has been explained in a novel and profound way. Involvement of “physics 
of consciousness” in synchronizing relativity and quantum mechanics has 
been emphasized. Concept of “bio force” as fifth fundamental force in addi-
tion to other four fundamental forces, strong, weak, electromagnetic and gra-
vitational forces also has been emphasized. Consciousness has been explained 
as entanglement between bio force particle named as “jeeton” and gravita-
tional force particle “graviton”. Thus frequency mediated consciousness has 
been explained. 
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1. Introduction 

Sivas constant “K” is introduced in “Double relativity Effect”. In that, it is post-
ulated that the universe is existed with absolute velocities. There is an absolute 
velocity at a distance “d” from any point of observation in space time and it is 
proportional to distance “d”. Proportionality constant is “Hubble’s constant” “H” 
and follows by an equation  V Hd= . It represents the “expansion” explained by 
the Hubble’s concept of “expanding universe”. Due to “Double Relativity Effect”, 
as the velocity increases with distance the same force of expansion will be ex-
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pressed as gravity force and will be denoted by Vd K= , where “K” is Siva’s 
constant. In both the cases, absolute velocity is observed as “observed velocity” 
due to the fact that universe is existed as films as explained in the papers [1] [2] 
[3]. 

By considering the diameter of the universe as diameter of hydrogen atom 
which is the smallest atom representing matter, Siva’s Constant has been calcu-
lated as 2 × 102 sqmt/sec [2]. Later when it is applied to relativity and quantum 
mechanics it is realized that it is a major mistake with erroneous calculations 
and reconsidered the concept that all the relative velocities are consequences of 
absolute velocities and explained as films explained in “film theory of the un-
iverse” [3]. As per this concept, the events of this universe are part of “film 
change” of this universe. It is postulated that the duration of film change is 
“plank time”. This has been elaborated in the paper [3]. Thus it is explained that 
absolute velocity associated to a film will be converted into acceleration during 
film change of the universe. This acceleration is the cause for gravitational force. 
Thus the postulated equation Vd K=  is applied to the concept of gravitation 
and derived an equation for gravitation with Siva’s constant “K” [4]. The same 
principle has been adopted to define other three fundamental forces. The con-
cept has been elaborated in the paper [5]. It is explained that “space time” is the 
main cause for all fundamental forces and can be explained by same equations 
and achieved grand unification. But “K” is not a constant. It will vary with den-
sity of “space time” and the fundamental force. These grand unification equa-
tions described an equation relating “space-time diameter” and “coupling con-
stant” of fundamental forces. “Space-time diameter” is dependent on parameter 
“K”. 

But in lot of previous works “K” has been considered as a non varying con-
stant i.e. 2 × 102 sqmt/sec [1] [2] [6] [7] [8] [9] [10]. All those concepts have 
been reconsidered and concluded the concepts with recalculated values accord-
ing to the change of “K”. Application of these corrections to the paper [6] has 
concluded that “bio-force” which is a force existed in all living things is also a 
fundamental force. Example for this force is the force utilized to lift the parts of 
the body against to gravity. It can be claimed as “fifth force”. The other four 
fundamental forces are strong force, weak interaction, electromagnetic force and 
gravitational force. Research is in process to unify all these fundamental forces. 
Already a new approach has been explained the paper “Plank Scale with Siva’s 
Constant “K”—A New Road to Grand Unification” [5] based on space, time and 
“space-time” concepts. In All these forces and their interactions Siva’s constant 
“K” plays a crucial role. “K” value for all fundamental forces including “bio force” 
has been calculated and tabulated along with the concerned coupling constants 
mentioned in “standard model”. Now “K” will become a necessary parameter in 
addition to G, c, h and   to understand the “plank scale” in a full pledged 
manner. 

Inter relation between these parameters will explain the five fundamental 
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forces including “bio force” and their unification. Surprisingly these equations 
with interchange of these parameters showed a path way to explain most funda-
mental concepts of quantum mechanics such as “spin”, “threshold time” and 
“quantum entanglement” between two separate force particles. 

2. Calculation of “K” Values for All Fundamental Forces 

Siva’s constant “K” can be calculated by Siva’s equations for grand unification. 
The third equation shows the relation between “space time diameter” of quan-
tum of fundamental force and the coupling constant with respect to electro-
magnetic force. We have coupling constants for three fundamental forces i.e. 
strong force, electromagnetic force and weak interactions as per “standard mod-
el”. We do not have perfect grand unification theory for unification of gravity 
with other three forces. So from the fundamentals we have calculated the coupl-
ing constant for “gravitational force”. But it is relative to electromagnetic force. 
As per the standard model, the coupling constants for other three are relative to 
strong force. “Space-time diameter” equation contains “coupling constant rela-
tive to electromagnetic force”. We have to change all the coupling constants rel-
ative to “electromagnetic force” and can find “space time diameter” for each 
fundamental force. With this “space time diameter” as per the first equation i.e. 
Equation (1), we can find the value of “Siva’s constant “K” for all fundamental 
forces. The same is applicable to the newly introduced fundamental force called 
“bio force” [6]. Its quantum particle is named as “jeeton” similar to that of a 
“graviton” as a quantum particle of gravitational force. “Jeeton” is a newly in-
troduced name in this paper. The value of “K” for each fundamental force has 
been calculated and tabulated in Table 1. 

