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THE VACUUM PERMITTIVITY AND PERMEABILITY TENSORS IN THE
PRESENCE OF THE ELECTROMAGNETIC FIELD

In this paper we deduce the expressions of the vacuum permittivity and permeability tensors components
induced by the electromagnetic background radiation. To achieve this goal we start with the expressions of
these tensors modified by an electromagnetic field obtained by Euler and Kockel. These relations are
particularized for: plane polarized electromagnetic wave, electromagnetic wave with a certain direction and
a monochromatic background wave. In the presence of electromagnetic waves the vacuum is inhomogeneous
and anisotropic. In the presence of background of monochromatic electromagnetic waves the vacuum is
homogeneous and isotropic.
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Introduction

In the presence of an electromagnetic field, the vacuum becomes inhomogeneous and
anisotropic. In the quantum electrodynamics, this phenomenon is known as an effect of nonlinearity
of the electromagnetic fields composition which results from the effect of the vacuum polarization
(the interaction photon-photon).

The first work in which the expressions of permittivity and permeability were obtained belongs
to Euler, H. and Kockel, B [1] in the case of the fields of relatively low strength [2]. The production
of the laser radiation, the detection of the cosmic background of equilibrium, thermal radiation with
T =2,7K [3] and of cosmic electromagnetic radiations of high energy determined the necessity of a
study of this process, for high intensities too, concerning the phenomena of autofocalization [4, 5,
6] and radiation beam collapse [7, 8].

This paper proposes to deduce the expressions of the permittivity and permeability tensors
inducted by an electromagnetic wave and a background monochromatic electromagnetic radiation.

In the first part of the paper there are deduced the expressions of the components of the tensors
permittivity and permeability of the vacuum in the presence of an electromagnetic wave. In the
second and the third part we will find out the expressions of the components of the same tensors
and the refraction coefficient for a plane wave polarized on a certain direction. In the fourth part,
the purpose is to obtain the relations necessary for calculating the vacuum parameters in the
presence of a background of monochromatic electromagnetic waves.

The tensors of the vacuum permittivity and permeability
modified by an electromagnetic wave

In the presence of electromagnetic field, the vacuum becomes inhomogeneous and an-isotropic
[3], which results in the following relations between the quantities which characterize the field:

D =exEx (1)

B = Hik H, , (2)
With the permittivity and permeability tensors having the form of:

& = Oi +a|:2(gOE2 —pon)&k +7(p.0Hin):|+....

, 3)
Uik = Sik + a|:2(_80E2 + H'OH 2 )aik + 7(80Ei Ek ):| +.... (4)
The constant @ has the expression
a=4e'n/(45m’c’
/( ), (5)
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2 _ 2
in which:; ¢ =% / (4me0) , % is the electron charge and M is the electron mass.
The constant inverse

2 2 2
lz(ﬁj(e_] me- . M 1029 m3 (6)

2 LA g2 e (e

represents the density of the electron energy (in the classic model) or the density of an electric field

energy generated by the electron at an equal distance with a classical radius r, = e? / ( mc? ).

We notice that for an electromagnetic field with sources, the two tensors are different, ©i # M

2 2
because E #HoH"

For a plane electromagnetic wave, the density of the electric field energy is equal to the density
of the magnetic field energy and equal to a half of the density of the wave energy.

W/2=gE*/2=p,H?/2. (6)

Replacing the equality (6), in the expressions (3) and (4), we will obtain:
Sik=5ik +7a(“0Hin), (7)
Hik :8”( +7a(80EiEk). (8)

Because in an electromagnetic wave, the vectors E and H are position and time functions

E=E sin(wt—lZF), H=H, sin(cot—IZF) )]

and permittivity and permeability tensors are position and time functions as sin’ (oat - IZF) . Fora

stationary wave, the position and time dependencies are according to the functions
cos(kF)sin(wt) and cos® (kF)sin® (ot) , respectively.
The vacuum in the presence of a plane polarized wave

