Mass of quasi-particles

Dzedolik I.V.

Taurida V. Vernadsky National University, 4 Vernadsky Ave., 95007
Simferopol, Ukraine, e-mail: dzedolik@crimea.edu

Received: 07.06.2007

Abstract

Spontaneous symmetry breaking in the system “dielectric medium-
electromagnetic field” is considered. The appearance of massive quasi-particles
in a boundless dielectric medium, a dielectric resonator and a dielectric
waveguide is shown. The mass of the quasi-particles arises because they move in
the medium or the waveguide with the velocity less than the speed of light in
vacuum, as a result of interaction of electromagnetic field and the medium.
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1. Introduction

Propagation of electromagnetic beam in dielectric media may be considered as a re-
radiation of the falling electromagnetic wave by the polarization wave, which is in
general nonlinear. Otherwise, electromagnetic wave propagating in a medium may be
considered as a flow of quasi-particles called as polaritons. They represent bound states
of the electromagnetic field and the polarization wave [1, 2]. In both the classical and
quantum “dielectric medium-electromagnetic field” models, their symmetry can
spontaneously break, thus giving rise to Goldstone massless bosons and massive quasi-
particles [3]. Spontaneous symmetry breaking occurs in the system if the symmetry of its
ground (vacuum) state in the presence of field is lower than the initial symmetry in the
absence of the field. As mentioned above, this produces the quasi-particles with the mass

m=hc w(k=0)#0 and the massless collective excitations (bosons), with their
frequencies decreasing down to zero (w(k) — 0) as the wave-vector tends to vanish

(k > 0). The collective excitations compensate the initially broken symmetry of the
system. Therefore, the number of spectrum branches of the Goldstone bosons corresponds
to the number of missed independent elements of the continuous Lagrangian symmetry
group [3].

The quasi-particles are excitations over the vacuum state of linear and nonlinear
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systems. Solitary or periodic cnoidal waves assigned to the quasi-particles can arise in
boundless dielectric media, dielectric resonators and dielectric waveguides such as optical
fibres [4—10]. Under certain conditions, the quasi-particles can take a shape of 3D solitary
waves [3-6, 9, 10]. The field in the form of solitary waves, with the particle-like
properties, can exist in systems, which are capable of giving rise to topological states,
with global minima of potential energy occurred where the field is not equal to zero. The
conditions for generating particle-like excitations are specified by relationships between
the field parameters and the dispersion characteristics of the medium. We consider how
quasi-particles in the boundless and bounded (both linear and nonlinear) dielectric media
acquire a mass.

The origin of mass of a particle is still a pending physical problem [11]. The
electromagnetic field in vacuum propagating with the velocity ¢ of light is the massless
field, i.e. the mass of photon is equal to zero in vacuum [3]. This follows immediately

from the Maxwell dispersion law (@>/c”> —k*> =0), where @ is the frequency of the
wave and k the wave vector. From this equation we find the impulse of the field

(p = 7k ), which is connected with its energy E =i by the expression E= pc.

The velocity of massive particle is always less than the velocity of light in vacuum
(v<c) and the relativistic relationship between the energy and impulse

(E =./c’p* +m*c* ) includes the mass of the particle m. The mass of a body always

depends on the interaction of its particles [11]. The mass of a quasi-particle depends on
the interaction of electromagnetic field and medium, too. The mass characterizes inertial
and gravitational properties of the quasi-particle, i.e. the medium becomes heavier as the
electromagnetic wave propagates through it [7, 12].

De Broglie has been the first who paid attention to occurrence of massive quasi-
particles in a bounded space like a waveguide [13]. Feynman [14] has compared the
relativistic relationship between the energy and impulse of a massive particle
E*=p*’c®* +m*c* to the dispersion law @? =c’k*+c?*z%/a® for the modes of
rectangular waveguide with the length a, where the mass of the quasi-particle should be
equal to m="%hn/ca. In a dielectric waveguide, the frequency of electromagnetic field
depends on the propagation constants of modes f,,, which is evident from the
transcendental dispersion equation [15]. The mass of the mode is obviously not allocated,
but it is possible to find the longitudinal impulse of the quasi-particle 73, in the
dielectric waveguide from this dispersion equation.