2.1. Coupling Constant for Gravitation 

We have Siva’s Grand unification equations [5] 
cd K=                               (1) 

2
pcd Gt m=                            (2) 

4 77 32.116991 10x xd α−= × ×                      (3) 

where xd  is space time diameter of fundamental force and xα  is coupling 
constant with respect to electromagnetic force. 

Once again if we review the calculation for quantum of gravity, 
74 372.116991 10g gd α−= × ×                      (4) 

where gd  is “space time diameter” of gravity force quantum particle i.e. gravi-
ton and gα  is coupling constant with respect to electromagnetic quantum par-
ticle i.e. photon. 

2.1.1. Space Time Diameter “dg” for Gravity 
Siva’s classical equations for space time [7] after considering final revision (The 
equation mentioned in the paper [7] has been revised due to the change of  
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Table 1. Values of Siva’s Constant “K” for All Fundamental Forces 

S.no Force 
Coupling Constant 

(α) 

Coupling Constant 
with respect to  
electromagnetic  

force (α) 

Space-time diameter d 
(as per equation 

74 372.116991 10g gd α−= × × ) 
(mts) 

Siva’s constant K as per 
equation Cd = K 

(sqmts/sec) 

1 Strong Force 1 137 182.716253 10−×  108.143122 10−×  

2 
Electromagnetic 

Force 
1

137
 1 206.783124 10−×  112.033529 10−×  

3 Weak interaction 610−  41.37 10−×  238.58955 10−×  142.5751 10−×  

4 Gravitation 391.016788 10−×  371.393 10−×  471.5466374059 10−×  394.636702 10−×  

5 
Bio-Force (related to 

interactions of  
consciousness) 

406.3995777 10−×  388.7674215287 10−×  471.09290816 10−×  393.276456237 10−×  

 
“K” as explained in “Section. 1. introduction”. The proof has not been provided 
here) 

17 1 37.9905778 10m d−= × ×                        (5) 
8 3 161.526087946 10dγ −= ×                        (6) 

where “m” is the fundamental particle with energy equivalent to 2mc  created 
by space time of any fundamental force. “d” is diameter of its own space. “ γ ” is 
its space time density. Siva’s gravity equation can be used for any fundamental 
force. Here let us consider gravity only for our convenience since “m” is nothing 
but basic building block of mass. 

As per Double relativity Effect [1] [2] [3], 

Vd K=                                (7) 

where “V” is velocity of the body existed due to force of gravity at a point at dis-
tance “d” from any observer. “K” is Siva’s constant and follows the gravity equation  

p
mK Gt
d

 =  
 

 [4]. It is obvious that velocity of light i.e. 2.99792458 × 108 mt/sec  

is the maximum signal velocity in our conventional four dimensional space time. 
This space time contains density also. We can compare it with any mass density 
as explained in Siva’s classical space time equations [7]. 

We have equations for quantum of energy 

E hν=                               (8) 
2E mc=                              (9) 

As per Equation (7), “d” will be maximum when “V = c”. This is the stage of 
the universe contains a signal velocity “c” and the space time density 
representing space time diameter dg. 

So the diameter of the universe at diameter of graviton i.e. dg. Mathematically, 

g ug
Kd d
c

= =                        (10) 

We have Siva’s constant “K” as explained in paper [4] 
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p
mK Gt
d

 =  
 

                          (11) 

And velocity of light 82.99792458 10 mt secc = ×  

( )1 3177.9905778 10p gp
ug

Gt dGt mKd
c cd c d

−× × ×
∴ = = =

×
 

Substitute the following values [11] in it. 
11 3 1 26.67408 10 m kg secG − − −⋅ ⋅= ×  

44
 5.39116 10 secpt −= ×  

82.99792458 10 m secc = ×  in 

( )1 3177.9905778 10 ugm d−= ×  as per Equation (5) 

g ugd d d= =  
11 44 17 1 3

8

6.67408 10 5.39116 10 7.9905778 10
2.99792458 10

g
g

ug

d
d

d

− − −× × × × × ×
∴ =

× ×
 

5 3 8096.009494375 10gd −∴ = ×  

4815.466374059 10gd −∴ = ×  

471.5466374059 10 mtsgd −∴ = ×                  (12) 

Therefore the coupling constant for gravity as per Equation (4) 
4 77 32.116991 10g gd α−= × ×                    (13) 

As per Equation (12) space time diameter for gravity space time  
471.5466374059 10 mtsgd −= × . 

