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New effect in nonlinear Born-Infeld electrodynamics

Victor I. Denisov*
Physics Department, Moscow State University, Moscow 119899, Russia

~Received 22 March 1999; published 6 January 2000!

A new experiment in which the coefficienta2 of Born-Infeld nonlinear electrodynamics in a vacuum can be
measured by using a ring laser is proposed. The dispersion equation and the frequencies of the generated
electromagnetic waves are calculated for waves propagating in the ring laser towards each other when a

vacuum is generated in one part of the contour and crossed constant fieldsEW 0 andBW 0;105 G are applied to this
region. It is shown that by measuring the difference of frequencies of the generated electromagnetic waves in
the ring laser, the coefficienta2 of Born-Infeld nonlinear electrodynamics can be measured up to an accuracy
of a2;10232 G22. A comparison of the predictions of quantum electrodynamics and Born-Infeld electrody-
namics concerning the results of the proposed experiment is carried out.

PACS number~s!: 03.50.Kk, 11.10.Lm, 12.20.Fv
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I. INTRODUCTION

As is well known, nature is nonlinear. That is why no
linear models of field theory, and especially their differe
observable consequences, are worthy of very serious a
tion. However, for a long time the nonlinear effects of
physical vacuum were the subject of study only for theor
cians and just in recent time has their investigation mo
from theory to practice. The first of such experiments, as
known @1#, was the observation of multiphoton light-by-ligh
scattering in which real photons transformed into electr
positron pairs. Thus, this experiment showed that electro
namics in a vacuum constitutes a nonlinear theory.

This circumstance has again excited interest in study
nonlinear electrodynamic models. Nowadays, two such m
els are discussed, in general, in the scientific literature.

Theoretically, the most elaborated of them correspond
the nonlinear electrodynamics which follows from quantu
electrodynamics@2,3#. Its Lagrangian at first order of pertur
bation theory has the form

L5
1

8p
@EW 22BW 2#1

a$~BW 22EW 2!217~BW EW !2%

360p2Bq
2

, ~1!

where a5e2/\c'1/137 is the fine structure constant, a
Bq5m2c2/e\;4.4131013 G is the characteristic quantum
electrodynamic induction.

Another theory of nonlinear electrodynamics in a vacu
was proposed by Born and Infeld@4#. The Lagrangian of the
electromagnetic field in this theory has the form

L52
1

4pa2 @A11a2~BW 22EW 2!2a4~BW EW !221#, ~2!

wherea2 is a certain constant.
It is convenient to express this constant through the ch

acteristic quantum electrodynamic inductionBq and a di-
mensionless constanth: a5h/Bq .
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The Born-Infeld electrodynamics possesses a whole se
of interesting properties.

First, the energy of the electromagnetic field of a po
charge is a finite quantity in the framework of this theory

Second, though the velocity of an electromagnetic wa
depends on the values of the fieldsB2 andE2 in this theory,
it does not exceed the speed of light,c, in Maxwell’s elec-
trodynamics.

Finally, the ideology of this theory is very close to Ein
stein’s idea@5# of introducing a nonsymmetric metric tenso
GikÞGki with the symmetric part corresponding to the usu
metric tensorgik and the antisymmetric part to the electr
magnetic field tensorFik :

Gik5gik1aFik .

By using the relations of tensor algebra@6# it is not diffi-
cult to show that

G5detuuGikuu5gF12
a2

2
F (2)2

a4

4
F (4)1

a4

8
F (2)

2 G ,
whereF (2)5FikFki, F (4)5FikFkmFmnF

ni are the invariants
of the electromagnetic field andg is the determinant of the
metric tensorgik .

In the absence of gravitational fields and by using
Cartesian coordinates of an inertial frame of reference,
quantities appearing in this relation have the form

g521, F (2)52~EW 22BW 2!,

F (4)52~BW 22EW 2!214~BW EW !2.

Therefore, the Lagrangian~2! can be written as

L52
1

4pa2 @A2G2A2g#.

It should be noted that Born-Infeld electrodynamics c
be obtained from more general sypersymmetric theories@7#.

