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Abstract We study physical aspects for a new nonlinear
electrodynamics (inverse electrodynamics). It is shown that
this new electrodynamics displays the vacuum birefringence
phenomenon in the presence of external magnetic field, hence
we compute the bending of light. Afterwards we compute the
lowest-order modification to the interaction energy within the
framework of the gauge-invariant but path-dependent vari-
ables formalism. Our calculations show that the interaction
energy contains a long-range (1 / r3-type) correction to the
Coulomb potential.

1 Introduction

Quantum vacuum nonlinearities have a long history originat-
ing from the pioneering work by Euler and Heisenberg [1],
who obtained an effective nonlinear electromagnetic theory
in vacuum arising from the interaction of photons with vir-
tual electron-positron pairs. Subsequently, Schwinger recon-
firmed this amazing prediction of light-by-light scattering
from Quantum Electrodynamics (QED) [2].

In this context it is particularly important to recall that
one of the remarkable physical effects of the Heisenberg and
Euler result has been vacuum birefringence. More precisely,
the quantum vacuum when is stressed by external electro-
magnetic fields behaves as if it were a birefringent material
medium, which has indeed been highlighted from different
perspectives [3—8]. However, this optical phenomenon has
not yet been confirmed.

Nevertheless, this remarkable quantum characteristic of
light has triggered a growing interest on the experimental
side [9-13]. For example, the PVLAS collaboration [14].
Recently, the ATLAS collaboration has reported on the direct
detection of the light-by-light scattering in LHC Pb—Pb col-
lisions [15,16]. The advent of laser facilities has given rise
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to various proposals to probe quantum vacuum nonlineari-
ties [17,18]. More recently, by exploiting the change in the
index of refraction due to nonlinear electrodynamics a new
experiment (DeLLight project) has been suggested [19].

Let us also mention here that different nonlinear electro-
dynamics of the vacuum may have meaningful contributions
to photon-photon scattering such as Born-Infeld [20] and
Lee—Wick [21,22] theories. Recalling that these electrody-
namics were introduced in order to avoid the divergences
inherent in the Maxwell theory at short distances. In addition,
we note that nonlinear electrodynamics have also attracted
important attention because they arise naturally in string the-
ories. As is well known, the low energy dynamics of D-
branes is described by a Born—Infeld type action [23-25].
Mention should be made, at this point, to a novel electrody-
namics (inverse electrodynamics) which has been the object
of investigation in the context of Reissner—Nordstrom black
hole solutions [26,27].

On the other hand, previously [28-31], we have examined
the physical effects presented by different models of (3 +
1)-D nonlinear electrodynamics in vacuum. This has also
helped us to gain insights over the peculiarities of quantum
vacuum nonlinearities in different contexts. For example, the
Generalized Born-Infeld, and Logarithmic Electrodynamics
the field energy of a point-like charge is finite, which also
exhibit the vacuum birefringence phenomenon. Additionally,
we have studied the lowest-order modifications of the static
potential within the framework of the gauge-invariant but
path-dependent variables formalism, which is an alternative
to the Wilson loop approach.

From the preceding considerations and given the ongoing
experiments related to photon-photon interaction physics,
it is useful to further examine the phenomenological con-
sequences presented by a new nonlinear electrodynamics.
Seem from such a perspective, the present work supplement
our previous studies. We also hope that the model discussed
here can be helpful in black holes physics. Specifically, we
will be concerned with birefringence, bending of light, as
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well as the computation of the static potential along the
lines of [28-31]. In this direction, we also mention that sim-
ilar studies have been considered in the context of Lorentz-
violating extensions of quantum electrodynamics [32,33].

Our work is organized according to the following out-
line: in Sect. 2, we address general aspects of this new elec-
trodynamics, show that it yields birefringence, compute the
bending angle and calculate the interaction energy for a pair
of static probe charges. In Sect. 3, we compare our previous
results with a related model [26]. Finally, in Sect. 4, we make
final remarks.

In our conventions the signature of the metric is (41, —1,
—1,-1).