Substitute 471.5466374059 10gd −= ×  in Equation (13) 

( )447 77 31.5466374059 10 2.116991 10 gα
− −× = × ×  

188 77 35.7220814849 10 2.116991 10 gα
− −× = × ×  

188
3

77

5.7220814849 10
2.116991 10gα

−

−

×
=

×
 

3 1112.7029314177 10gα
−= ×  

371.39298040988 10gα
−= ×                   (14) 

Thus as per Equation (14) Coupling constant for gravitational force “ gα ” is 
371.393 10−× . 

Note: in paper [4] the calculation has been done by mistake with space time 
radius. It must be space time diameter. In this paper it is rectified and the calcu-
lation has been revised. It will not affect any other calculations. 

2.1.2. Space Time Diameter “db” for “Bio Force” 
“Bio-force” is a newly introduced fundamental force. It is introduced in the pa-
per [6]. We have to define it from the fundamentals. Bio force is the force whose 

https://doi.org/10.4236/jmp.2019.104032


S. P. Kodukula 
 

 

DOI: 10.4236/jmp.2019.104032 471 Journal of Modern Physics 
 

presence and absence shows the difference between living and non living things. 
In “Super theory of relativity” [8] it is explained that consciousness is an effect of 
bio force in living things [8]. At this stage involvement of “Super theory of Rela-
tivity” and “film theory of the universe” clearly defined the terms “observer” and 
“observation”. This concept emphasized the formation of consciousness which is 
an affect of “bio-force” which is just like other four fundamental forces. As per 
its conclusions, we cannot avoid the importance of “consciousness” which is the 
main constituent that differentiates the “living” and “non-living” things of the 
universe. In order to incorporate “consciousness” in to physics “Super theory of 
Relativity” [8] has been introduced to physics. Special theory of Relativity ex-
plains the transformations between physical objects or frames where as “Super 
Theory of Relativity” explains the interactions between living things and the 
physical universe by “Film Theory of the Universe” [8]. As per this concept 
the universe in which we are living is a result of slide show of films changing 
in minute fraction of second. There is no link between these films. The events 
are prefixed and programmed. Universal films are also similar to movie films. 
All the films are separate. But universe as a whole is a continuous flow of 
events. The continuity is due to consciousness which is a direct consequence of 
“bio-force”. 

We know the maximum signal velocities for “gravity space time” i.e. velocity 
of light “c” and for “bio-force” (source of consciousness) “ 2c “ as per Super 
theory of relativity [8]. 

This “classical space time equation” is used to find out the quantum nature of 
gravity just like other natural forces and emphasized that all natural fundamen-
tal forces are outcome of space time density for which “K” is a parameter. In 
common, all fundamental particles are formed by contraction of their space time 
and named as a particle called “K-Suryon” [5]. K-Suryon appears as a funda-
mental particle of concerned force. Thus for Gravity, K-Suryon is graviton. For 
electromagnetic force, K-Suryon is a photon. 

If we consider the same Equations (1)-(3) to the K-Suryon of bio-force but 
with a signal velocity 2c  [6] [8] we can calculate value of Siva’s constant “K” 
for “bio-force”. 

So equations for quantum of bio-force i.e. K-suryon of bio force are 

2 b bcd K=                           (15) 

b p
b

mK Gt
d

 
=  

 
                        (16) 

22 b pcd Gt m=                         (17) 

where bd  is space time diameter and and bK  is siva’s constant for bio force 
particle “jeeton”. 

We have Equation (5) we can apply it to “bio force” and re write it as 

17 1 37.9905778 10 bm d−= × ×                    (18) 
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2 17 1 32 7.9905778 10b p bc d G t d−× = × × × ×  

Substitute the following values [11] in (18) 
11 3 1 26.67408 10 m kg secG − − −⋅ ⋅= ×  

44
 5.39116 10 secpt −= ×  

82.99792458 10 m secc = ×  in 

( )1 3177.9905778 10 bm d−= ×  

11 44 17 1 3

8

6.67408 10 5.39116 10 7.9905778 10
2 2.99792458 10

b
b

b

d
d

d

− − −× × × × × ×
∴ =

× × ×
 

5 3 8067.81349277 10bd −∴ = ×  

4812.554218 10bd −∴ = ×  
471.2554218 10 mtsbd −∴ = ×                   (19) 

Similar to Equation (4) 

4 77 32.116991 10b bd α−= × ×                  (20) 

As per Equation (19) space time diameter for bio force space time  
471.2554218 10bd −= × . 

Substitute 471.2554218 10bd −= ×  in 

( )447 77 31.2554218 10 2.116991 10 bα
− −× = × ×  

188 77 32.4840405 10 2.116991 10 bα
− −× = × ×  

188
3

77

2.4840405 10
2.116991 10bα

−

−

×
=

×
 

3 1111.17338265 10bα
−= ×  

371.05474276 10bα
−= ×                      (21) 

Thus as per (21) Coupling constant for bio force “ bα “ is 371.055 10−× . 