Thus, Born-Infeld electrodynamics in many respects c
stitutes a distinguished theory.
©2000 The American Physical Society04-1
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VICTOR I. DENISOV PHYSICAL REVIEW D 61 036004
For B, E!Bq , the Lagrangian~2! differs from that of
Maxwell’s electrodynamics by nonlinear terms of higher o
der:

L52
1

8p
~BW 22EW 2!1

a2

32p
@~BW 22EW 2!214~BW EW !2#

1O~a4B6!.

Comparing this formula with Eq.~1!, it is easy to observe
that there is no way of choosing the constanta2 in order that
the Lagrangians coincide. This means that nonlinear elec
dynamics with Lagrangians~1! and~2! are essentially differ-
ent theories. So it is interesting to check experimentally
predictions of these theories and to make clear the ques
about their adequacy to reality. However, with the values
the electromagnetic fieldsB, E;106 G, which can be
achieved in terrestrial conditions, the corrections to Ma
well’s Lagrangian in both theories are so small that it is ve
difficult to observe nonlinear effects in vacuum electrod
namics.

At present, as a result of the successes of the spectros
of superhigh resolution, the realistic possibility of carryin
out experiments which allow us to choose between th
theories has arisen. This possibility has to do with the s
cific characteristics of the ring laser. In the ring laser, as
known, two electromagnetic waves propagating towa
each other in a triangular, rectangular, or any closed con
will have different frequencies if the conditions of the
propagation are nonidentical.

For this reason, the ring laser constitutes a very pre
device for measuring different fine physical effects@8#.

As we shall show below, nonidentical conditions for the
waves arise, according to nonlinear electrodynamics,
constant and homogeneous electromagnetic field is gene
in one part of the contour. In this case the vectorsBW 0 andEW 0
must be perpendicular to each other and to the wave ve
of the electromagnetic wave. Therefore, if this part of t
contour of the ring laser is separated from the rest by tra
parent and impermeable to gas partitions, and the above
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tromagnetic fields are generated there, then, accordin
nonlinear electrodynamics, the frequency of the electrom
netic waves propagating towards each other will be differ
depending on the form of the Lagrangian of the theory.

Since the modern level of experimental techniques allo
us @9# to measure the difference of frequencies in ring las
up to dn51.431027 Hz, then, nowadays, such an expe
ment is evidently one of the most prospective for check
the predictions of nonlinear electrodynamics with t
Lagrangians~1! and ~2!.

II. THE DISPERSION EQUATION IN THE BORN-INFELD
THEORY FOR AN ELECTROMAGNETIC WAVE
PROPAGATING IN A VACUUM IN EXTERNAL

ELECTROMAGNETIC FIELDS

As is known, the electromagnetic field equations of Bo
Infeld electrodynamics are analogous to the equations
macroscopic electrodynamics,

rot HW 5
1

c

]DW

]t
, div DW 50,

rot EW 52
1

c

]BW

]t
, div BW 50, ~3!

but the vectorsDW andHW have a different meaning:

DW 54p
]L

]EW
5

EW 1a2~BW EW !BW

A11a2~BW 22EW 2!2a4~BW EW !2
,

HW 524p
]L

]BW
5

BW 2a2~BW EW !EW

A11a2~BW 22EW 2!2a4~BW EW !2
. ~4!

Further, by supposing that 11a2(BW 22EW 2)2a4(BW EW )2Þ0,
and substituting the expression~4! in the first equation of the
system~3!, we get
e
urpose,
@11a2~BW 22EW 2!2a4~BW EW !2#H rotBW 2a2~BW EW !rotEW 1a2@EW ¹W ~BW EW !#2
]

]x0 @EW 1a2~BW EW !BW #J 1
a2

2
@BW ¹W ~BW 22EW 2!#2

a4

2
~BW EW !

3@EW ¹W ~BW 22EW 2!#2
a4

2
@BW ¹W ~BW EW !2#1

a6

2
~BW EW !@EW ¹W ~BW EW !2#1

1

2
$EW 1a2~BW EW !BW %

]

]x0@a2~BW 22EW 2!2a4~BW EW !2#50. ~5!

Let us assume that a constant and homogeneous electromagnetic fieldBW 05const,EW 05const, is created on a certain part of th
ring laser’s contour. Let us find the dispersion equation for the electromagnetic wave propagating in this field. For this p
we shall write the vectorsBW w andEW w of the electromagnetic wave in the approximation of geometrical optics as

BW w5bW exp@2 i ~vt2kW rW !#, EW w5eW exp@2 i ~vt2kW rW !#, ~6!

wherev is the frequency,kW is the wave vector, and the vectorsbW andeW are slowly varying functions oft andrW in comparison
with the function exp@i(vt2kWrW)#.