2 The model under consideration
2.1 General aspects

We commence our considerations with a brief description of
the model under consideration. The model is characterized
by the following Lagrangian density:

4 26
E:—f{l+k(é\—}_) } (1)

where F = %F,w F"Y. The constant A has mass dimen-
sion in natural units, whereas A is dimensionless, and § =
1,2, 3,....Evidently, when A — 0 we recover the Maxwell
regime. It is to be specially noted that the mass scale, M,
fixed by the A-parameter, characterizes a regime where the
nonlinearity of the electromagnetic field becomes significant.

The dependence on the field strength in s non-polynomial
form as given in the Lagrangian density of Eq. (1) appears in
connection with the phenomenon of magnetic catalysis that
takes place in the framework of the Nambu—Jona-Lasinio
model. In considering fermions in presence of magnetic fields
in (1 + 3)-dimensional space-time, a chiral condensate is
quantum-mechanically generated which, in turn, contributes
a term of the form of the one in Eq. (1) to the effective action
[34-36].

From the above Lagrangian density the corresponding
equations of motion read

oD

VD=0 - -VxH=0, 2)
9B
V-B=0, - +VxE=0, 3)

where the D and H fields are given by

A4 28
D=|1+210-28)——~ E, 4
(-2 { Gy @)
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and

Al 26

We first observe that (from Gauss law) for an external
point-like charge, q, at the origin, the D-field lies along the
radial direction and is given by D = #?. Making use of
this result, it follows that the electrostatic field to leading
order in A can be written as

E| = q 1+ i+ 2048741 A8r8 ©)
 4V2nr? q* '

Second, from the foregoing equations of motion it fol-
lows that the electromagnetic vacuum behaves like a polar-
izable medium, as a consequence optical properties can be
explored. In fact, in previous work [28-31], we have consid-
ered the phenomenon of optical birefringence, which refers
to the property that polarized light in a particular direction
(optical axis) travels at a different velocity from that of light
polarized in a direction perpendicular to this axis. Following
analysis similar to that in [28-31], we now consider a weak
electromagnetic wave (Ep, Bp) propagating in the presence
of a strong constant external field (Eg, Bg). In passing we
note that, for computational simplicity, we will only con-
sider the case of a purely external magnetic field, namely,
Eo = 0. Accordingly, one easily finds

D=%E,, @)
and
x (B, - Bo)
H=$[Bp+ng—(2)B0:|, ®)
with
X 25
§=1+/\(1—26)<B—(2)> ,
4\ 28
=—416(1 =26 A— 9)
X B(z) .

Recalling again that we have keep only linear terms in Ep,
By,. In this manner, the vacuum electromagnetic properties
are clearly characterized by the following expressions for the
vacuum permittivity and the vacuum permeability:

&ij =& 6ijs (10)
and

A ., X BoiBoj
(n )ij_s(&% 2 ) an
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We shall now make a plane wave decomposition for the
fields Ep and By

Ep (x,1) = Ee WK% B (x,1) = Be KD (12)

Restricting our considerations to an external magnetic field
in the direction z, B9 = Bge3, and the light wave moves
along the x axis, we can rewrite the corresponding Maxwell
equations in the form

k2
(E - 822#33) E, =0, (13)
and

k2
<ﬁ - 833#22) E3; =0, (14)

where we have made use of Bo > B,.

Next, we also notice that there are two interesting situa-
tions from the preceding equations. In fact, when E L By
(perpendicular polarization), from (14) E3 = 0, and from
(13) we get 5)—22 = &7 33. We thus find that the index of
refraction is given by

. 28
1—|—)\(1—28)<%)
0

28 °
1+/\(1—23)(1—43)<§—;‘>
0

ng = 15)

On the other hand, when E || By (parallel polarization), from
(13) E, = 0, and from (14) we get I’;—ZZ = £33 u22. In this
case, the index of refraction reduces to

n =1. (16)

Accordingly, the preceding electromagnetic vacuum acts like
a birefringent medium with two indices of refraction deter-
mined by the polarization of the incoming electromagnetic
waves. There is, however, a further strand related to the exis-
tence of electromagnetic vacuum birefringence. More specif-
ically, we refer to the deflection of a light ray passing through
a region where our model under consideration is present. In
what follows we will examine this phenomenon.