3. Siva’s Constant “K” for All Fundamental Forces 

As explained in Section 2, Siva’s constant “K” for each fundamental force has 
been calculated and tabulated in Table 1. 

4. Applications of Siva’s Constant “K” and Space Time  
Diameter dx 

4.1. Spin & Siva’s Constant “K” 

We have Equation (1) i.e. Cd = k. 
“d” varies for each fundamental force. So “K” will be different for each fun-

damental force. 
If we take photon, “space time diameter” will exist. But as per special theory of 
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relativity its space must be zero since it is moving with velocity of light. So due to 
limitation to its velocity i.e. c, reduces its “space time diameter” and finally will 
be reduced to zero, as per space time equivalence principle [9], at this point it 
will have time only. And can be converted to time as per the equation 

2 31.44224957t r= ×  

where “r” is space time radius. And space time diameter is “d”. 
The equation can be written as 

( )2 31.44224957 2t d= ×                    (22) 

where “d” is space time diameter. 
Thus at velocity of light it will be totally time “t” only. It means, the flow of 

time inside photon will be there but the duration between two events will be zero 
(duration will not exist). In other words time can not be divisible inside photon. 
It is a quantum of electromagnetic force. In all respects it will not be divisible. 

Due to the reduction in “d”, the value of “K” will be reduced as per the Equa-
tion (1) i.e. cd = K where “c” is constant. 

Again “K” is related to   asper [5] GK
c

=
 . 

If “K” reduces,   will be increased to compensate it. 
  is spin related aspect. Thus spin is related to Sivas constant “K”. 
Physically it means that a quantum particle moves with velocity of light, its 

space time diameter will be zero but the space time diameter to be existed for 
that quantum particle will be reduced to zero and the reduction will cause to 
change its   and the spin is the equivalent effect of its rotation on its own axis 
as if it will have a space time diameter “d”. 

4.2. Gravitational Binding Energy with Space Time Diameter “dg” 

Equation for Gravitational binding energy is [12] [13] 
23

5G
GME

R
=                       (23) 

where G is Newton’s Gravitational constant. 
“M” is mass of any spherical body. 
“R” is radius of that massive body. 
Quantum particle of Gravitational field i.e. graviton is a K-suryon created by 

gravity space time. It is the minimum energy which keeps it as gravitational 
quantum particle. It is equal to a mass “m” and space time diameter “d”. 

We have Siva’s classical equation as per Equation (5) 
17 1 37.9905778 10m d−= × ×  

where “m” is mass of any body and “d” is space time diameter. 
We can rewrite the Equation (23) with mass “m” and space time diameter “d” 

23

5
2

G
GmE

d
=
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26
5G
GmE

d
=  

Substitute Equation (4) in Equation (23) 
21

17 36 7.9905778 10

5G

G d
E

d

− 
× ×  

 =  

( )217 2 36 7.9905778 10

5G

G d
E

d

−× ×
=  

( )211 17 2 36 6.67408 10 7.9905778 10

5G

d
E

d

− −× × × × ×
=  

45

1 3

511.362672294 10
GE

d

−×
=  

We have space time diameter for gravity space time as per (12) 

471.5466374059 10 mtsd −= ×  

Therefore 

( )
45

1 347

511.362672294 10

1.5466374059 10
GE

−

−

×
=

×
 

( )
2 45

1 348

5.11362672294 10 10

15.466374059 10
GE

−

−

× ×
=

×
 

( )

2 45

1 3 16

5.11362672294 10 10
15.466374059 10

GE
−

−

× ×
=

×
 

( )

43

1 3 16

5.11362672294 10
15.466374059 10

GE
−

−

×
=

×
 

43

16

5.11362672294 10
2.491511158 10GE

−

−

×
=

×
 

272.052419755986 10 JoulsGE −= ×                (24) 

We have equation for threshold time 

GE
τ =

                            (25) 

Substitute values of   as per [11] and GE  as per Equation (24) 
34

27

1.0545718 10
2.052419755986 10

τ
−

−

×
=

×
 

34

27

1.0545718 10
2.052419755986 10

τ
−

−

×
=

×
 

85.13818773 10 secτ −= ×  
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4.3. Explanation to Quantum Entanglement and Origin of  
Consciousness 

 We have concluded two fundamental force particles. One is gravitational 
force particle “graviton” and another is bio force particle “jeeton” and their 
space time diameters. One represents material object another represents 
conscious object. 

 “Super Theory of Relativity” [8] explains the interactions between living 
things and the physical universe by “Film Theory of the Universe” [3] as an 
interaction between “jeeton” and “graviton”. 

 These two are separate force particles. Consciousness is an effect of interac-
tion between these two particles. “Super Theory of Relativity” is an applica-
tion of “Double Relativity Effect”. Thus “double relativity effect” is a pheno-
menon explained in terms of “entanglement” for processing of information 
between “two consecutive films” of “film theory of the universe” [3]. This 
process is part of “observation” defined by physics. This can be interpreted in 
quantum information processing. This must obey quantum de coherence 
while processing. Based on this concept, it is estimated that minimum 
processing speed of a conscious brain should be 144 qubits per second. This 
may be useful for the research on “Hard Problem” of consciousness. 