Here is a monochromatic plane polarized wave ( E = E, sin(wt —kF) H = H, sin(wt —kF) ), which
propagates on the direction Ox; (X, =X, X, =Y, % = z) and the polarized plan is rotated with the angle
y with respect to the axes Ox;. Because this wave is divided into two monochromatic waves which
propagate through the same direction (Ox; ) at the same speed (speed c¢ ) and having the planes for
polarization on the direction of the axis perpendicular to Ox;, i.e. Ox (the wave to which
components E; =Ecosy and Hy =Hcosy correspond) and Ox, (the wave to which components
E, =Esiny and H, =—Hsiny correspond), the off-diagonal components of the tensors (7) and (8)
are equal:

ew =7a(poHiH ) = i =7a(80EiEk)=7a(80E2Sin\VCOS\|I), ik=#j, (10a)
g = =0,i# ], (10b)

where ¢B,=E, and cB, =E;, i,k = j.
In this case, the diagonal components are:
g =pj =1, (11a)

en =1+7a(uH’ ) =1+7a(pH sin’ ), p =1+ 7a(s.E ) = b
1+7a(80EZCOSZ\V),8ii:“kkai¢k¢j' ’ )

The refraction indexes induced by the wave, on the principal directions are:
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N =+/€il =~/EMii 1, (123)
M =\/€jlu =+/Euwlty #1. (12b)

Replacing the formulae (11) of the tensors components, we will obtain

n; = /g”“kk :1+7a(u0HiZ):1+7a(soEf), (13a)
=i =Vew =1+ 7a(e,E]) = 1+ 7a(wH: ) (13b)

the expressions of the refraction indexes.

The vacuum in the presence of a monochromatic wave on a certain direction

We will deal with a monochromatic plane wave characterized by the wave vector k =ki, with
the components of the vector «:

K« =sinBcos @, k, =sin Osin @, Kk, = cosO (17)

and characterized by the electric field vector E =E& and the magnetic field vector H = Hh .The
wave is plane polarized. The vectors & and h have the following components:

~ \/cos(2\|/) —cos(260) cscOsing

e —cosOcos@siny, (18a)
V2
\/cos(Zw)—cos(26) cscOcos
e, = —cotOsin@siny (18b)
V2
e, =siny (18¢c)

\/cos(2w) - cos(ZG) cotBcos @

h, = cscOsin @siny — , 18d
psiny NG (18d)
cos(2y ) —cos(26) cot Bsin @
h =—\/ —cscOcos@siny, 18
y NG psiny (18f)
cos(2y)—cos(20
p - Aeos(2v) —cos(26). (152)
V2

With them, the vectors components E = E€ and H = Hh are:
E.=Ee, E, =Ee,, E, =Ee,, (20a)
H, = Hh,, H, = Hh,, H, = Hh, . (20b)

Replacing the components of the two vectors given by the relations (19) and (20) in the formulae
of the components of the permittivity and permeability tensors given by (7) and (8), it results:

g =1+7a(pHI ) =1+ 7apH’h;, (21a)
gy =1+7a(pHy ) =1+ 7ap,H’h; , (21b)
2 7 2
€ =1+7a(uon ):1+§au0H [cos(Zq/)—cos(Ze)] , (21¢c)
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sxy=8yx=7a(u0HxHy)=7a},toH2(hxhy), (21d)

e _7a(M H.H )_73M Hz{cscesin(psinq/\/cos(hu)—cos(Ze)
xx = oMyl )= 0 _

V2
, (21e)
[005(2\4/)—cos(Ze)}cotecosq) ~
2 _SZX
2y ) - 26 tOsi
e =7a(uoHsz)=7auoH2{—[cos( v) °°SZ( ) Jeotbsing _
, (211)
cscecoswsinw\/cos(mu)—cos(26)
2
Mw =1+7a(&El ) =1+ Tag,E* (&), (21g)
uy =1+7a(eE) ) =1+7ag,E* (€] ), (21h)
. =1+7a(80EZZ)=1+76.80E2 sin’ vy, (21i)
Hy =y =7a(&EE, ) =7a8,E’ (g, ), (21)
e = T8(6EE) = Tas B _\/cos(2\y)—cos(29) cscOsingsiny
2 , (21K)
cosfcos @sin’ \|/} = Ux
, \/cos(2\|/)—cos(26)cscecosq)sin\u
. =7a(eE,E; ) ="TageE -
2 : (21m)

cotOsin @sin’ \V} =y

It results that in the presence of a wave, the vacuum is inhomogeneous and non-isotropic
(anisotropic).

Forx, =x, =0 and «x, =1, respectivelyop=0 and 6 =n/2, there are results for the polarized wave
which propagates on a direction Ox .

