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An overview of light ray deflection calculation by magnetars
in nonlinear electrodynamics

Due to the lack of experimental confirmation of the effects of nonlinear electrodynamics (NEB) of wvacuum
on the electromagnetic wave, it remains the most pressing issue. One of the most optimal media for. studying
these effects, occurring in astrophysics, are magnetars. Various methods of studying the bending of a wave
passing through the magnetospheres of magnetars play a key role in a deeper understanding of yacdum NED.
This article reviews modern methods for determining the angle of bending of the electromagnetic wave under
the effect of NED of vacuum and gravity, with special attention paid to NED of vacuumin,intense electro-
magnetic fields, which is a characteristic feature of magnetars. The article discusses Various methods and
techniques used to measure these angles, as well as their potential astrophysical applications.

Keywords: nonlinear electrodynamics of vacuum, magnetic dipole field,;magnetars, gravitational and magnet-
ic lensing.

Introduction

NLED are divided into two different fields:“nonlinear optics, which deals with nonlinear electrodynam-
ic phenomena on the surface of materials, and vacuum nonlinear electrodynamics, which examines similar
phenomena in vacuums influenced by strong. electromagnetic fields. Presently, nonlinear optics and its re-
sultant effects are extensively employed in a multitude of theoretical and empirical investigations across di-
verse branches of physics. Instruments thatileverage these effects have been integrated into practical applica-
tions. On the contrary, the nonlinear electrodynamics of the vacuum have been comparatively less explored
and understood. Maxwell’s electrodynamics within a vacuum, as is widely acknowledged, functions as a lin-
ear theory. The predictions of this theery,which span a wide array of topics, are continually validated with
increasing precision. Indeed,.the exploration of Maxwellian electrodynamics laid the groundwork for the
formulation of the special theory of relativity, which revolutionized existing notions of space and time that
prevailed in Newtoniansimechanics. Yet, a series of foundational physical considerations indicate that Max-
well’s electrodynamics merely constitutes an initial approximation of a more expansive, nonlinear electrody-
namics of the vacuum: This‘approximation is true in scenarios of weak electromagnetic fields, specifically
when the intensities)of electromagnetic fields B and E are considerably lower than the characteristic quan-
tum eleetrodynamical threshold B, = m§c3/eh = 4.41 - 10'3G. Here, my denotes the mass of the electron, e
its charge magnitude, and A represents Planck’s constant. Werner Heisenberg and Hans Heinrich Euler pio-
neeredithe concept of NLED in a vacuum, an advance based on the fundamental electromagnetic principles
originally.established by Gustav Mie. As high-power laser technology has advanced, numerous experiments
have been‘designed to investigate these effects and have shown that the electrodynamics of the vacuum is
definitely a nonlinear theory [1]. Despite such numerous ground laboratory experiments aimed at observing
non-linearity in the presence of a strong magnetic field, conclusive evidence remains elusive.

An alternative method to explore is to study the effects on a cosmic scale, where celestial occurrences
could shed more light on this phenomenon. Consequently, it is not surprising that the past decade has seen a
wealth of proposals for NLED. Models such as rational, arcsin, arctangent, Mod-Max, and others [2], have
unique features and implications that are worth further investigation. The main properties of non-linear vac-
uum electrodynamics and its recently proposed theories, as well as studies of light coupling, which is one of
its phenomena, are reviewed [3]. Observationally, currently identified galactic pulsars and the characteristics
of their magnetic fields are also obtained [4]. Identification of magnetars, possessing magnetic fields be-
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tween 10'° and 10! Tesla, was a result of the 1979 discovery of a massive flare from SGR 0526-66. This
finding was instrumental in introducing the term “magnetar”, credited to Duncan and Thompson, and is fur-
ther elaborated in various studies [5]. There are also studies of the formation of virtual particles in the mag-
netosphere of growth symmetric pulsars using the global kinetic model [6]. The study of nonlinear electro-
dynamics in vacuum, particularly within the strong magnetic fields of magnetars, is often conducted in con-
junction with an examination of gravitational effects due to their similar scales [7]. In compact astronomical
bodies such as magnetars and black holes, non-linear electrodynamics provides fresh perspectives on astro-
physical events. These studies delve into the interplay between electromagnetic and gravitational forces, con-
tributing to black hole theories similar to the Reissner-Nordstrom model and addressing singularities in elec-
tric fields at their cores [1].