5. Conclusions 

1) Space time diameters and their coupling constants for “gravitational force”, 
“bio force” have been calculated from the fundamentals by Siva’s “grand unifica-
tion equation”. 

2) Siva’s constant “K” for all five fundamental forces has been calculated and 
tabulated in Table 1. 

3) Spin of quantum mechanics has been interpreted with Siva’s constant “K”. 
It will be used in “mathematical modeling” of consciousness. 

4) Threshold frequency or binding energy of “gravity space time” which plays 
a role in the phenomenon of “observation” has been calculated by its space time 
diameter. 

“Quantum entanglement” has been interpreted as an effect of relativity and 
consciousness. It is an effect of “entanglement between “bio force particle” i.e. 
“jeeton” and “graviton”. 
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Abstract 
In this article, we consider, based on the super-diamagnetic model, the new 
problems of Saturn’s rings discovered by Cassini, such as: 1) anomalous pur-
ity of water ice; 2) Saturn’s magnetic field alignment with the planet’s rotation 
axis; 3) “ring rain” of the submicron particles; 4) the deviation in the qualita-
tive composition of the “rain” from the composition of the rings; 5) “dirt” 
concentrated in the ring gaps; 6) “plateaus” in Saturn’s C ring; 7) age of the 
rings; 8) roll-off in the spectrum of Saturn’s rings, and 9) “propellers” in Sa-
turn’s A ring. Interpretation of Cassini’s observations of spectral roll-off in 
Saturn’s rings in the wavelength range from 100 micrometers to 0.5 mm is 
given. It was concluded that the substance of the rings could be in the super-
conducting state. An explanation of the Cassini spectral data is given using 
the hypothesis of the existence of a superconducting energy gap in the sub-
stance of rings. 
 

Keywords 
Saturn Rings, Cassini CIRS Interpretation, Super-Diamagnetic Model,  
Superconducting Energy Gap, Ring Rain, Plateaus and Propellers in Saturn’s 
Rings 

 

1. Introduction 

Cassini’s research added new puzzles [1] [2] [3] to long-standing problems [4] 
[5] [6] [7] [8] and, at the same time, reinforced the super-diamagnetic model of 
Saturn’s rings (Table 1). Due to the fact that each problem of Saturn’s rings was 
explained by a few separate models or hadn’t explanation at all [9], we chose an 
approach that would set a single reason for a dozen known problems. We as-
sumed that such a common cause could be the superconducting state of matter 
in the rings of Saturn. Then, the numerous phenomena, properties, and effects 
of superconductors entered into battle with the problems and puzzles of Saturn’s  
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Table 1. Possible solutions of the problems of Saturn’s rings based on a super-diamagnetic model. 

Problems regarding Saturn’s rings Saturn’s ring problems explained through superconducting effects 

1) Anomalous purity of water ice (99.9 %) Superconductivity of ice in Saturn’s rings [13], Meissner-Ochsenfeld effect [14] 

2) The existence of a temperature boundary beyond the 
asteroid belt, where the planets may have rings 

Superconducting transition temperature (Tc) 

3) Great flattening of the rings system. Sharp edges and 
rings discontinuities. Arcs 

The phenomenon of expulsion of the superconductors out of the areas with greater 
density of magnetic flow [15] 

4) Fine periodical structure of the Saturn’s rings, density 
waves 

The phenomenon of the formation of a periodic structure in a super-diamagnetic  
liquid film under the influence of normally oriented magnetic field 

5) “Ring rain” of the submicron particles 
Disappearance of the super-diamagnetic properties of superconducting particles at a 
greater depth than London’s penetration depth of the magnetic field (50 - 500 nm) 

6) Forming and development of the “spokes” of Saturn’s 
B ring 

Loss of superconductivity due to the critical magnetic field Hc 

7) High reflection and low brightness of the ring particles 
in the radiofrequency range 

Critical frequency for the superconductor, above which electromagnetic waves are 
 absorbed, and below which they are completely reflected (1011 Hz) 

8) The wide band pulse radiation of the rings (20 kHz - 
40.2 MHz) 

Non-stationary Josephson phenomenon: generation of electromagnetic waves by  
Josephson’s weak links with the parameter 4.83594 × 1014 Hz/V [16] 

9) Existence of Kilometric radiation of the Saturn rings 
(ν < 1.2 MHz) 

The electric field appears due to the movement of the superconducting fluid within the 
magnetic field 

10) Color differentiation of Saturn’s rings in a small scale 
Dependence of the force of magnetic levitation from the volume of superconducting 
phase in the bulk matter (observed in experiment) 