Then, in the linear approximation of the ‘‘weak’’ field of the electromagnetic wave, we have, from Eqs.~5!,
4-2
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@11a2~BW 0
22EW 0

2!2a4~BW 0EW 0!2#H @kWbW #2a2~BW 0EW 0!@kWeW #1
v

c
eW2a2$~bW EW 0!1~BW 0eW !%@kWEW 0#

1
va2

c
@~bW EW 0!BW 01~BW 0eW !BW 01~BW 0EW 0!bW #J 1$a2~bW BW 0!2a2~eWEW 0!2a4~BW 0EW 0!~bW EW 0!2a4~BW 0EW 0!~BW 0eW !%

3H a2~BW 0EW 0!@kWEW 0#2@kWBW 0#2
v

c
EW 02

va2

c
~BW 0EW 0!BW 0J 50. ~7!

Let us eliminate the vectorbW from this relation by substituting the expression~6! in the third equation of the system~3!.
Cancelling the exponential factor, we get

v

c
bW 5@kWeW #. ~8!

Now multiply Eq. ~7! by v/c and use the equality~8!. As a result we obtain a homogeneous system of three linear alge
equations for the three vector components ofeb5(eW )b :

Aabeb50, ~9!

where the three-dimensional tensorAab has the form

Aab5W0H kakb1S v2

c2 2kW2D dabJ 1a2W1H NE
aNE

b2
v

c
@B0

aNE
b1NE

aB0
b#1

v2

c2 B0
aB0

bJ 1a2NB
aNB

b1
va2

c
@E0

aNB
b1NB

aE0
b#

1
v2a2

c2 E0
aE0

b2a4~BW 0EW 0!@NE
aNB

b1NB
aNE

b#1
va4

c
~BW 0EW 0!@B0

aNB
b1NB

aB0
b#2

va4

c
~BW 0EW 0!@E0

aNE
b1NE

aE0
b#

1
v2a4

c2 ~BW 0EW 0!@B0
aE0

b1E0
aB0

b#
th
e
th
b
v

pl

q

e

ion

nk
in
s

and for convenience we have denoted

W05@11a2~BW 0
22EW 0

2!2a4~BW 0EW 0!2#, NW E5@kWEW 0#,

W15@11a2~BW 0
22EW 0

2!#, NW B5@kWBW 0#.

In order to avoid misunderstandings, it should be noted
we are using the Cartesian coordinates of an inertial fram
reference. Consequently, the role of the metric tensor of
three-dimensional space is played by the Kronecker sym
dab. Thus, one does not need to distinguish between co
riant and contravariant indices; this fact considerably sim
fies the calculations.

Since we are interested in the nontrivial solution of E
~9!, we must have

detuuAabuu50. ~10!

In order to represent this equation in its explicit form, w
shall use some tensor analysis formulas proved in@6,10#. The
tensorC ik

(S)(x) is formed by the product ofS tensorsC ik(x),
whose indices are contracted by the metric tensordmn of the
three-dimensional Euclidean space according to the rule
03600
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e
ol
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~11!

The tensorC ik
(S)(x) is called theSth power of the tensor

C ik(x). According to this definition, we putC (0)
ab5dab for

S50.
By contracting the remaining indices in the express

~11! one gets the invariant

C (S)5C (S)
abdab

of the Sth power of the tensor.
Using this notation, the determinant of the second ra

tensor Cab in three-dimensional space can be written
terms of the following combination of its invariant
C (1) , C (2) , andC (3) :

detuuCabuu5
1

6
@2C (3)23C (2)C (1)1C (1)

3 #.

Therefore, the condition~10! for a nontrivial solution, which
is the dispersion equation, takes the form

2A(3)23A(2)A(1)1A(1)
3 50.
4-3
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VICTOR I. DENISOV PHYSICAL REVIEW D 61 036004
By obtaining the powers of the tensorAab, constructing its
invariants according to the rule~11!, and taking into accoun
the trivial relations

NW E
25kW2EW 0

22~kWEW 0!2, NW B
25kW2BW 0

22~kWBW 0!2,

~NW BNW E!5~BW 0EW 0!kW22~kWBW 0!~kWEW 0!,

we obtain the following dispersion equation:

W0

v2

c2 H v2

c2 @11a2BW 0
2#2

2v

c
a2~kW @EW 0BW 0# !2kW2@12a2EW 0

2#

2a2@~kWEW 0!21~kWBW 0!2#J 2

50.