2.2 Bending of light

The starting-point of our present discussion is provided by the
dispersion equation for an electromagnetic wave propagating
in the external magnetic field By, for the model given by
expression (1):

w? = k22 — O{Cz(k X Bo)z, (17)

where

[ZM 25— 1 (A4/2>2a (2/3(2))2“1}

o= . (18)

[1 A5 —1) (A“/z)%]

The derivation of the preceding dispersion equation may be
found in Appendix A.

For simplicity, we restrict to § = 1 and small A. Fur-
thermore, we will consider k L Bg. Then, the corresponding
dispersion equation read

3
AN 2
w? = 2 1—2x<—> <—2) k> =2 QK> (19)
2 B;

Next, in order to obtain the bending angle, we shall work
in the ray optics (eikonal) approximation. As is well known,
this approximation describes the propagation of light as rays
with no reference to the wavelength of the light. We do not
attempt here to go in details of this approximation, rather
we limit ourselves to writing the ansatz to describe the light
as rays, that is, w = —%—f and k = VS. Here, S stands for
the rapidly varying phase of the electromagnetic wave. Thus,
substituting this ansatz according to Eq. (19) we have

2
(%) — 2 Q(VS)? =0. (20)

Once again we consider that the external magnetic field
is in the direction z. In such a case, we may take plane polar
coordinates, as shown in Fig. 1. Equation (20) can therefore
be written as follows

35\? 26| (28 2+1 35\? 0 o
—_— —cC [ — | — = 0.

ot ar r2\ 90

With the aid of the Hamilton—Jacobi formalism [37], we

write S = S1 (r) + ¢ 0 — E't, where « is a constant and E is
the energy. In this way one encounters

2 2
ool (B) 2o (22)
ar r2

From the above, we find that S can be brought to the form

o, [E21  a?
0

. ds _
Since, =

r 1
,3——0—5/ dr’ .
8 2
0 r/2[1+4)\.§—g—%

= constant, we verify that

(24)
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Next, differentiating this expression with respect to r, and
with the substitution u = %, it follows that

du 1 A8
— = — [1+4r— — E2u? 25
70 g\/ + B u (25)
where £ = %
And, finally, from this expression we obtain
&
sen (0 — 6p) = ! (26)

144248
v B

where 6y is the integration constant. To evaluate 6y we make
use that for0 =, u = %. Hence

E
6y = arcsin 27
ds\/1+ 41A8 /B
Next, we also notice that for dpp > ds, we have
& 1
dop = arctg (28)

ds 1+ 41n8 /B — €2 /d}

By defining the bending angle as, 6 = 05 — 6y, (Fig. 1),
we finally obtain the expression

&
86 = arcsin
dsy/1+41A8 /B
&
—arctg 29)

dsy[1+ 42083 B — €2 [d3

An immediate consequence of this is that for A — 0 and
ds > & one obtains the known Maxwell regime, that is,
36=0.

2.3 Interaction energy

We now proceed to discuss the corrections to the Coulomb
potential for the theory under consideration. To do this, we
shall compute the expectation value of the energy operator
H in the physical state |®) describing the sources, which
we will denote by (H) 4. We start then with the Lagrangian
density (1), that is,

1 A 2A4
L=——F,F"—-Z F‘“’( )
4 4 Fy 1

Making use of 2§ In (%) « 1,theforegoing Lagrangian

26

(30)

density can be brought to the form
1 AS F FH*Y
L==70+1)FuF" + = FuF™n (?T) :
(D

@ Springer

To convert the logarithmic term to a more manageable form,
we introduce an auxiliary field, &, [30]. This allows us to
write the preceding Lagrangian density as

|
L= AFuF" + A (Fu F™)?, (32)

where Ay = 1+A14+2X5 (1 +1In&)and Ay = %. A similar
procedure can be used to manipulate the quadratic term in
(32). Thus, by introducing a second auxiliary field, o, we
may now write

(33)

Once this is done, canonical quantization is carried out
using Dirac’s procedure. The canonical momenta are [1T* =
—o FO_ In this manner we have three primary constraints

0 _ =L _ = 9L _ -
n=0,P, = 55 =0 and Pz = %= 0. The correspond
ing canonical Hamiltonian is thus