11) Phenomenon of anomalous inversion of reflection of 
the radio waves with the circular polarization (λ ≥ 1 cm) 

Positive charge of the superconducting carriers (protons) [17] 

12) Possible distribution of particles by size in Saturn’s 
rings in the radial direction 

Dependence of magnetic separation of the superconducting particles by size, and also, 
strength, extension, and the range of the applied magnetic field [18] 

13) The existence of an atmosphere of molecular oxygen 
around the rings of Saturn 

Magnetic levitation of gas molecules due to diamagnetic expulsion forces induced in  
superconducting particles by molecular magnetic moments (observed in experiment).  
Flux pinning [19] 

14) Saturn’s magnetic field alignment with the  
planet’s rotation axis (<0.06˚) 

London moment [20] 

15) Increasing the purity of the ice in the radial  
direction from Saturn 

The dependence of the force of expulsion of a superconductor from a magnetic field on 
the volume of the super conducting phase (observed in experiment) 

16) “Dirt” concentrated in the ring’s gaps 
The phenomenon of expulsion of the superconductors out of the areas with greater 
density of magnetic flow 

17) Deviation in the qualitative composition of the “rain” 
from the composition of the rings [21] 

London’s penetration depth , flux pinning, super-diamagnetic expulsion 

18) “Plateaus” in Saturn’s C ring Tao effect: Electric-field induced formation of superconducting granular balls [22] 

19) Age of the rings London moment, super-diamagnetic expulsion, flux pinning 

20) Roll-off in the spectrum (100 μm - 0.5 mm) [23] [24] Superconducting energy gap (10−4 eV - 10−3 eV) 

21) “Propellers” in Saturn’s A ring [25] Gyromagnetic effect [26], London moment, super-diamagnetic expulsion 

22) Origin, dynamics and evolution of the rings All phenomena above 

 
rings. Moreover, a deeper analysis using spectral studies indicates that the mys-
tery of the nature of rings is hidden in the physical state of the particles of the 
rings. In our approach, we proceeded on the basis of one hypothesis about the 
nature of rings to find a solution to as many problems as possible, no matter 
how fantastic this hypothesis seemed. In the case of Saturn’s icy rings, this re-
quired overcoming a psychological barrier, since it seems to everyone that eve-
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rything is known about the ice that we deal with in everyday life. But the nature 
of cosmic ice, which was formed under weightless conditions at very low tem-
peratures (~10 K) for a very long time (~1 billion years), has hitherto been un-
known. 

2. Super-Diamagnetic Model of Saturn’s Rings 

We have compiled a list of problems for Saturn’s rings and a list of effects, prop-
erties, and phenomena for superconductors, and then found a match between 
each of them. This resulted in the super-diamagnetic model of Saturn’s rings 
(Table 1). 

The problems of Saturn’s rings with numbers 2 - 13, 22 of Table 1 were con-
sidered by us in a previous article [10]. The problems with numbers 1, 14 - 21 
will be discussed in this article. 

3. Discussion of the New Problems Discovered by Cassini 

The rings of Saturn, with rotation at a speed of 20 km/s, with a thickness of 10 
m, and a total width of the main rings of 2.82 × 108 m can be considered as a 
flow of super-diamagnetic thin film fluid (with suspended superconducting par-
ticles). 

Colloidal systems based on superconducting materials may possess a number 
of unusual properties. These include an anomalously high initial diamagnetic 
susceptibility, a non-analytical magnetization curve that is capable (in the case of 
composite suspension) of changing the sign, and dynamic Josephson contacts 
[11]. 

3.1. Anomalous Purity of Water Ice in Saturn’s rings 

The fact that the rings are extremely pure ice (99.9%) remains the number one 
mystery. According to popular opinion, the reason for such purity may be that 
they are very young; otherwise they should darken with age due to accumulated 
dust. The speed of darkening may depend on the influx of dust, and on the total 
mass and internal dynamics of the rings [12]. The super-diamagnetic model 
adds a new factor: self-cleaning of the rings due to the Meissner-Ochsenfeld ef-
fect and the London penetration depth of the magnetic field. Due to the fact that 
icy particles are possibly superconducting, they exhibit super-diamagnetism and 
the Meissner-Ochsenfeld effect. This allows them to remain in their Kepler or-
bits, while impurities, as well as ice particles with sizes smaller than 1 micron, 
cease to interact with the magnetic field of the planet and rush to the planet. 
Such a mechanism may explain the predominance of water ice in the rings of 
Saturn. 

3.2. Saturn’s Magnetic Field Alignment with the Planet’s  
Rotation Axis 

Based on data collected by Cassini’s magnetometer instrument, Saturn’s mag-
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netic field appears to be surprisingly well-aligned with the planet’s rotation axis. 
The tilt is much smaller than 0.06 degrees—which is the lower limit of the 
spacecraft’s magnetometer. The core of Saturn probably consists of metallic hy-
drogen and is superconducting. In accordance with the London moment, a ro-
tating superconductor generates a magnetic field whose axis exactly coincides 
with the axis of rotation. 

