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New effect in nonlinear Born-Infeld electrodynamics
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A new experiment in which the coefficieat 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 constanEﬁeidd I§O~ 10° 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 coefficiert® of Born-Infeld nonlinear electrodynamics can be measured up to an accuracy
of a®~10 %2 G 2. A comparison of the predictions of quantum electrodynamics and Born-Infeld electrody-
namics concerning the results of the proposed experiment is carried out.

PACS numbgs): 03.50.Kk, 11.10.Lm, 12.20.Fv

[. INTRODUCTION The Born-Infeld electrodynamics possesses a whole series
of interesting properties.

As is well known, nature is nonlinear. That is why non-  First, the energy of the electromagnetic field of a point
linear models of field theory, and especially their differentcharge is a finite quantity in the framework of this theory.
observable consequences, are worthy of very serious atten- Second, though the velocity of an electromagnetic wave
tion. However, for a long time the nonlinear effects of adepends on the values of the fiel8$ andE? in this theory,
physical vacuum were the subject of study only for theoretiit does not exceed the speed of light,in Maxwell’s elec-
cians and just in recent time has their investigation movedrodynamics.
from theory to practice. The first of such experiments, as itis Finally, the ideology of this theory is very close to Ein-
known[1], was the observation of multiphoton light-by-light stein’s ideg 5] of introducing a nonsymmetric metric tensor
scattering in which real photons transformed into electronG;,# G,; with the symmetric part corresponding to the usual
positron pairs. Thus, this experiment showed that electrodymetric tensorg;, and the antisymmetric part to the electro-

namics in a vacuum constitutes a nonlinear theory. magnetic field tensof;, :
This circumstance has again excited interest in studying
nonlinear electrodynamic models. Nowadays, two such mod- Gik=0ik+aFix.

els are discussed, in general, in the scientific literature. ] ] o o
Theoretically, the most elaborated of them corresponds to BY Using the relations of tensor algeli@ it is not diffi-

the nonlinear electrodynamics which follows from quantumcult to show that

electrodynamic$2,3]. Its Lagrangian at first order of pertur- 2 4 4

. a
bation theory has the form G=del|Gy||=9g|1— 7|:(2)_ ZF(4)+§F(22) ,

32 _F2\2 S 2
o{(B"~B°)"+ 7(BE) }, (1)  whereF ,=FyF", F=FyF*"F,,F" are the invariants
36077B; of the electromagnetic field arglis the determinant of the
metric tensoiy; .
where a=e?/c~1/137 is the fine structure constant, and In the absence of gravitational fields and by using the
Bq=m202/eh~4.41>< 10" G is the characteristic quantum Cartesian coordinates of an inertial frame of reference, the

1 . -
_ T [E2_B2+
L=g_[E°-B’]

electrodynamic induction. guantities appearing in this relation have the form
Another theory of nonlinear electrodynamics in a vacuum
was proposed by Born and Infeld]. The Lagrangian of the g=—1, F(Z)ZZ(EL B2),

electromagnetic field in this theory has the form
Fa)=2(B2—E?)2+4(BE)2.

1 —— =
=—-—[V1+a%(B>-E?)—-a%BE)*-1], (2 _ .
47-ra2[\/ ( ) (BE) ] @ Therefore, the Lagrangiaf2) can be written as

wherea? is a certain constant. 1
It is convenient to express this constant through the char- L= Zaa2l V-GVl
acteristic quantum electrodynamic inducti@ and a di-
mensionless constant a=7/Bg. It should be noted that Born-Infeld electrodynamics can

be obtained from more general sypersymmetric thedigs
Thus, Born-Infeld electrodynamics in many respects con-
*Email address: Denisov@srdlan.npi.msu.su stitutes a distinguished theory.
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For B, E<B,, the Lagrangian2) differs from that of tromagnetic fields are generated there, then, according to
Maxwell's electrodynamics by nonlinear terms of higher or-nonlinear electrodynamics, the frequency of the electromag-
der: netic waves propagating towards each other will be different
depending on the form of the Lagrangian of the theory.

Since the modern level of experimental techniques allows
us[9] to measure the difference of frequencies in ring lasers
406 up to Sv=1.4x10" " Hz, then, nowadays, such an experi-
+0(a’B”). ment is evidently one of the most prospective for checking
the predictions of nonlinear electrodynamics with the
Lagrangiang1) and(2).