. 1
He = /d3x {nia'Ao +—n?+ 282+

2
o 2 (0 —Ap) }

(34)

64A,

Requiring the primary constraint, I1°, to be stationary,
leads to the secondary constraint I'j = §;TT" = 0. It is easily
verified that the preservation of I'; for all times does not
give rise to any more constraints. In the same way, for the
constraint P,, we get the auxiliary field o as

[ SAE 2}‘1
o=|1-2=28(1+n§) + 12— 17| . (35)

A+

Hence we obtain

HC:/d3x {niaiAo+% [1—x—2m(1+1ng)+12‘i\ifn2] nz}.
(36)

It is worthwhile mentioning that to get this last expression
we have ignored the magnetic field in Eq. (36), because it
add nothing to the static potential calculation.

Similarly, requiring the constraint, Ps, to be stationary in

At We thus find

time, we find the auxiliary field £ = ek

3 1 ) 2408y

(37)

Next, the extended Hamiltonian that generates the time
evolution of the dynamical variables then reads H = Hc +
fd3x (uo(x)Io(x) + u1(x)I'1(x)), where u,(x) and u(x)
are arbitrary Lagrange multipliers to implement all the first-
class constraints. Since 1% = 0 always and Ao (x) =
[Ag (x), H] = uo (x), which is completely arbitrary, we
eliminate A and IT° because they add nothing to the descrip-
tion of the system.
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Fig. 1 Bending of light y
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Then, the Hamiltonian takes the form | D) = |‘~fl v (y’))
- y .
= W (y) exp <if1/ dz' A (Z)) v (y')10), (41)
y/

H—/d3 ()a~n"+1[1—x(1+45)]n2+@n
= x qw(x) 0; 7 I R
(38)

in which we have used w(x) = u1(x) — Ag(x).

It may be noticed here that the quantization of the the-
ory requires the removal of non-physical variables, which is
done by imposing a gauge condition such that the full set of
constraints become second class. We consequently choose
the gauge fixing condition as [28-31]:

1

I (x) = / dz"A, () = /d)\xiA,- (Ax) =0,

Cex 0

(39)

where A (0 < A < 1) is the parameter describing the space-
like straight path x' = ¢/ 4+ (x — ¢)’ , and ¢ is a fixed point
(reference point). We also notice that there is no essential
loss of generality if we restrict our considerations to ¢/ = 0.
Thus, we may now write the only non-vanishing equal-time
Dirac bracket, that is,

. *
{4 0. 17 )
1
=5/ 6P x—y) - / drx78® Ox —y).
0

(40)

We are now in a position to obtain the interaction energy
by computing the expectation value of the Hamiltonian in the
physical state |®). We first observe that the physical state,
|®), is expressed as

where the line integral is along a spacelike path on a fixed
time slice, ¢ is the fermionic charge and |0) is the physical
vacuum state.

From our above discussion, it follows that

I (x) ¥ (W (Y)) =¥y V()T ) 0)

!

+q/y dzi8® (z — x) |®). (42)
Yy

In this manner, we obtain the following expectation value of
the energy operator

(H)o = (H)o+ (H)} (43)

where (H)o = (0| H |0), whereas the (H){ term is given
by

M 3 |1 2, 2408 _y
) =l [ @] Ju-ra+anm+ 2204 o),
(44)

Now making use of Eq. (42) and following our earlier
procedure [28-31], we find that the potential for two opposite
charges, located at y and y’, takes the form

q 3g% A8 1
4w L 80m2 A LS
where L = |y — y'|. Interestingly, the above static potential
profile is analogous to that encountered for generalized Born—
Infeld electrodynamics in an external background magnetic
field [38]. In this way we have provided a new connection
between these effective models.