Research in the field of nonlinear electrodynamics of vacuum encompasses various aspects, including
photon self-interaction and quantum electrodynamics considering loop corrections, leading to nonlinear elec-
trodynamics. Special attention is paid to the phenomenon of vacuum birefringence in an ‘externalymagnetic
field, which finds experimental confirmation in various models of NLED. Research on vacuum,birefringence
sheds light on the relationship between the refractive indices and the phase velocity of\electromagnetic
waves, which influences our interpretation of black hole imagery, shadows, and rotational dynamics [8], thus
enhancing our comprehension of these extreme cosmic conditions. An importantaspect is also the study of
pair-creation effects and polarization of the vacuum of particles of arbitrary spin withselectric dipole and
magnetic moments in a constant electromagnetic field, leading to nonlinearscorrections in the Maxwell La-
grangian [9]. The work dedicated to Born-Infeld-type electrodynamics presents asnew NLED model, which
also considers the phenomenon of vacuum birefringence in an external magnetic field. Another study dis-
cusses various aspects of nonlinear electrodynamics, including,its.influence on phenomena in vacuum, un-
derscoring the importance and diversity of emerging effects [2].<Ehe spectral and polarization properties of
magnetar radiation are also examined, considering models of condensed surface and magnetized atmosphere.
The primary focus is on the influence of vacuum birefringence onypolarization characteristics observable at
infinity. There is considerable interest in exploring hew nenlinear electrodynamics in vacuum behaves
around strong-field astrophysical objects like pulsars and‘magnetars [10]. One of the significant discoveries
in the study of nonlinear electrodynamics of the vacuum, particularly in the context of strong magnetic fields
characteristic of neutron stars and magnetic white dwarfs;'is the confirmation of vacuum birefringence. In-
vestigation of the neutron star RX J1856.5-3754 using the Very Large Telescope (VLT) provided convincing
evidence of this phenomenon, which is an_important testament to quantum electrodynamics (QED) in strong
fields and improves our understanding of the'processes that occur under extreme astrophysical conditions. In
addition to birefringence, considerable attention is paid to the effects of vacuum polarization. In strong mag-
netic fields, the vacuum behaves like an anisotropic medium, influencing the propagation of electromagnetic
radiation and altering its spectrum: Particularly interesting is the change in the shape of cyclotron lines and
the emergence of “vacuum dines” in X#ray spectra [10]. These studies broaden our understanding of physical
processes in strong magnetic fields and provide important experimental data for the development of theoreti-
cal models in the field of QED.

Moving on to another.significant aspect of nonlinear electrodynamics in vacuum, it is important to con-
sider the phenomenon of electromagnetic beam deflection in the magnetosphere of magnetars. This effect,
associated with the influence of the strong magnetic fields of magnetars on the propagation of electromagnet-
ic waves, represents a crucial manifestation of the non-linear electrodynamical properties of the vacuum and
is key to understanding electromagnetic phenomena under extreme astrophysical conditions. In-depth studies
and observations on the birefringence and polarization of light in compact celestial bodies [10] focus on ex-
amining theddeflection angles and the time delays of polarized light during gravitational lensing [10]. This
research includes both detailed analytical and comprehensive numerical calculations of the deflection angles
in the weak electric and magnetic field regimes, mainly focusing on the equatorial plane of the magneto-
sphere by using both the geometrical optics and one-loop effective action methods. Utilizing the principles of
geometrical optics, the research has determined the deflection angles of rays passing through magnetic and
electric fields and compared these findings with similar measurements in gravitational fields [11]. Further-
more, by applying the effective geodesic equation for individual photons, the study has analytically deter-
mined the impact parameter values for different ratios of this parameter to the radius of a magnetar, compar-
ing them in the context of both gravitational and magnetic fields [12]. Also, there is the work [13-14] of
studying the effective potential and deflection angles on the equatorial plane by using the polynomial Max-
well Lagrangian of some models. Additionally, analytical calculations of deflection angles of light have been
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carried out using the optical medium methods used in the Gauss-Bonnet theorem [10]. In these studies, the
deflection of a beam passing through the strong magnetic fields of compact objects is calculated within the
framework of the generalized Born-Infeld theory in the equatorial plane. Nevertheless, there are works where
the deflection angles of the electromagnetic wave fronts coming to the magnetar are numerically calculated
for different impact parameter values using the Newman-Penrose (NP) formalism [15] for the Euler-
Heisenberg theory, without birefringence. These studies have defined the spatial distribution of the deflection
of deflection angles for various values of the dipole magnetic field of magnetars.