1 .. . a? .. . ..
- 2_pE2 - 2__E2\2 2
L 871_(B E“)+ 3277[(8 E“)“+4(BE)“]

Comparing this formula with Eq(l), it is easy to observe
that there is no way of choosing the constafin order that
the Lagrangians coincide. This means that nonlinear electro-

dynamics with Lagrangiand) and(2) are essentially differ-  !I- THE DISPERSION EQUATION IN THE BORN-INFELD
ent theories. So it is interesting to check experimentally the ~ THEORY FOR AN ELECTROMAGNETIC WAVE
predictions of these theories and to make clear the question =~ PROPAGATING IN A VACUUM IN EXTERNAL
about their adequacy to reality. However, with the values of ELECTROMAGNETIC FIELDS

the electromagnetic field8, E~10° G, which can be As is known, the electromagnetic field equations of Born-

achieved in terrestrial conditions, the corrections to Max-nfeld electrodynamics are analogous to the equations of
well's Lagrangian in both theories are so small that it is VelYmacroscopic electrodynamics

difficult to observe nonlinear effects in vacuum electrody-

namics. 14D _
At present, as a result of the successes of the spectroscopy rot- H=-—, div D=0,
of superhigh resolution, the realistic possibility of carrying c at
out experiments which allow us to choose between these -
theories has arisen. This possibility has to do with the spe- rot E= — } E div B=0, &)

cific characteristics of the ring laser. In the ring laser, as is c at’

known, two electromagnetic waves propagating towards R R

each other in a triangular, rectangular, or any closed contousut the vector® andH have a different meaning:
will have different frequencies if the conditions of their

propagation are nonidentical. ) aL E+a?BE)B
For this reason, the ring laser constitutes a very precise D=4mr—= )
device for measuring different fine physical effef8s. JE \/1+a2(l§2— E2)—a%BE)?2
As we shall show below, nonidentical conditions for these
waves arise, according to nonlinear electrodynamics, if a R JL B—a%BE)E
constant and homogeneous electromagnetic field is generated H=—-47—= . 4
in one part of the contour. In this case the vec®gsandE, B \/1+a2(l§2— E2)—a%BE)?

must be perpendicular to each other and to the wave vector

of the electromagnetic wave. Therefore, if this part of theFurther, by supposing that-a?(B?—E?)—a*(BE)2#0,
contour of the ring laser is separated from the rest by transand substituting the expressi@f) in the first equation of the
parent and impermeable to gas partitions, and the above elesystem(3), we get

2 4
1+22(B2~ E?)—a%(B E))| rotB—a2(BE)rotE+ a’[E¥ (BE)] - + S [BV(B2—E?)]- > (BE
[1+a% )—a'(B E)7]jrotB—a’(BE)rotE+a”EV(BE)]—— ol I+ 5 [BV( )=~ (BE)

os)?

E)

(os )

E+a?(

6
[éﬁ(éé)2]+%(§é)[éﬁ(éé)2]+ %{E+ az(éé)é}%[az(é’fl— E2)—a*BE)?]=0. (5

X[EV(B2—E?)]— ~

| &

Let us assume that a constant and homogeneous electromagneﬁbﬁ:edxbnst,ﬁozconst, is created on a certain part of the
ring laser’s contour. Let us find the dispersion equation for the electromagnetic wave propagating in this field. For this purpose,

we shall write the vectorB?W and EW of the electromagnetic wave in the approximation of geometrical optics as

By=bexd —i(wt—kr)], E,=eexd—i(wt—Kk 1], (6)
wherew is the frequencyk is the wave vector, and the vectdrsande are slowly varying functions afandr in comparison
with the function exfi(wt—kr)].

Then, in the linear approximation of the “weak” field of the electromagnetic wave, we have, from(Hgs.
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[1+a%(Bj—E)) - a‘*(éoéo)Z]{ [Kb]—a?(BoE)[ke]+ %é— a2{(bEg) + (Bye) }[KEo]
2

wa S N s - o N oo IR N IR N
+T[(on)Bo+(Boe)Bo+(BoEo)b] +{a?(bBy) —a?(eEq) —a*(BoEo) (bEy) —a*(ByEg) (Boe)}

. e @. wd% . . .
X1 a%(BoEo)[KEo]—[KBo]—~ ~Eo= —-(BoEo)Bo[ =0. (7)