By solving this equation we find the frequency depende
of the weak electromagnetic wave propagating in the c
stant and homogeneous fieldsBW 05const, EW 05const on the
wave vectorkW :

v5
c

@11a2BW 0
2#
„a2~kW @EW 0BW 0# !6@a4~kW @EW 0BW 0# !2

1~11a2BW 0
2!$~12a2EW 0

2!kW21a2~kWEW 0!2

1a2~kWBW 0!2%#1/2
…. ~12!

Thus, in the framework of Born-Infeld electrodynamics, t
frequency of a weak electromagnetic wave propagating
the constant and homogeneous fieldsBW 05const, EW 05const
depends on the direction of the propagation~on the direction
of the wave vectorkW ). Thus, the substitution ofkW by 2kW

changes the frequency. Sincea2B0
2!1 and a2E0

2!1, then
the expansion of the expression~12! up to first order with
respect to these small parameters is

v5cH a2~kW @EW 0BW 0# !6kF12
a2

2
~BW 0

21EW 0
2!1

a2

2k2@~kWEW 0!2

1~kWBW 0!2#G J . ~13!

By using the definition of group velocityVW gr5]v/]kW , from
the expression~13! we have

VW gr5cH a2@EW 0BW 0#6
kW

k F12
a2

2
~BW 0

21EW 0
2!2

a2

2k2 ~kWEW 0!2

2
a2

2k2 ~kWBW 0!2G6
a2

k
@~kWBW 0!BW 01~kWEW 0!EW 0#J .

Thus, according to Born-Infeld electrodynamics, the dir
tion of the group velocityVW gr of a weak electromagneti
wave propagating in a constant and homogeneous ele
magnetic field does not coincide with the direction of t
wave vectorkW .
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From this expression it also follows that the two signs
Eq. ~13! correspond to two different directions of propag
tion of a plane electromagnetic wave.

III. CALCULATION OF THE FREQUENCY OF THE
WAVES GENERATED IN THE RING LASER

We shall denote the perimeter of the ring laser’s cont
asP. Let a part of this contour of lengthl 1 be separated from
the rest of the contour by gas-impermeable transparent
titions. Let the external fieldsBW 0 and EW 0 , perpendicular to
the vectorkW of the electromagnetic wave, be generated in t
part of the contour in vacuum.

As is known@11#, in a ring laser, the active media inten
sify only the electromagnetic waves whose phase change
dw52pN after a round along the contour; hereN is some
integer number.

Thus, an elementary calculation which uses Eq.~13!
shows that

H P2 l 11F11
a2

2
~E0

21B0
2!2a2S kW

k
@EW 0BW 0# D G l 1J n25cN2 ,

H P2 l 11F11
a2

2
~E0

21B0
2!1a2S kW

k
@EW 0BW 0# D G l 1J n15cN1 ,

~14!

wheren6 are the frequencies of the generated electrom
netic waves propagating in the ring laser along the clockw
and the counterclockwise directions, respectively;N6 are in-
teger numbers equal to the numbers of wavelengthsl6 con-
fined in the optical paths of the rays.

Since the expected value of the differencen12n2

;10218n1 is small, then it is evident thatN15N25N.
Therefore, it is not difficult to obtain, from the relation~14!,

Dn5n12n252
2ca2l 1

Pl
S kW

k
@EW 0BW 0# D , ~15!

where we have taken into account thatN5P/l.
It is obvious that in the considered experiment the e

pected value of the difference of frequencies of the elec
magnetic waves in the ring laser is very small. Thus, if we
not take all the corresponding steps, a possible pulling
frequencies can occur: when two waves with close frequ
ciesv1 andv2 influence each other and, as a result, in t
ring laser are generated waves with some average frequ
v3 instead of waves with frequenciesv1 andv2.

The standard way of eliminating this effect in optics is
creating some known starting difference of frequenciesV for
the waves propagating towards each other in the ring la
Thus, the measured difference of frequencies of the ge
ated waves in the proposed experiment will not beDn, but
Dn1V/(2p). Knowing the frequency of the starting spli
ting V, it is easy to determineDn.