With the appearance of quantum mechanics, it has become possible to treat the
quantum particles as waves. On the other hand, there have been attempts to describe
classical waves as fluxes of quasi-particles. The relativistic connection of the impulse and
energy yields the mass spectrum of quasi-particles propagating in dielectric medium with
the velocity less than the speed of light in vacuum.
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2. Mass of photon in resonator

The mass of electromagnetic field m=E/c? existing in unclosed resonator like Fabry-
Perot one appears due to the standing waves, because the energy transition does not take
place in this case [7, 12]. The components of the electric (e, ) and magnetic ( 4, ) fields in

the Fabry-Perot resonator are superpositions of the direct and opposite plane waves with
the amplitude e, in vacuum (@ =ck ):

e, = e, sin(at — kz) + e, sin(wt + kz)= 2e, sin(awrt) cos( kz),

6]
e =2e, cos(at)sin( kz).
oz

h,=c Idt
We find the energy density w of the standing wave in the resonator as
_ 1 2 2\ _ 63 .2 By ) .
w= g(ex +h, ) = E[sm (at)cos™( kz)+cos”(awt)sin™( kz)], )

The average of the field period energy, which is confined between the nearest
minima, is equal to
— 2
E:ﬂ ) 3)
87

where S is the square of mirrors. The quantity E characterizes the average energy of
electromagnetic field located along the resonator length on the half-wave length
Az =A/2 and does not move in space. On the other hand, the energy of electromagnetic
field mode in the resonator expressed in terms of the number of photons N is equal to

E:EI(NJrlj, 4)
2
where El is the single photon energy. We can find the energy of single photon in the

=E, where N, =L/Az is the

number of located energy bunches and L the resonator length):

resonator, while equating Eqgs. (3) and (4) (EN

min

2
€

Fo— %
' 4z(N+1/2)

(5)
with V = SL being the volume of the resonator. Then the mass of quasi-particle termed a
“resonator photon” should be equal to
E e
m=—=—""—"°J . (6)
¢ 4rc (N +1/ 2)
The quasi-particle “resonator photon” gets its mass in the motionless frame of
reference associated with the resonator, since, as a result of interference of the waves
reflected from the mirrors, the standing wave does not transfers its energy. The standing
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waves in waveguides form a cross mode field distribution. The longitudinal field
distribution of the waveguided mode is featured by the travelling wave. The waveguided
modes could be represented as a flow of quasi-particles. The quasi-particles have the
masses if their velocity in the waveguide remains less than the vacuum light speed.

The photon in the resonator with flat mirrors differs from that in the free space,
represented by the plane wave, by a presence of mass and cross structure of the field. One
can see that the mass of electromagnetic field decreases in the resonator with energy
losses for that field, as if for a body with variable mass. The analogy is well observed for
such a classical macroscopic object as a mode of electromagnetic field in metal or
dielectric resonators, as well as in the waveguides, with the behaviour of a quantum
microscopic object like a particle in potential well. So, the ideal metal waveguide is
treated as a two-dimensional well of an unlimited depth, while the dielectric waveguide
as a two-dimensional well of a limited depth [7].

3. Wave packet in dielectric medium and in waveguide

Let us consider the requirements for occurrence of a quasi-particle mass in a boundless
dielectric medium [10]. The mass of the particle may be determined from the relativistic
relationship between its energy and impulse, E =./c’p® +m*c* . Assuming that the
energy of the wave packet with the spectral width of Aw is E =h(w, +Aw) and its
impulse is p=#k, we obtain the mass of the wave packet as a quasi-particle:
m=[h*(o+Aw)* —c*h*k*]"?/ c* . This mass may be found experimentally by measuring

independently the energy (spectrum) E =h(w+Aw) and the impulse (or the wavelength)
p=2rh/A inthe given medium.

When the electromagnetic wave packet propagates through a dispersive (and
absorbing [13]) dielectric medium, the period-averaged temporal variation of its energy
density may be classically represented as

ow 1 d(we*) oK, . d(ws)Eg O, oB,B,

—=——7|io(e*-¢&)E.E, +
o K Gt L L e B R

) (7

where E =E0(t,r)e7m” and B =B0(t,r)e7i“” are the electromagnetic field vectors with
their amplitudes E,(f,r) and B,(z,r) slowly varying in time, the symbol * means

complex conjugation, and € =€’ +ig" is the complex permittivity of the medium. When

deriving Eq. (7), Taylor expansion of the operator f| (@ +Aw) = aég in the spectral width
t

Aw<<® 1is used and the fact that the amplitudes vary slowly in time, i.e.
E,(t,r) =E0Aw(r)efma”, is taken into account [16]. The average energy density of the

field in the medium must increase with time in the conditions of thermodynamic
equilibrium, and the medium can only absorb the field energy. Integration of Eq. (7) over
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t
the time of field action, Idt’, yields the average energy density in the field-medium

fo

system,

d(we")