2

V= (45)

@ Springer
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3 Related model

As already stated, our next undertaking is to use the ideas
of the previous section in order to examine a related model
of inverse electrodynamics. For this purpose, the authors
of Refs. [26,27] consider the four-dimensional space-time
Lagrangian density:

~ 2
1 Fp 1Y
L=—-F,Fv{1—af 2 , (46)
4 F F1V

By using, F = %FWF“” % (B2 —E2) and § =
%F,w F"Y = —E.B, the previous Lagrangian density can be
written alternatively in the form

L=—-F+rF g (47)

Having made these observations, we can write immedi-
ately the field equations

oD
V-D=0, == -V xH=0, (48)
B

where the D and H fields are given by

D = 1+4Aﬂ E-+4A£B.
T (BZ _ E2)2 ! (B2 — Ez) ol
(50)

and

H=|[1 +4)\—(E'B)2 B 4B o
 — (B2 _ E2)2 l (B2 _ EZ) 1 .
(51)

Following our earlier procedure, we first observe that for
a point-like charge, e, at the origin, the electrostatic field is
given by
|E|

e
T dnr?
Curiously, despite the second term on the right side of (46) or
(47), the previous result indicates that we are in the Maxwell
regime. We will elaborate on this point below.

Next, in the same way as was done in the previous section,
the two refractive indices reduce to

(52)

n=~1+4x, (53)
and
n; =1. (54)

Here it is important to realize that the corresponding refrac-
tive indices are constant and do not depend on the polarization
of the external magnetic field. This shows that the vacuum

@ Springer

electromagnetic of the present model does not act like a bire-
fringent medium. In fact, this is corroborated by the disper-
sion equation for the present model, that is, w? = ¢*> k2. The
present model therefore describes the Maxwell regime.

Before concluding this section, we discuss the calculation
of the interaction energy between static point-like sources for
the model under consideration. We shall begin by splitting
Fyy in the sum of a classical background (F},,), and a small
fluctuation, f,,. The corresponding Lagrangian density up
to quadratic terms in the fluctuations, is given by

L= _%f;wf,w - évz
st ()]
* 2 ’
(f,wf“ + 2)

(55)

where ghvep (Fa/g> = v*Y and (F,w> (FHVy = ”72

We first observe that in the v # 0 and v/ = 0 case
(referred to as the magnetic one), we find that the density
Lagrangian reduces to the Maxwell one

1
LZ_Zf;wflwa (56)

to get the last line we have made use of (F ‘SV) < F5y> =0, and

we have ignored the constant %vz.

Second, in the v% = 0 and v/ # 0 case, we also obtain
(Fo7) <1:"5,,> = 0, leading to the Maxwell theory.

In summary then, in both cases, the static potential profile
reduces to the Coulombic one [39].

Here, a relevant matter comes out. In the paper of Refs.
[26,27], the authors formulate and inspect an interesting non-
linear electrodynamic model (referred to as Inverse Elec-
trodynamic Model) coupled to gravity described by the
Einstein-Hilbert action with the cosmological constant taken
into account. They investigate black hole solutions of the
Reissner—Nordstrom-type generated by a point-like source
with both electric and magnetic charges. One of the remark-
able aspects of the gravity-coupled Inverse Electrodynam-
ics presented in [27] is the radial Coulombian electrostatic
field and the (also radial) Dirac magnetostatic field, both with
the forms % and %, respectively, as solutions to the field
equations. Our contribution sets out to study a gravity-free
model inspired in the Inverse Electrodynamic Model. The
electrostatic field of a point-like electric charge is not the
Coulombian field; it is instead the one given by Eq. (6). As
for the magnetic sector, if we include a magnetic charge, the
magnetostatic field would be the usual radial field given by
%. However, a question may be raised here which enquires
whether or not our field equations (2) and (3) support the
introduction of a magnetic charge in a consistent way. The
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answer is no. This may be readily checked whenever we
introduce the Dirac-like magnetostatic field of the magnetic
charge in the Ampere—Maxwell equation given in (2), which
is not satisfied in such a case.

4 Final remarks

In summary, in this work we have considered a new nonlinear
electrodynamics. It was shown that in this new electrodynam-
ics the phenomenon of birefringence takes place in the pres-
ence of an external magnetic field. Subsequently, we have
obtained an expression for the bending of light. Afterwards,
we have calculated the interaction energy. As in previous
works [28-31], we have exploited a correct identification of
field degrees of freedom with observable quantities. Interest-
ingly, it was shown that the static potential profile contains
a long-range (1 / r3-type) correction, to the Coulomb poten-
tial. In addition, we have compared our previous results with
a related model of inverse electrodynamics. It remains to be
worked out how to connect our results with ongoing experi-
ments related to light-by-light nonlinearity effects. We shall
be reporting on that in a forthcoming work.
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5 Appendix A: Dispersion relation

In this Appendix, we address the problem of deriving the
dispersion relation given by Eq. (19). To do that we consider
a generic Lagrangian density:
L=LTF,9), (57)

1
w}iere Fo= —gF"Fu
—LFWf, —E.B.