As was shown in Refs.@12,13#, in the Born-Infeld theory
the velocity of propagation of a weak electromagnetic wa
in an external electromagnetic field does not depend on
4-4
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polarization. So the polarization of electromagnetic wav
propagating towards each other in the ring laser, accordin
this theory, can be arbitrary.

IV. NONLINEAR EFFECTS OF QUANTUM
ELECTRODYNAMICS IN THE

PROPOSED EXPERIMENT

In the scientific literature@12–15#, nonlinear electrody-
namic effects following from quantum electrodynamics ha
been studied from a theoretical point of view significan
wider than the Born-Infeld electrodynamic effects. Recen
one of these effects, namely, the multiphoton light-by-lig
scattering in which real photons transform into electro
positron pairs, was experimentally verified@1#.

That is why comparison of the predictions of this nonli
ear electrodynamics with the predictions of Born-Infeld ele
trodynamics in the proposed experiment becomes interes

By using the Lagrangian~1! and performing analogou
calculations to those of Secs. II and III, it is not hard
obtain the dispersion equation for an electromagnetic w
propagating in a constant and homogeneous field. This e
tion in the framework of the nonlinear theory with the L
grangian~1! has two roots:

v1~kW !5ckH 12
2a

45pBq
2k2 $@kW BW 0#21@kWEW 0#2

22k~kW @EW 0 BW 0# !%J ,

v2~kW !5ckH 12
7a

90pBq
2k2 $@kWBW 0#21@kWEW 0#2

22k~kW @EW 0 BW 0# !%J .

These roots depend not only on the mutual orientation of
vectorsBW 0 andEW 0 , but also on the direction of propagatio
of the electromagnetic wave~exchangekW with 2kW ). This
means that, according to quantum electrodynamics, in a
stant and homogeneous electromagnetic field two kinds
electromagnetic waves with different phase velocity and
larization can propagate in each direction.

Therefore we can take from the ring laser four waves w
different frequencies that are, in general, linearly polarized
different planes.

By using standard optical methods a part of these wa
can be suppressed and the planes of polarization of the
maining waves can be turned in order to direct them to
beam combiner. Depending on which waves we suppress
which we direct to the beam combiner, we can obtain
whole spectrum of the frequency differences predicted
quantum electrodynamics in the proposed experiment:

~Dn!15n1~2kW !2n2~2kW !

5
acl1

30plPBq
2k2$@kWBW 0#21@kWEW 0#212k~kW @EW 0BW 0# !%,
03600
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~Dn!25n1~kW !2n2~kW !

5
acl1

30plPBq
2k2$@kWBW 0#21@kWEW 0#222k~kW @EW 0BW 0# !%,

~Dn!115n1~kW !2n1~2kW !5
8acl1

45plPBq
2S kW

k
@EW 0BW 0# D ,

~Dn!225n2~kW !2n2~2kW !5
14acl1

45plPBq
2S kW

k
@EW 0BW 0# D ,

~Dn!125n1~kW !2n2~2kW !

5
acl1

90plPBq
2k2$22k~kW @EW 0BW 0# !13@kWBW 0#2

13@kWEW 0#2%,

~Dn!215n2~kW !2n1~2kW !

5
acl1

90plPBq
2k2$22k~kW @EW 0BW 0# !23@kWBW 0#2

23@kWEW 0#2%. ~16!

Unlike the Born-Infeld electrodynamics, not all differenc
of frequency~16! predicted by quantum electrodynamics w
become zero after ‘‘turning off’’ the electric field. Actually
by substitutingEW 050 in Eq. ~16! we obtain that in this case
the differences of frequencies (Dn)125(Dn)15(Dn)25
2(Dn)215acl1B0

2/(30plPBq
2) are nonzero while (Dn)11

and (Dn)22 vanish.

V. DISCUSSION

Thus, the predictions of nonlinear Born-Infeld electrod
namics and quantum electrodynamics about the frequen
of electromagnetic waves generated in the ring laser on
part of which constant and homogeneous fields were ge
ated in vacuum are significantly different. According to t
Born-Infeld electrodynamic equations, only one electrom
netic wave with arbitrary polarization must propagate in ea
direction. The difference of frequencies of the waves mov
in the ring laser towards each other will differ from zero on
if the triple scalar product ofEW 0 , BW 0, andkW does not vanish:
(kW @EW 0BW 0#)Þ0.