=

__L we"E E At +
167

EE, +BZB0} (8)

where At is the time of field-medium interaction.
Let us find stable states of a cubically nonlinear field-medium system. The
permittivity of the medium is represented as a function of field energy density,

e'=g+ 471';(3EZE0 , where & =1+4my, is the linear permittivity. Then the average field

energy density may be expressed in the form
p— 1 dgl " * * * *
w=—-=I| § +o—+ws"At |E,E;+ 47y, E;E.E.E, + BB, |. 9)
167 do

We take the energy of the system in the linear mode of field propagation:
Wor g EEo,Eq, +By By, ), (10)
167

where & =&, + we"At + wde, / do . In the normal-dispersion region, we have de,/dw >0,

the parameter & is always positive (£>0) and the ground state of the system is

symmetric. In the nonlinear mode ( y; #0), the ground state is also symmetric if & >0

and y; >0 (Fig. 1). However, when £ <0 and y; >0, an absolute minimum of the

energy is attained (E,,E,, El//;jl//oj =¢&/8ry,; and B, =B, ). In this case the energy

o - L f o & | _ -
density in the ground state is Wy, = ?[BO Bo —1—} <W,; and, in particular, we
4 3
1 U
2
3
v
Fig. 1. Potential U for a number of cases:

M U=ay’*+ay’, 2) U=—ay’ +ay” and (3) U=ay’ —ay"’.
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have i, =0 at By, B,, =& /16zy,. In the opposite case (§>0 and y,<0) the
. . _ L[ o 2 |-
energy density shows a maximum: W, :F{BO Bor +g—} >W,, . Therefore, the
Vs Y

quantity a =& /8xy, can be represented as order parameter of the field-medium system:
when « <0, the symmetry of the system in the energy space breaks and the ground
(vacuum) state degenerates for the field component amplitudes in the nonlinear

propagation mode.
Assuming that the permittivity varies only slightly over the spatial scale of the

wavelength, A|Vlng| <<1, we can use a nonlinear equation for the classical quasi-

monochromatic electric field E,

, & 0 dry, 8 | p
[V _c; 812JE: 023¥|E| E ()

where V=1,0/0x+1,0/0y+1,0/0z is the nabla operator, 1 the unit vectors,

X3,
& =1+4rxy, and ), and y; respectively the linear and cubic susceptibilities of the
medium. Eq. (11) describes propagation of the nonlinear waves in both an infinite
dielectric medium and a dielectric waveguide.

The permittivity of the medium is a function of the field energy density
(=6 +4ny;E*E). For quasi-monochromatic fields, expanding the operator

2

fz(a)+Aa)):aa ¢ in Eq.(11) in the spectral width Aw<<® with properly

2
accounting dispersion properties of the medium yields a system of equations for slowly
varying amplitudes v ;(t,r)=y; (r)e”™™® of the electric vector components

E, =y (tr)e"™ (j=1,2and 3):

2 2
w’s 1 d@’e)0V; Ld4my,, p
Vie—Lly, +i— L1t o —22 +
[ c? JV// ¢ do 0t c? |l//| Vi
(12)
2 2 2
WS Wy, Amy Ol v,

+1
c? ot e o 1

:0’

, we get from Eq. (12) a system of

where |1//|2 :1//;1//_/. Assuming that \aw_,/a t‘~|;(3

three nonlinear first-order equations for the field propagating in the medium,

Y

_ 2
P :_aovzl//j —ay; _a2|'/’| Vi (13)

with  the notations @, =c’[d(0’s)/do]", a =wo’g[d(w’e)/dw]”"  and
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a, = 4nw’ y;[d(w°s)/ do] ™.
The Lagrangian of the system of Eqgs. (13) has the form

. % Lo* % % a * 2
L:n,/j(ay/j/az)—w/j(ay/j/az)+a0(ij)ij—aly/jy/j—i(wj) —const.  (14)

%4
2
a,>0 and a, >0, the system has a stable symmetric state at y =y, (see Fig.2,

* * 2 .
If the field is described by the potential U(y)=ay y/; + (gu W j) + const , with

curve 1). However, if g, <0 and a, >0, one has d(a)zgl)/da)<0 and y; <0 and the

state at y =y, is symmetric though unstable. At y,; #0, there arises a stable vacuum

state with the broken symmetry: |l//V|2=81/ 47r| X, where |1//V|2 is the polariton

condensate density (Fig. 2, curve 2). If ¢ >0 and a, <0 (x;<0), the potential

corresponds to the attraction of polaritons (Fig. 2, curve 3).