Let us eliminate the vectdo from this relation by substituting the expressi8) in the third equation of the systef).
Cancelling the exponential factor, we get

(,()6 N
~b=[Ke]. ®)

Now multiply Eqg. (7) by w/c and use the equalit{8). As a result we obtain a homogeneous system of three linear algebraic
equations for the three vector component g (é)/g:

A*Pey=0, (9)

where the three-dimensional teng®t? has the form

2 2

2
w w wa
+ azwl( NENE—E[B§N§+ NEBE]+ ?Bgsg + azNgNngT[EgNng NZES]

[ N
?—k2> 5%

IS wo[ kekA+

2,52 4 4

+ ECEL—a*(BoEo)[NENE+ NENE il *E)B“NMN“Bﬁ—ﬂ BoEo)[EENE+NEEPS
0Eo—a"(BoEg)[NENR BE]C(OO[OB Bo]c(oo[OE eEq]J

C2
ofal oo cans
+—Cz—(BoEo)[BoEo+EoBo]

and for convenience we have denoted
—y = - - s \D?g) =y 5111"1 ST 5#5—1”5—1 S
Wo=[1+a%Bj—Ej)—a*(BoEo)?], Ne=[KE,], )

(11)

The tensor® () (x) is called theSth power of the tensor
¥ (X). According to this definition, we pu'I'(“({;= 5B for
=0.

By contracting the remaining indices in the expression
11) one gets the invariant

Wy =[1+a%Bj—E)], Ng=[kB,

[}

In order to avoid misunderstandings, it should be noted tha%
we are using the Cartesian coordinates of an inertial frame
reference. Consequently, the role of the metric tensor of th
three-dimensional space is played by the Kronecker symbol Vo=V 58
5%F. Thus, one does not need to distinguish between cova- ©® ©
riant and contravariant indices; this fact considerably simpliof the Sth power of the tensor.

fies the calculations. Using this notation, the determinant of the second rank
Since we are interested in the nontrivial solution of Eq.tensor\IIa/B in three-dimensional space can be written in
(9), we must have terms of the following combination of its invariants

Wiy, Yo, andW s:

det|A“A||=0. (10 1
def| W 4| = 5[2W (3) = 3W ¥ (1) T ¥ ]

In order to represent this equation in its explicit form, we

shall use some tensor analysis formulas provd®,h0]. The  Therefore, the conditiofil0) for a nontrivial solution, which
tensor\lfi(f’)(x) is formed by the product ddtensors¥;, (x), is the dispersion equation, takes the form

whose indices are contracted by the metric terigrof the

. . ) : 3 _
three-dimensional Euclidean space according to the rule 2A@3)—3A)A)+AH=0.
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By obtaining the powers of the tens8f”, constructing its
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From this expression it also follows that the two signs in

invariants according to the rul@1), and taking into account Eq. (13) correspond to two different directions of propaga-

the trivial relations

NZ=K?E5—(KEp)%, NZ=k?B3—(kBy)?,

(NgNg) = (BoEg)k?— (KBo) (KE),
we obtain the following dispersion equation:

w? [ w? R 2w L. . -
WO? ?[]ﬂ' aZBS]—TaZ(k[EOBo])—kz[l—azEg]
2

—a?[(KEg)?+ (kBg)?]{ =0.

tion of a plane electromagnetic wave.

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

We shall denote the perimeter of the ring laser’'s contour
asP. Let a part of this contour of length be separated from
the rest of the contour by gas-impermeable transparent par-

titions. Let the external field8, and E,, perpendicular to

the vectork of the electromagnetic wave, be generated in this
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 changes by
o¢=2mN after a round along the contour; hekeis some

By solving this equation we find the frequency dependencénteger number.
of the weak electromagnetic wave propagating in the con- Thus, an elementary calculation which uses EtR)

stant and homogeneous fielBg= const, E,=const on the
wave vectork:

w=—————(a%(K[EoBo]) =[a*(K[ ExBo])?
[1+a283]( (K[EoBo]) = [a*(K[EoBo])
+(1+a?B2){(1—a”E2)k?+a?(KE,)?

+a%(kBy)2}1Y. (12)

shows that

a2
1+ §(E§+ B3)—a?