From the equations of quantum electrodynamics it f
lows that two polarized~in mutually perpendicular planes!
waves propagate in each direction with close frequencies
der the same conditions in the ring laser. Therefore, depe
ing on which waves have been mixed, it is possible to ge
whole spectrum~16! of predicted differences of frequencie
An important difference between the predictions of th
theory and those of Born-Infeld electrodynamics is the p
sibility of observing this effect without the electric field i
the former theory. In this case (Dn)115(Dn)2250, but
(Dn)12, (Dn)1 , (Dn)2, and (Dn)21 do not vanish.
4-5
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VICTOR I. DENISOV PHYSICAL REVIEW D 61 036004
Hence, in the proposed experiment it is possible to de
mine which theory is adequate to nature.

Let us estimate the minimal values of the parametersa2

and h in the Born-Infeld theory; these parameters can
measured in the proposed experiment. In the best case, w
the vectorsBW 0 , EW 0, andkW are mutually perpendicular, from
the expression~15! it follows that the minimal value of the
parametera2 which can be measured by using the ring la
is equal to

~a2!min5
Pl

2cl1E0B0
~Dn!min .

This expression depends significantly on the value of
productE03B0, and the greater this product, the greater
chance to observe the given nonlinear effect. It is evid
that the final judgement about the maximum value of t
product which can be achieved experimentally must be m
by specialists. Therefore, we shall make a preliminary e
mation of this product from general considerations.

Modern hybrid superconducting magnets, as they
known, allow us to generate the fieldB0523105 G. If the
considered part of the ring laser is situated between the
different poles of two magnets, then on the path of the r
will be generated a constant and homogeneous enough
B0543105 G.

The generation of the fieldE0 is more complex since if its
value is large enough, a series of phenomena hindering
experiment arises. Among these phenomena the most sig
cant according to our viewpoint are the self-ionization of t
residual gas in the ‘‘vacuum’’ region of the electric field an
the electric puncture of the dielectric surrounding t
vacuum region.

However, nowadays, there exist dielectrics with high v
ues of the puncture voltage being reached, for example@16#,
for specially prepared specimens~potassium bromide, potas
sium chloride, melted quartz, and others!, until E0
;109 V/cm533106 units ~in the Gaussian system o
units!.

The self-ionization of the residual gas in the vacuum
gion of the electric field, as it is known, becomes significa
for E0563108 V/cm523106 units.

These estimations show that nowadays it is technic
possible, in the framework of the proposed experiment
use a field ofE0563107 V/cm523105 units which is an
order smaller than the above-mentioned experimental val
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Then, by assuming that the constant electromagn
fieldsE0;23105, B0;43105 G are generated in 1/4 of th
contour in the path of the rays and substituting the char
teristics @9# of the ring laser (Dn)min51.431027 Hz, l
5633.0 nm we obtain

~a2!min57.4310233 G22.

Taking into account thata5h/Bq , we have

hmin54.831023.

Thus, the minimum value of the numerical coefficienth
which can be measured in this experiment is considera
smaller than 1.

Let us estimate now the values of the frequency diff
ences predicted by quantum electrodynamics in the propo
experiment.

With mutually perpendicular vectorsBW 0 , EW 0, andkW , and
settingE0523105 units andB0543105 G, from the ex-
pressions~16! we get

~Dn!151.731026 Hz, ~Dn!251.931027 Hz,

~Dn!1152.031026 Hz, ~Dn!1253.731026 Hz,

~Dn!2151.831026 Hz, ~Dn!2253.531026 Hz.

If in the proposed experiment only the magnetic fieldB0
543105 G is used andE050, then (Dn)125(Dn)1
5(Dn)252(Dn)2157.531027 Hz.

Thus, with the electromagnetic fields attainable in t
laboratory the differences of frequencies predicted by qu
tum electrodynamics and Born-Infeld electrodynamics d
ferences of frequencies are of almost one order higher t
the present frequency resolution in the ring laser.

For this reason, although the experiment we propose
complex from the technical point of view, it constitutes
solvable problem. This experiment is of great significan
for physics since it clarifies which one of the abov
considered nonlinear electrodynamic theories describes
ture properly.
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