;(B?2—-B?) and ¢ =

Next, after splitting F*" in the sum of a classical back-

ground, F 1V “and a small fluctuation, [V, the corresponding
linearized field equations read

~ 1 A A=
i (clf/w + czf#“) = 5 (k’g”" fer +15"" f,()\)

1 =~ .
0 (" g £77) = =u (CLERY + CoF™ ) + .
(58)

VKA v Y VKA
where k’g = Dng ng + Dng Fg)‘ and tg

D3Fy"F&*. Whereas C; = %—)B, C, = g—é‘B, D =

3276 B,D2= 327[2: BandD3: % .

However, in what follows we will compute the dispersion
relation in the case £ = L(F) and j¥ = 0, in the presence of
a constant background with both electric and magnetic fields
(E, B).

D 1 dob
Ve+ —E-V|=E-e—B-b)]=0, — =-V xe,
Cy c? ot

D 1
V.b=0 Vxb+—"BxV(B-b——E-e
C c?

loe 1.9 (1
e+—E—(—E-e—B-b).

T 2o T2\ (59

Throughout, e and b are the electric and magnetic fields aris-
ing from the fluctuation f*V.
By considering the plane waves

e=ep ei(k~X—wl)’ b= bO el‘(k'X—wl)’ (60)
from the Eqs. (59) it follows that
Mijeoj =0, (61)
where
2
w D
M;; = (c_z—kz)aij+kikj+c—lsziszj, (62)

in which we have used = C%E +k x B. It should be further
recalled that such a system of linear homogeneous equations
(61) whose solution is not zero only if the determinant of
its coefficients vanishes, that is, detM = det[M;;] = 0.
Rewriting Eq. (62) in the form M;; = ad;; +bu;u; +dv;v,
we find for the det M the expression

det M = a[(a + bu®)(a + dv*) — bd(u - v)?], (63)

wherea:%—kz,b=1,d=2—;,u=kandv=9.

From this expression we readily deduce that

w? <w—22—k2> [aw—;+ﬂﬂ+y} —0, (64)
C C C
where
a=<1+ﬂE—2), p=22E wim.
Cy 2 Cic
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y = <—k2+ﬂ(kx1})2—ﬂ<k.§>2). (65)
Cq Ci c
Evidently, w? = 0 is meaningless and w? = k?¢? describes
the Maxwell regime.
For the model under consideration, we have E = 0, there-
forea =1, =0andy = -k + g—ll(k X B)z. In addition,
we have

- [23 25— 1))\(%)28(%)2“1}

- = (66)
28

Ci [1—“23—1)(3—;‘) ]

In the case § = 1 and small A we obtain

D, (A 2r2\3 )

Cc 2 B2/

Using that k L B, we accordingly express the dispersion rela-
tion in the form

e=ea (5G]

which coincides with Eq. (19).

(68)

References

. H. Euler, W. Heisenberg, Z. Phys. 98, 714 (1936)
. J. Schwinger, Phys. Rev. 82, 664 (1951)
S.L. Adler, Ann. Phys. (N.Y.) 67, 599 (1971)
V. Costantini, B. De Tollis, G. Pistoni, Nuovo Cimento A 2, 733
(1971)
5. R. Ruffini, G. Vereshchagin, S.-S. Xue, Phys. Rep. 487, 1-140
(2010)
6. G.V.Dunne, Int. J. Mod. Phys. Conf. Ser. 14, 42 (2012)
7. R. Battesti, C. Rizzo, Rep. Prog. Phys. 76, 016401 (2013)
8. X. Sarazin, F. Couchot, A. Djannati-Atai, O. Guilbaud, S. Kaza-
mias, M. Pittman, M. Urban, Eur. Phys. J. D 70, 13 (2016)
9. C. Bamber et al., Phys. Rev. D 60, 092004 (1999)
10. D.L. Burke et al., Phys. Rev. Lett. 79, 1626 (1997)
11. O.J. Pike, F. Mackenroth, E.G. Hill, S.J. Rose, Nat. Photonics 8,
434 (2014)

B

@ Springer

12.
13.
14.