Consider now the propagation of non-monochromatic field in a boundless medium.
Eq. (14) for this case yields a nonlinear dispersion relation for the quasi-plane waves
W, =W, ; expl—iAwt + ikr]:

d
(81 +Aa)d—ﬁ+47z;5321//§jja)2 +2Awe,0 =k . (15)
0]

From the dispersion relation (15), we obtain the two-branch frequency spectrum,

Wy, =—Awe /gy i\/(Aa)gl)2 /g5, +ck*, (16)

d
where &), =¢ +Aa)d—q+47r;(321//g ;- The frequencies given by Eq. (16) acquire the
0]

values @, =0 and w_=-2Awe, /&y, if k—> 0. The quasi-particle energy is given by

E =h(w,, +Aws,/&y,)=[(hAws,)* | g5, +c*h*k*]"? . Thus, a massless Goldstone boson
(mgp=0) and a quasi-particle with the mass
my =ch(wy, +Awe /ey,)* —c*k*]"? =chAwe, /£y, are generated in the system.
Notice that the generation of massless boson and a massive quasi-particle in the nonlinear
mode of the field-medium interaction is a consequence of spontaneous symmetry
breaking in the energy domain [3, 10] under the condition & <0. In the long run, the

symmetry of field-medium system spontaneously breaks if the medium reveals nonlinear
effects and the appropriate number N of photons is available in the given region of that

medium (since |1//|2 ~ NE)).

In the unclosed Fabry-Perot resonator, the type of translational symmetry along the
longitudinal axis z differs from that peculiar for the transverse plane because of a
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Fig. 2. Profiles of the internal
energy E, calculated  for
2 m,=1, {=1, a=0.1, and the
cases of R=04 (1), R=0.5
(2)and R=1 (3).

/
o
_e\

presence of interfaces in the z direction. If the resonator is filled with a dispersive
insulator, the squared wave number may be represented as &’ =kf + A%, whith
p=~(x/L being the propagation constant along the z axis (=1, 2, ...) and L the
resonator length. Then the frequency (16) of the ¢ th mode becomes

w, =-Aws, | &y, i\/(Aa)gl)2 ey, +Ck +* 0P /L. (17)

When k£, -0, one has @, #0 and so can determine easily the masses of quasi-

particles referred to as polaritons: m, = c H[(w, + Aws, / &y, )* —c*k>]"* . The polaritons
in the dielectric resonator acquire a mass in both the linear ( y; =0) and nonlinear
(23>0 or y; <0) propagation modes. The polariton mass depends upon the amount of

response from the medium. The polariton takes a mass due to constraints imposed on its
longitudinal motion (a one-dimensional potential well). In terms of classical
electrodynamics, this means that a standing wave arises in the resonator (i.e., between its
mirrors). The standing wave does not transfer the field energy; one can therefore
determine the polariton mass in the laboratory coordinate system.

Let us find the mass spectrum of quasi-particles in the dielectric waveguide. Since
the spectrum of the propagation constants [, is discrete, the electromagnetic field
travelling in the waveguide may be considered as a flow of massive quasi-particles. The
waveguide imposes constraints on the radial degree of freedom, without disturbing the
longitudinal (along the z axis) and azimuthal degrees of freedom. Thus, the massive
quasi-particles appearing in the waveguide are due to radial constraints (interfaces).

The system of Egs. (13) for the quasi-monochromatic field turns into

vl v, =o0. (18)

2 2 2
4
Vzl//j [ wa(w &) o gl}//j Y0

c*om c? c?
The system (18) splits in the linear mode ( y; =0). In the cylindrical coordinate

system, the equation for the field components may be written as
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2 2 2 2 2
(a_g 0 +La_+a_]%+(mm+w a},j:o, (19)

ot ror i’ dp*  oz° Fow c?