[P_|l+ E[é0§0]):||1} V_:CN_,

13

a2
1+ §(E§+ B3)+a?

k . .
E[EOBO]) li{vy=CcNy,
(14)

wherev.. are the frequencies of the generated electromag-

Thus, in the framework of Born-Infeld electrodynamics, thenetic waves propagating in the ring laser along the clockwise
frequency of a weak electromagnetic wave propagating irand the counterclockwise directions, respectivaly; are in-

the constant and homogeneous fieﬁigr— const, E0=const
depends on the direction of the propagation the direction

of the wave vectok). Thus, the substitution ok by —k
changes the frequency. SineéB3<1 anda’E3<1, then
the expansion of the expressigh2) up to first order with
respect to these small parameters is

2 2

I a~ . - a L
w=c{a’(k[EoBo]) =k l—?(BngES)JrW[(kEO)Z

+ (Eéo)Z]} ] . (13

By using the definition of group velocity,, = dw/ K, from

the expressioril3) we have

kK[ a% ., .
" 1- —(B3+E3)— 5>

\7ng C[ az[ Eoéo] +
a2
- 2K?

2

N a IR Lo o
(kBg)? i?[(kBo)BM‘ (KEg)Eo] |-

teger numbers equal to the numbers of wavelengthgon-
fined in the optical paths of the rays.

Since the expected value of the differenee —v_
~10 18y, is small, then it is evident thalN.=N_=N.
Therefore, it is not difficult to obtain, from the relatigh4),

2ca?l, [k . .
E[EOBO] ,

=2 {19

Av=v,—v_=-—

where we have taken into account tinst P/\.

It is obvious that in the considered experiment the ex-
pected value of the difference of frequencies of the electro-
magnetic waves in the ring laser is very small. Thus, if we do
not take all the corresponding steps, a possible pulling of
frequencies can occur: when two waves with close frequen-
ciesw, and w, influence each other and, as a result, in the
ring laser are generated waves with some average frequency
w3 instead of waves with frequencies, and w,.

The standard way of eliminating this effect in optics is by
creating some known starting difference of frequen€lefor
the waves propagating towards each other in the ring laser.
Thus, the measured difference of frequencies of the gener-
ated waves in the proposed experiment will notde but

Thus, according to Born-Infeld electrodynamics, the direc-AV+Q/(27T)_ Knowing the frequency of the starting split-
tion of the group velocity\7gr of a weak electromagnetic ting Q, it is easy to determind v.

wave propagating in a constant and homogeneous electro- As was shown in Ref§12,13, in the Born-Infeld theory
magnetic field does not coincide with the direction of thEthe Ve|0city of propagation of a weak e|ectromagnetic wave

wave vectork.

in an external electromagnetic field does not depend on its
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polarization. So the polarization of electromagnetic waves (AV)2=V1(|Z)—V2(|Z)
propagating towards each other in the ring laser, according to

this theory, can be arbitrary. acly as oo, oo o
=30 xpE2kai KBol ™+ [KEo]"— 2k(K[EqBol)},
IV. NONLINEAR EFFECTS OF QUANTUM K
ELECTRODYNAMICS IN THE R R 8acl, K R
PROPOSED EXPERIMENT (Av) 3= va(K) = vi(—k) =m( E[EoBo]> ;
In the scientific literaturd 12—15, nonlinear electrody- a
namic effects following from quantum electrodynamics have 14acl. (K
been studied from a theoretical point of view significantly (Av)y= VZ(E)_VZ(_E): 12(_[|§0§0]),
wider than the Born-Infeld electrodynamic effects. Recently 45m\P B\ K
one of these effects, namely, the multiphoton light-by-light R R
scattering in which real photons transform into electron- (Av)1,=v1(K)—vo(—k)
positron pairs, was experimentally verifigd). l
That is why comparison of the predictions of this nonlin- __ ath [ T B TR 12
ear electrodynamics with the predictions of Born-Infeld elec- 907\ PBk? 22K(K[EoBol) + 3[kBo]
trodynamics in the proposed experiment becomes interesting. .
By using the Lagrangiaiil) and performing analogous +3[KEq]%},
calculations to those of Secs. Il and lll, it is not hard to

obtain the dispersion equation for an electromagnetic wave (Av)1= vo(K) = v1(—K)

propagating in a constant and homogeneous field. This equa- |

tion in the framework of the nonlinear theory with the La- _ aCly 22 3 N arlE 12
grangian(1) has two roots: _goﬂ)\pngz{ZZ((k[EoBo]) 3[kBo]

- 2a o o - —3[kEq]2. 16
wl<k>:ck[ 1= 2= llK BolP+KEGP [KEoI'} 19
a Unlike the Born-Infeld electrodynamics, not all differences
of frequency(16) predicted by quantum electrodynamics will

become zero after “turning off” the electric field. Actually,
by substitutingﬁo:o in Eq.(16) we obtain that in this case
the differences of frequenciesA¢),=(Av);=(Av),=
—(Av) 1= acl;B§/(307\PB;) are nonzero while £v),
and (Av),, vanish.