3.3. “Rain” of the Submicron Particles 

The ring rain that Cassini’s Ion Neutral Mass Spectrometer caught falling from 
Saturn’s rings into its atmosphere is only about 24 percent water. This is—a ma-
jor surprise—given that Saturn’s ring system is almost entirely water ice. The 
rest of the ring rain is composed of organic material and other molecules. 

The explanation for this is the loss of super-diamagnetism by superconducting 
ice particles with a size of less than 1 micron, which corresponds to the doubled 
London depth of penetration of the magnetic field into the superconductor. Ice 
particles that have lost super-diamagnetism, nevertheless, retain their diamag-
netism, which causes them to move along magnetic field lines. 

3.4. The Deviation in the Qualitative Composition of the Rain from 
the Composition of the Rings 

Ring rain is highly contaminated with organic matter and other molecules. Wa-
ter constituted only about 24 percent of the material tumbling from Saturn’s ring 
system into its atmosphere; the rest is methane, carbon monoxide, dinitrogen, 
ammonia, carbon dioxide and fragments of organic nanoparticles. Remote ob-
servations show that Saturn’s ring system, on the whole, is almost entirely water 
ice. Why is ring rain so deprived of water? It turns out that the rain that falls out 
of rings consisting of 99.9% water ice contains 76% of pollutants. What kind of 
mechanism is responsible for this filtration? We believe it to be the simultaneous 
action of three quantum effects: the Meissner-Ochsenfeld effect, flux pinning for 
icy particles larger than 1 micron, and the penetration of a magnetic field into a 
superconductor to the London depth for icy particles smaller or equal to 1 mi-
cron. At the same time, the above-mentioned effects do not affect the pollutants. 

3.5. “Dirt” Concentrated in the Rings Gaps 

The presence of dirt in the gaps of the rings is explained within the framework of 
the super-diamagnetic model by the magnetic field condensing in the gaps due 
to expulsion of the magnetic field from the rings, where superconducting ice 
particles are located, and also, due to the paramagnetic properties of cosmic 
dust, which tend to the concentrations of the magnetic field. 

3.6. “Plateaus” in Saturn’s C Ring 

The bright areas inside the rings, where a large number of particles are concen-
trated are called plateaus. The plateaus have a fancy striped structure, while the 
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neighboring regions seem lumpy or have no obvious structure at all. These tex-
tures provide information about different ways in which the ring particles are 
interacting with each other. Cassini data indicates that the plateaus do not nec-
essarily contain more ring material than the C ring at large, but the ring particles 
in the plateaus may be smaller, enhancing their brightness. The task of how pla-
teaus are created and maintained has not been solved. The super-diamagnetic 
model offers a possible solution. When a strong electric field (0.8 kV/mm) is ap-
plied to a suspension of micron-sized superconducting particles, the particles 
quickly aggregate together, to form millimeter-sized balls. The balls contain 
more than 106 particles each. This phenomenon is the result of the interaction 
between Cooper pairs and a strong electric field. The strong electric field induces 
surface charges on the particle surface. When the applied electric field is strong 
enough, Cooper pairs near the surface are depleted, leading to positive surface 
energy. The minimization of this surface energy leads to aggregation of particles 
with the formation of balls. If superconducting particles are in a strong electric 
field and a moderate magnetic field, the electric-field induced balls align in the 
magnetic-field direction to form ball chains [27]. 

3.7. Age of the Rings 

Estimation of the age of Saturn’s rings using a super-diamagnetic model does 
not depend on the mass of the rings and the extent of their contamination. The 
estimation is based on the assumption of the origin of the rings from the pro-
to-planetary cloud and the proto-ring disc at occurrence of a magnetic field. Su-
perconducting particles, which were present in the proto-planetary cloud, under 
the influence of a rotating planetary magnetic field, were involved in a circular 
rotation. Then they formed into a proto-ring disk due to the effect of su-
per-diamagnetic expulsion and drift into the plane of the magnetic equator, 
where the magnetic flux density is the smallest. Here, the superconducting par-
ticles finally became fixed due to the effect of flux pinning. Flux pinning is the 
phenomenon where a superconductor is pinned in space by a magnetic field. 
The flux tubes are pinned in place and cannot move. This pinning is what holds 
the superconductor in place thereby allowing it to levitate. Time became power-
less in destroying the rings. The super-diamagnetic model estimates the age of 
the rings to be equal to the age of Saturn. Rings began to form with the advent of 
Saturn’s magnetic field. 