However, analytical and numerical calculations of the angle of light deflection in cases where regions
outside the equatorial plane of compact objects in a vacuum under the influence of strong electromagnetic
and gravitational fields and light birefringence are considered remain a difficult task. However, the study of
these problems plays a significant role in predicting and understanding the effects NLEDof vacuumg Thus, in
this article we are going to review the latest methods for obtaining the deflection angles of an electromagnet-
ic beam passing through compact objects, taking into account the NLED of vacuum and gravity.

Methods

Numerous techniques are available to determine both the approximate and precise angles of light de-
flection. These include methods like the null geodesics approach, which employs either perturbation tech-
niques or directly integrates the null geodesic equations. In a study by Jusufi et al. [ 16]a«different computa-
tional approach was presented.

This method incorporates the notion of refractive index in optical materials alongside the Gauss-Bonnet
theorem applied to isotropic optical metrics. This combination yields & precise determination of the deflec-
tion angle in both Kerr and Teo wormhole geometries. This approach has proven effective across various
studies, even in scenarios involving diverse spacetime characteristics. WWhen a gradient in refractive index is
present, geometric optics techniques can be utilized to ascertainsthe extent of deflection angle. This approach
allows for highly accurate descriptions of how the light’s direction changes in various spacetimes [13, 17].
As a result, we can effectively assign a refractive indexte.the surrounding field.

Effective geodesic motion

As described in contemporary theoretical astrophysics, magnetars possess a magnetic dipole field, char-
acterized by properties related to quantum electrodynamies induction B= 4.41 - 10* G. In strong magnetic
fields, vacuum non-linear electrodynamics becomes significant, influenced by various physical phenome-
na [10], described by the corresponding Lagrangians. By using polynomial Maxwell Lagrangians of the arbi-
trary model, it can be shown that the photonfellows the null geodesic of its effective geometry:

gerr)= Lrgh — 4LyzFy gF ™. (1)

For weak electromagnetic wavefronts in strong external fields Fi, the eikonal equation is used, as pre-
viously defined in literature [48]. It is demonstrated that these waves in nonlinear electrodynamics follow the
geodesics of an effective pseudo-Riemannian space-time, influenced by the metric tensor gn and external
electromagnetic field.Theweffective spacetime metric tensor Gk is dependent on g and the electromagnetic
field tensor Fnig™Fak. With different 51 and #,, non-linear electrodynamics induces two types of polarization.
Effective metric tensors for each normal wave polarization are defined as [19]:

Gr(;c) = Gnk — 418 Fnig"™ Frnte (2

Gﬁ) =9nk — 4772$(Fni.9imka- (3)

According to the Lagrange-Charpy theorem, to determine the paths of weak electromagnetic wave mo-
mentum in external fields and their motion, the isotropic geodesic equations in the effective spacetime with

metric tensor G 4 must be solved:

aK' | i empp
—+ LinK™KP = 0, @
GAPKTK™ = 0.
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Here, I'mn are the connection coefficients of space-time with effective metrics Gr(l? or G,(li), depending

on the polarization modes, X is an affine parameter and K¢ = dx'/dZ is a four-vector tangent.

Initially, the components of the effective pseudo-Riemannian space-time metric tensors G,(l}c‘z) for the
problem are determined as follows:

GoP =1
00 -
Gog? = —8ap[1 — AnapEB2(1)] + 41y 2§ Bo (1) By (). ®)

The magnetic dipole field vector B in these equations is approximated by Maxwellian precision Figure.
These effective geodesic equations are solvable by selecting the coordinate z as an independent variable in-
stead of the affine parameter. Under this approach, the geodesic equations can be expressed,as follows:

d?ct o — ﬂlﬂ }ﬂdxm
dzz mpP qz "™P) 4z dz '’
d?x 1 dx 3 4dxP dx™ 6
dzz {Fmp dz Fmp} dz dz '’ ( )
d’y  _ 2 Ay 3 4 dxP dx™
dz2 {Fmp dz Fmp} dz dz '
The system’s first integral is represented as [16]:
(1) dx ax? _
Gy - =0 @)

Geodesic equation (6) is independently solved, and the deflection angles of the light front are deter-
mined using an expression that is defined as the ratio of velocities:

180-arcsin M (EE) +(ﬂﬂ) 8
¢ 180-aresin ( o \dz dt) ( )

¢ — — C

A T

where c is the speed of light. By applying thisiequation, the distribution of the deflection angles of the
electromagnetic ray front was obtained throughout the‘region by solving effective geodesic equations numer-

ically [19], as well as specifically for the equatorial plane, was obtained. Additionally, the results were com-
pared with previous works [17].