15.

16.

17.
18.
19.

20.
21.
22.
23.
24.
25.
26.

217.

28.
29.
30.
31.
32.
. M. Schreck, Phys. Rev. D 92, 125032 (2015)
34.
35.

36.
37.

38.

39.

D. Tommasini, A. Ferrando, H. Michinel, M. Seco, J. High Energy
Phys. 0911, 043 (2009)

D. Tommasini, A. Ferrando, H. Michinel, M. Seco, Phys. Rev. A
77, 042101 (2008)

A. Ejlli, F. Della Valle, U. Gastaldi, G. Messineo, R. Pengo, G.
Ruoso, G. Zavattini, Phys. Rep. 871, 1-74 (2020)

M. Aaboud et al. (ATLAS Collaboration), Evidence for light-by-
light scattering in heavy-ion collisions with the ATLAS detector at
the LHC. Published in Nat. Phys. 13,852 (2017). arXiv:1702.01625
D. d’Enterria, G.G. da Silveira, Phys. Rev. Lett. 111, 080405 (2013)
[Erratum: Phys. Rev. Lett. 116, 129901(E) (2016)]

R. Battesti et al., Phys. Rep. 765-766, 1-39 (2018)

S. Ataman, Phys. Rev. A 97, 063811 (2018)

S. Robertson, A. Mailliet, X. Sarazin, F. Couchot, E. Baynard, J.
Demailly, M. Pittman, A. Djannati-Atai, S. Kazamias, M. Urban,
Phys. Rev. A 103, 023524 (2021)

M. Born, L. Infeld, Proc. R. Soc. Lond. A 144, 425 (1934)

T. Lee, G. Wick, Nucl. Phys. B 9, 209 (1969)

T. Lee, G. Wick, Phys. Rev. D 2, 1033 (1970)

A.A. Tseytlin, Nucl. Phys. B 469, 51 (1996)

G.W. Gibbons, Rev. Mex. Fis. 4981, 19 (2003)

G.W. Gibbons, AIP Conf. Proc. 589, 324 (2001)

J.A.R. Cembranos, A. de la Cruz-Dombriz, J. Jarillo, JCAP 82, 042
(2015)

J.A.R. Cembranos, A. de la Cruz-Dombriz, J. Jarillo, Universe 1,
412 (2015)

P. Gaete, J. Helayél-Neto, Eur. Phys. J. C 74, 3182 (2014)

P. Gaete, J. Helayél-Neto, Eur. Phys. J. C 74, 2816 (2014)

P. Gaete, Adv. High Energy Phys. 2016, 2463203 (2016)

P. Gaete, J. Helayél-Neto, EPL 119(5), 51001 (2017)

M. Schreck, Phys. Rev. D 89, 085013 (2014)

U.H. Danielsson, D. Grasso, Phys. Rev. D 52, 2533 (1995)

PK. Sahu, Two-loop QED with external magnetic field.
arXiv:hep-th/9509046

V.A. Miransky, I.A. Shovkovy, Phys. Rep. 576, 1 (2015)

V.I. Denisov, S.I. Svertilov, Astron. Astrophys. 399, L39-142
(2003)

A. Accioly, P. Gaete, J. Helayél-Neto, Int. J. Mod. Phys. A 25,5951
(2010)

P. Gaete, Phys. Rev. D 59, 127702 (1999)


http://arxiv.org/abs/1702.01625
http://arxiv.org/abs/hep-th/9509046

	Remarks on inverse electrodynamics
	Abstract 
	1 Introduction
	2 The model under consideration
	2.1 General aspects
	2.2 Bending of light
	2.3 Interaction energy

	3 Related model
	4 Final remarks
	Acknowledgements
	5 Appendix A: Dispersion relation
	References