3.8. Cassini CIRS Data Interpretation 

Cassini Composite Infrared Spectrometer (CIRS) spatially resolved Saturn’s 
main rings in the far-infrared, measuring the spectrum from 20 to 400 wave-
numbers (cm−1) (between 100 microns and 0.5 mm). A spectral roll-off below 50 
cm−1 (200 μm) for each of the A, B and C rings was found (Figure 1). From these 
data temperatures and emissivities for each ring were derived. Interpretation of 
Cassini CIRS spectral roll-off in Saturn’s rings has encountered difficulties. The  
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Figure 1. Brightness temperatures of the A, B and C rings as a function of 
wavenumber (and wavelength). 

 
roll-off in temperature measured by CIRS is principally due to material proper-
ties of the ring particles that change dramatically in this region [28]. Lack of la-
boratory data in the far infrared region below 100 cm−1 for water ice analogs of 
Saturn’s rings still hamper the interpretation and understanding of the spectral 
roll-off observed by the Cassini CIRS instrument [29]. 

3.8.1. Superconducting Energy Gap 
To prove that a substance is a superconductor, it is necessary to measure its 
energy gap. Cassini CIRS received data in a submillimeter range could be used 
for the purpose of measuring an energy gap. 

If the energy of the infrared radiation is above a certain threshold value, the 
superconductors absorb radiation very effectively, but if it is below the threshold 
value then they do not. This is very good evidence that the carriers in a super-
conductor behave as if they do have an energy gap. The idea of a Cooper pair 
offers a way of understanding this. Since the pairs are bound, it takes a certain 
amount of energy, called binding energy, to break the pairs up and this leads to 
what is known as the superconducting gap. In a superconductor, nothing will 
happen until an amount of energy equal to the binding energy is supplied. And, 
once that gap has been bridged, then that energy can be absorbed. This effect can 
be measured by looking at the way in which superconductors reflect electro-
magnetic waves; if the waves have an energy (determined by their frequency) 
which is smaller than the gap energy, the waves are not absorbed and reflect 
straight back from the superconductor; however, as soon as the energy is large 
enough, superconducting pairs can be broken apart and energy is absorbed [30]. 

Ice provides a good example of electrical conduction by proton transfer [31]. 
Protons, and not just electrons, can travel unobstructed through superconduc-
tors. As protons are much heavier than electrons, the pairing of protons is less 
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likely to be destroyed by high temperatures than the pairing of electrons. 

3.8.2. Interpretation of Cassini CIRS Spectral Roll-Off 
The super-diamagnetic model of Saturn’s rings offers an interpretation for Cas-
sini CIRS observations of a roll-off in Saturn’s ring spectra at submillimeter wa-
velengths. The observed roll-off in the spectrum of the rings is possibly related to 
the superconducting state of ice. In this case, the thermal conductivity of ice de-
creases, because charge carriers no longer interact with the lattice and cannot 
exchange energy, and therefore, they cannot transfer heat from one part of ice to 
another [32]. The steepness in the curve in Figure 1 can be interpreted using the 
two-fluid model of a superconductor, where fewer and fewer normal protons 
participate in heat transfer with increasing ring radiation wavelengths and more 
and more superconducting protons do not participate in heat transfer. 

It can be assumed that the ice of the Saturn ring is a high-temperature proton 
superconductor with an energy gap of 2Δ = 6.2 × 10−3 eV (which corresponds to 
200 μm) and a superconducting transition temperature Tc of at least 100 K. With 
such values of 2∆ and Tc, the Equation 1 for the width of the superconducting 
energy gap for ice in the rings of Saturn takes the form: 

2 3 5 .B ck T∆ =                            (1) 

where kB is Boltzmann constant. 

3.9. “Propellers” in Saturn’s a Ring 

The propellers are gaps in the ring material which were created by a moonlets. 
These moonlets are smaller than known moons but larger than the particles 
making up Saturn’s rings. It is estimated that these moonlets could number in 
the millions. 

The reason for this phenomenon may be a gyromagnetic effect which takes 
place when a magnetic field is applied to a superconducting body (moonlet). 
Then superconductor acquires an angular moment in direction opposite to the 
applied field and it starts to spin spontaneously. Due to the London moment, a 
rotating superconductor (moonlet) generates its own magnetic field, which in 
turn, moves superconducting particles apart, forming double-armed propeller 
structures. 

4. Conclusions 

The interpretation of Cassini data is particularly relevant now after the recent 
completion of the mission (2017). Especially important is the analysis of the 
physical characteristics of the particles of the rings because behind them there 
lies the nature of the substance of the rings. Such information is contained in an 
unexpected drop in the spectral range of sub-millimeter waves. Classical ap-
proaches to the problem do not give satisfactory results. Our approach to using 
the super-diamagnetic model of Saturn’s rings, based on the assumption of the 
superconducting nature of the substance of the rings, is new, timely, and leading 
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to far reaching consequences. 
For example, conclusions from the presented work can be extended to the 

rings of other objects of the Solar System such as the rings of Jupiter, Uranus, 
Neptune, minor planets and centaurs Chariklo and Charon, and possible ring 
system around Rhea, which at least partially composed of water ice and possibly 
other superconducting substances. As a result, it can also be argued that Charik-
lo, Charon and Rhea have their own magnetic fields. 
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