—2k(K[Eq éom],

. 7o s oo
wz(k):Ck 1—W{[k80] +[|(EO]

—2k(K[Eq I§o])}] : V. DISCUSSION

These roots depend not only on the mutual orientation of the Thus, the predictions of nonlinear Born-Infeld electrody-

vectorsB, andE,, but also on the direction of propagation hamics and quantum electrodynamics about the frequencies
of the electromagnetic Wavéexchangelz with —IZ) This of electromagnetic waves generated in the ring laser on the
means that, according to quantum electrodynamics, in a corpart of which constant and homogeneous fields were gener-

stant and homogeneous electromagnetic field two kinds o?ted In vacuum are S|gn|f|cantly (_j|fferent. According to the
Born-Infeld electrodynamic equations, only one electromag-

electromagnetic waves with different phase velocity and po="~" i . o .

larization can propagate in each direction. ngtlc wave with .arbltrary polarlzatlon'must propagate in e:?\ch
Therefore we can take from the ring laser four waves with_d'reCt'O_n' The difference of frequenme_s O.f the waves moving

different frequencies that are, in general, linearly polarized i the ring laser towards each other will differ from zero only

different planes. if the triple scalar product of,, By, andk does not vanish:

By using standard optical methods a part of these Waveelz[ﬁoéo])qéo.
can be suppressed and the planes of polarization of the re- From the equations of quantum electrodynamics it fol-
maining waves can be turned in order to direct them to théows that two polarizedin mutually perpendicular plangs
beam combiner. Depending on which waves we suppress andaves propagate in each direction with close frequencies un-
which we direct to the beam combiner, we can obtain ader the same conditions in the ring laser. Therefore, depend-
whole spectrum of the frequency differences predicted byng on which waves have been mixed, it is possible to get a

guantum electrodynamics in the proposed experiment: whole spectrun{16) of predicted differences of frequencies.
. . An important difference between the predictions of this
(Av)1=vi(—=K)—vo(—k) theory and those of Born-Infeld electrodynamics is the pos-
el sibility of observing this effect without the electric field in
1 - - = S i - —
=————5 A[kBo]2+[KE]?+ 2k(K[ EoBo D)}, the former theory. In this caseA@);;=(Av),,=0, but
307T>\PBS|<2{[ ol +{kEo oBol)} (Av)1, (Av)1, (Av),, and (Av),; do not vanish.
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Hence, in the proposed experiment it is possible to deter- Then, by assuming that the constant electromagnetic
mine which theory is adequate to nature. fieldsEy~2X 10°, Bo~4X 10° G are generated in 1/4 of the

Let us estimate the minimal values of the parame#&rs contour in the path of the rays and substituting the charac-
and # in the Born-Infeld theory; these parameters can beeristics [9] of the ring laser Av)pin=1.4X10"7 Hz, A
measured in the proposed experiment. In the best case, when633.0 nm we obtain
the vectorsl§0, EO, andk are mutually perpendicular, from
the expressioni15) it follows that the minimal value of the
parametea? which can be measured by using the ring IaserT
is equal to

(8%) min="7.4x10"% G2,
aking into account thaa= 7/B,, we have

Demin=4.8X 1073,

2 _
) min=s———— in-
(@) min 2cl1EqByg Thus, the minimum value of the numerical coefficient

. . o which can be measured in this experiment is considerably
This expression depends significantly on the value of themalier than 1.

productEy < By, and the greater this product, the greater the | ot ys estimate now the values of the frequency differ-

chance tq observe the given nonlinear .effect. It is evide.n{;‘,nces predicted by quantum electrodynamics in the proposed
that the final judgement about the maximum value of thisgyperiment.

product which can be achieved experimentally must be made |, ,. . = = >
o L -~ With mutually perpendicular vecto8,, Ey, andk, and

by specialists. Therefore, we shall make a preliminary esti-___.. -~ : =

i . . . setting Ey=2x% 10° units andB,=4X10° G, from the ex-
mation of this product from general considerations. ressiong16) we get