Homogeneous and isotropic background of monochromatic electromagnetic waves

The homogeneous and isotropic background of monochromatic waves is obtained by the
overlapping of the waves with the vectors k front towards all the directions with the same
probability. In this case, the components of the permittivity and permeability tensors are obtained
through the averaging of the formulae (20) and (21) according to the following definitions:

) =${J‘J‘J‘S.k sin\ysined\ydﬁd(pJ = 8 +(7::° ){JAJ‘JH'H" sin\ysined\ded(pJ, (22a)

(uik>=8i[_|‘”uak sinwsinedwded(p]:sik+[7§8‘))U”E‘Ek sin\usined\uded(p]. (22b)
T T
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Replacing the expressions (20) and (21) in the definitions of the average (22), the formulae
below are obtained:

<gxx>:<8W>:<gu>:1+§au0w :1+§aw, (23a)
(e0)=(en)=(en)=0, (23b)
<,uxx>:<pw>:<Mzz>:1+gagoez :1+%aw, (23¢)
() =(re) = (1) =0, (23d)

In the expressions (23) the energy density w is the medium density in time and space. With
these values of the tensors components we may calculate the refraction index. Replacing the
expressions (23) in the expression (12) of the refraction index we may obtain

n:1+%aw. (24)

It results that the vacuum, in the presence of a background of electromagnetic waves with
random directions, is homogeneously and isotropically optical. The result is similar to that obtained
in the papers [5, 6, 7] for fields with any intensity, within the quantum electrodynamics.

Conclusions

According to the classic and quantum concepts, the vacuum is a physical system which can be
modeled. While interacting with the matter (the substance and the physical field) the vacuum
modifies its properties. Through this paper we have demonstrated that the optical (electromagnetic)
properties of the vacuum are modified by the electromagnetic field of a wave or of a wave system
(background of electromagnetic waves). The modification of the optical properties of the vacuum in
the presence of electromagnetic field explains the phenomena of autofocalisation and collapse of
intense electromagnetic radiation beams. These phenomena are compatible with the current models
of Universes, in which the vacuum is modeled as an average manifestation of all the fields
generated by the particles from the Universe.

In another paper our goal is to evaluate the parameters of the modified vacuum by the stochastic
electromagnetic background at the temperature T =0K .

REFERENCES

1. Euler, H. and Kockel, B., Naturwiss 23, p. 246-247, 1935, (Uber die Streuung von Licht an Licht nach der
Diracshen Theorie).

2. Jackson, J. D., Classical Electrodynamics, John Willey & Sons, Inc., New York, 1962.

3. Penzias, A. A., Wilson, R. W., A Measurement of Excess Antenna Temperature at 4080 Mc/s, Astrophysical
Journal 142, pp. 419-421 (1965).

4. Marklund, M., Brodin, G., Stenflo, L., Physical Review Letters 91, p. 163601, 2003 (Dynamics of Radiation
Background).

5. Marklund, M., Brodin, G., Stenflo, L., Padma, K. S., Physica Scripta T 107, p.239, 2004 (Dynamics of Radiation
due to Vacuum Nonlinearities).

6. Marklund, M., Padma, K. S., Reviews of Modern Physics 78, pp. 591-640, 2006 (Nonlinear Colective Effects in
Photon-Photon and Photon-Plasma Interaction).

7. Kelley, P. L., Physical Review Letters 15, p. 1005, 1965."Self-Focusing of Optical Beams".

8. Kharzeev, D., Tuchin, K., arXiv:hep-ph/0611133v2 21 Feb. 2007 (Vacuum self—focussing of very intense laser
beams).

Simaciu lon — PhD (Physics), Physics Department, e-mail: isimaciu@yahoo.com

Borsos Zoltan — Physics Department, e-mail: isimaciu@yahoo.com
Petrol - Gas University of Ploiesti, Romania.

Haykogi npaui BHTY, 2009, Ne 4 5



RESEARCHING RESULTS APPLICATION

lonita lulian — Doctor of Engineering sciences, Associate Professor, Dean of Faculty of material
science and engineering, tel. 0232-27-86-80, e-mail: neidia2004@yahoo.com

Badarau Gheorghe — Doctor of Engineering sciences, Associate Professor, Faculty of material
science and engineering, tel. 0232-27-86-80, e-mail: gheorghebadarau@yahoo.com

Agop Maricel — Doctor of Physical sciences, Professor, Faculty of material science and
engineering, tel. 0232-27-86-80

Technical university “Gheorghe Asachi” from Iasi, Romania.

Haykogi npaui BHTY, 2009, Ne 4 6