This linear equation takes a standard Bessel form if the field components
v, =y (r)exp(- ixl@+ifz) are sought:

o 10 , [
(0r2 rﬁrjl//] ( 2 Vi (20)
2 2
with u2=Aa)a(w gl)+ﬁ— £%. Its solutions for the guided modes might be
Fow c?

represented as the Bessel functions of the first kind, y;(r)=AJ,(ur). If the field is

confined in the circular waveguide with the radius R,, the dispersion relation becomes
J,(uR,)=0. Denoting its roots by M, (n =1, 2, ...) and squaring the dispersion
equation uR, = M ,,, we derive the dispersion law:

no

2
0z + 0008 _ 2y R L 22 Q1)
ow
Taking a physically meaningful solution of Eq. (21) (@ > 0),
A A ’
Oy =y el vEFAEMLIRE, (22)
& +Awds, | 0w & +Awdsg, | 0w

one can find from Eq. (22) the mass spectrum of polaritons in the waveguide for the
linear mode:

P 1/2
2 Awe, 2 2
m,,, =c h|| w,, +—————| =B | . 23

” “ " e + Awde, | dw b (23)

With the polaritons inside, the waveguide becomes heavier. The mass of the
waveguide with the field is my, =m, +Zm(n , where m,, is the waveguide mass
without taking the field into account. Here the summation is performed over the number
of field modes and the number of quasi-particles per mode, the latter being defined by the
squared mode amplitude. For example, if the lowest mode HE,,; (M,, =4) of radiation
with the wavelength 4 =0.6328 um in air propagates through the quartz fibre (the core

-1

radius R, = 3 um) with the propagation constant S, ~1.45-10° cm™', the mass of the

quasi-particle excited in the fibre is m,, ~ 5.107 g.

Considering the polaritons as excitations of the vacuum state in the nonlinear mode

), we linearize Eq. (18) (in this case l//jz,lgl/127z|;(3|+77j and

(|V/V|2 =& /4”|Z3
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|l//|2 =& /47r|;(3| + |77|2) and obtain the following equation:

6((0251 )
ow

2
7, + Awa(? a) |_&a  _ (24)
c 0w \127 |y,

Vznj +Aw

Renormalizing the polariton amplitude (7, =7, +/&/ 127z| 75| ), we come to the

linearized equation

o 1o 1 84 & 5
_—tt 4 — _+b _,:O’ 25
[8;’2 ror rop’ 822] ! 7 @)
o d@s) U _ ;
with b =Aw P Eq. (25) has the solution 77; = AJ, (ur)exp(— ixl¢+ifz), where
c 0w

u’=b*- % and xk==1. Assuming that the field is confined within the waveguide
(77;(uRy)=0) and using the dispersion relation J,(uR;)=0, we obtain the dispersion

law in the form

A2 @E) AME IR+ B (26)
ow
and, hence, the frequency spectrum,
Awe, Awe, ’ 202 | 2342 s p2
w["+:_agl/8w+\/(agl/6wj +c f,+c M, /Ry (27)

Now, having Eq. (27) substituted into Eq. (23), we derive the mass spectrum of
polaritons in the waveguide for the nonlinear interaction mode. Comparing the frequency
spectra given by Egs. (22) and (27), one can see that the linear polaritons are lighter in

weight than the nonlinear ones, provided that the order of dispersion Og, /0w in the

medium is the same.

It is well known that the mass of particle depends on its binding energy [11]. In
frame of the models considered above, the polariton mass is specified by interaction
between the electromagnetic field and the dielectric medium. In this case the massive
quasi-particle cannot move with the vacuum speed of light, either in boundless medium
or in waveguide, as supported by our results. For instance, the velocity of polariton in the
nonlinear waveguide

2
vy, =32 D <c (28)
B 7Aa)gl +czﬁ2 +e*M? | R?
de, /0w n fn® 0

is evidently lower than the vacuum light speed.

192 Ukr. J. Phys. Opt. 2007, V8, Ne4



Mass of quasi-particles

4. Three-dimensional quasi-particles in dielectric waveguide

Let us consider the propagation of electromagnetic field in isotropic dielectric waveguide
possessing the shape of circular cylinder [9]. Taking into account the cubic response of
the waveguide medium (e.g., the quartz), one can see that the nonlinear equation for the
electric field strength E is represented by Eq. (11). Assuming that E is a harmonic
function of time (i.e., ignoring the harmonics generation effects), we can present the field
in the form of waveguide modes with the real amplitudes e(r):

E =e(r)exp(ixlp)exp| i(owt — fz)], (xk=%£1, (=0,1,2, ...). (29)

Then substituting Eq. (29) into Eq. (11) results in the equation system written in the
cylindrical coordinates:

A 1d ? 5 5

—+——-——|e,+me, +aee; =0,(j=X,Y, 2), 30

[dRz R dR Rsz ’ 1=0,07%.2) G0

where m® =1 (0’g, /1 - B*), a=dnyrio’/c*, & = Z ejz. , R=r/r, €[0,1] and 7,

J=x,y,2

is the waveguide radius. The mode propagation constants S may be determined from

dispersion equation [15]. Note that the field equation (30) has the form of nonlinear

steady-state Klein-Gordon equation. This implies that the electromagnetic field

propagating in the waveguide may be considered, in view of discreteness of the spectrum

of propagation constants f,, as a flux of quasi-particles possessing the effective

“dimensionless” masses m, = r,\Jw’g, /¢* — B} .