Modern hybrid superconducting magnets, as they ar® 9

known, allow us to generate the fieRl=2x 10 G. If the (Av);=1.7%10°® Hz, (A),=1.9x10°7 Hz
considered part of the ring laser is situated between the two ’ ’
different poles of two magnets, then on the path of the rays (Av)1;=2.0x10°% Hz, (Ap);,=3.7x10°° Hz
will be generated a constant and homogeneous enough field t ’ ! ’

Bo=4x10° G.. o o (Ap)p=1.8<10"6 Hz, (Ap)y=3.5x10"6 Hz.
The generation of the fielH, is more complex since if its

value is large enough, a series of phenomena hindering the in the proposed experiment only the magnetic fislg
experiment arises. Among these phenomena the most signifi=4x 106° G is used andE,=0, then (Av);,=(Av);
cant according to our viewpoint are the self-ionization of the= (A1), = — (Av),,=7.5x 1077 Hz.

residual gas in the “vacuum” region of the electric field and  Thys, with the electromagnetic fields attainable in the
the electric puncture of the dielectric surrounding thejaporatory the differences of frequencies predicted by quan-
vacuum region. tum electrodynamics and Born-Infeld electrodynamics dif-
However, nowadays, there exist dielectrics with high val-ferences of frequencies are of almost one order higher than
ues of the puncture voltage being reached, for exafd  the present frequency resolution in the ring laser.
for specially prepared specime(motassium bromide, potas-  For this reason, although the experiment we propose is
sium chloride, melted quartz, and othersuntii E;  complex from the technical point of view, it constitutes a
N%Og V/iem=3x10° units (in the Gaussian system of solvable problem. This experiment is of great significance
units). for physics since it clarifies which one of the above-

~ The self-ionization of the residual gas in the vacuum re—onsidered nonlinear electrodynamic theories describes na-
gion of the electric field, as it is known, becomes significantiyre properly.

for Eg=6x10® V/cm=2x 1 units.

These estimations show that nowadays it is technically
possible, in the framework of the proposed experiment, to
use a field ofE;=6x10" V/cm=2x10° units which is an This work was supported in part by RFBR under Contract
order smaller than the above-mentioned experimental valueslo. 98-02-17448a.

ACKNOWLEDGMENTS

[1] D.L. Burkeet al, Phys. Rev. Lett79, 1626(1997. [8] V.I. Denisov and M.l. Denisov, Phys. Rev. B0, 047301
[2] W. Heisenberg and H. Euler, Z. Phy&5, 714 (1936. (1999; V.I. Denisovet al, Quantum Electron26, 171(1999.
[3] J. Shwinger, Phys. Re®2, 664 (1951). [9] G.E. Stedman, Z. Lie, C.H. Rowe, and A.D. McGregor, Phys.
[4] M. Born, Proc. R. Soc. LondoA143, 410 (1934; M. Born Rev. A51, 4944(1995.
and L. Infeld,ibid. A144, 425(1934. [10] V.1. Denisov,Introduction to Electrodynamics of Material Me-
[5] A. Einstein and B. Kaufman, Ann. Mat9, 230 (1954). dia (Moscow University Press, Moscow, 199€hap. 7.
[6] I.P. Denisova and B.V. Mehta, Gen. Relativ. Gra2@, 583 [11] W.W. Chow, J. Gea-Banacloche, L.M. Pedrotti, V.E. Sanders,
(1997). W. Schleich, and M.O. Scully, Rev. Mod. Phy, 61(1985.
[7] S. Cecotti and S. Ferrara, Phys. Lett1B7, 335(1987. [12] G. Baillat, J. Math. Phys11, 941 (1970.

036004-6



NEW EFFECT IN NONLINEAR BORN-INFELD . .. PHYSICAL REVIEW D 61 036004

[13] Z. Bialynicka-Birula and I. Bialynicki-Birula, Phys. Rev. B, [15] S.L. Adler, Ann. Phys(N.Y.) 67, 599 (1972.

2341(1970. [16] Table of the Physical Quantitiesdited by I.K. Kikoin(Atom-
[14] N.B. Narozhnyi, Zh. Eksp. Teor. Fiz55 714 (1968 izdat, Moscow, 1976 p. 321.

[Sov. Phys. JETRS8, 371(1969].

036004-7