On substituting e; =y ,;(r)/ JR , the system of Eqgs. (30) may be rewritten in the

form of equations describing a motion of quasi-particle under the action of central force:

, 0U, , 0U, , 0U,
my,=- (’ m(‘//y:_ (’ my, =— [9 (31)
oy, oy, oy,
where the prime indicates differentiation with respect to R,
m > -1/4 am,
U, =—(m; - P+ Lyl 32
0= mi — W ) (32)
is the potential and y* =y + l//i +y 2. The Hamiltonian of this system is as follows:
1o, 1 5 0-1/4) 5 a4,
H=—y" +—|m ———— +— : 33
4 2{ ‘ 2 Y TR (¥) (33)

In the configuration space, the first term describes the “kinetic” energy (or, in the
real space, the potential energy) that depends on the rate of spatial variation of the field
strength, while the second and the third terms describe the internal energy of the system.
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Let us determine the states of the system characterized by the condition H = const.
The ground state (with the zero potential energy (32), where by w'*/2=0) corresponds

to the internal energy

2 f—
ujv,z ) (34)

7 o 22 1 2
E, =— +—| m, —
I 4R(‘//) [ ] R

2

The potential energy is positive in the excited state, so that the vacuum states can
take place only when the internal energy is zero ( £ ; =0). This yields the equation for the

field components in the vacuum states:

2R ?-1/4
v/“?(’”? ey jvﬂ:o, (35)

R2

which has its solutions lying on the spheres with the square radius

2
W}:E[mﬁ—f 21/4}0. (36)
a R

On the waveguide axis (R = 0), all the field components are zero at E, =0:
v.=vy,=y.=0.

In the system manifesting more than one vacuum state, the transitions among those
states can take place without any energy dissipation, whereby the field acquires the form
of a solitary wave (soliton) [5]. At the same time, it is known that the soliton solutions
correspond to the system trajectory of the phase plane representing separatrix that passes
through the points ¢ =0 and dU,(y)/dy =0 [17]. The equation

du, 5 R( , (*-1/4
— L=y t+—|my ———— =0 37
dy Vs a(( e Vs (37)
has the solutions
R (*-1/4
s =0, wﬂ:\/—[—z —m?} (38)
o R

Substituting g, into Eq. (33), we determine the system energies corresponding to

the soliton solutions:

2
m,R ?-1/4
H,=——t 2_ ) 39
s 40 (m[ e ] (39)

Fig. 2 shows the shape of the potential E,(V/,R) for different values of the

parameter R. As seen from Fig. 2, the form of the potential £ ; depends on the proximity
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35
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R

Fig. 3. Profiles of the electric field components calculated for m, =1, {=1 and a =0.1:

(1) e, for e,(0)=0.01, (2) e, for ¢,(0)=0.1 and (3) e, for ¢,(0)=0.15.

of boundaries (i.e., on the parameter R representing the normalized waveguide radius).

The solutions for the field components (e

> €, and e, ) of the solitary wave, which are
obtained upon solving Egs. (30) with numerical methods, are presented in Fig. 3. The
potential exhibits a characteristic shape favouring spontaneous breaking of the system
symmetry and, hence, making particle-like solutions possible in the region far from the

boundaries (R #0).

Conclusion

Thus, the mass of a quasi-particle arises because it moves in the medium or the
waveguide with the velocity less than the speed of light in vacuum. This is a result of
interaction of the electromagnetic field and the medium. The “electromagnetic field-
dielectric waveguide” system reveals a complicated topological structure characterized by
a presence of degenerate vacuum states with zero energy. These regions are formed
depending on the system energy. The presence of degenerate vacuum states evidences
that the electromagnetic field in the dielectric waveguide can exist in the form of three-
dimensional massive quasi-particles, thus manifesting the properties of particles. Besides,
the mass of quasi-particles occurs due to spontaneous breaking of the system symmetry,
which is caused by a presence of boundaries or nonlinear interaction of polaritons in the
boundless dielectric medium.
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