Figure. Diagram depicting the deflection of light by a magnetic dipole

The magnetic dipole is situated at the coordinate center. The photon’s path is shown as a dotted line,
while the projection of the outgoing photon’s trajectory onto the xz-plane is illustrated with a dashed line.
The angles of deflection in the horizontal (¢;,) and vertical (¢,,) directions are also indicated [22, 24-25].

Optical medium approach

Another method to compute the deflection angle of light is the optical medium. The process of deriving
the equation for the light deflection angle in an arbitrary space-time through the refractive index encom-
passes multiple stages. This refractive index, denoted as (n(r)), can be interconnected with the corresponding
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arbitrary metric parameters, notably, for example, the black hole mass (M) and its angular momentum pa-
rameter (a) as for Kerr spacetime. Using this refractive index, the Gaussian optical curvature K is then de-
termined [20]:

_ 1 @) _ 1 [dp d(dp)df , (dp)?dif
K= fa* dr2  f) [dr* dp (dr*) dp + (dr*) dp?|’ ©)

Moreover, the concluding equation can be articulated using the refractive index it yields:

_ n(p)n”(p)p—(n’(p))2p+n(p)n’(p)

n*(p)p (10)
One can derive for the Kerr spacetime metric the following Gaussian optical curvature as’[3]:
2M 18aMb
K = =+ ==+ 0(M?,d?). (1)

In addition, for the Born-Infeld Generelized NLED mode, the Gaussian curvature can be derived
as [14]:

¥ =8 (12)

- B2rs’

The deflection angle of the ray, in addition to being found using equation (10), can also be applied for
calculation and comparison using the effective metric method derived from the Newman-Penrose formal-
ism [15]. Therefore, the equation for the bending angle in: generalized Born-Infeld electrodynamics is de-
fined as [14, 21-25]:

LD,
40's —— 37h6 (13)

here, b represents the impact parameter,.and the negative sign signifies that the bending is directed to-
wards the magnetic dipole.

Diseussion and summary

This review focuses on investigating the behavior of vacuum NLED, specifically in relation to the de-
flection of light around compact Celestial objects like magnetars. The importance of studying NLED of vac-
uum in an astrophysical context issemphasized, highlighting its relevance in understanding such environ-
ments. The paper presents @ comparative analysis of different theoretical frameworks of nonlinear electrody-
namics, including the optical’'medium and the Newman-Penrose formalism. This analysis demonstrates the
wide range and complexity of‘theoretical approaches needed to comprehend light deflection in strong elec-
tromagnetic fields. Atithe same time, scientific works presents that both calculations are reduced to the same
value of deflection‘angles. Although this depends on the limitation of calculations. The conclusions drawn
from these models enhance our understanding of electromagnetic phenomena in extreme settings and make
significant contributions to the field of quantum electrodynamics. Understanding these interactions is crucial
for understanding the behavior and characteristics of such entities. Additionally, the article highlights the
importance of‘observational astrophysics in validating theoretical predictions and establishing a foundation
for future astronomical observations and experiments. By connecting theoretical principles with their poten-
tial real-world applications, this review bridges theoretical physics with observational astronomy. It repre-
sents a significant advancement in unraveling complex phenomena in the universe and stimulates further re-
search and discovery. The exploration of nonlinear electrodynamics in a vacuum and its implications for our
understanding of the universe offers a fresh perspective in the field of astrophysics. As a result, this review
contributes substantially to astrophysics by presenting innovative approaches to studying nonlinear electro-
dynamics in a vacuum and its implications for the cosmos. The authors advocate for further research and val-
idation of the complex dynamics of astrophysical environments, particularly around magnetars, using both
theoretical and empirical methods. This review serves as evidence of the ongoing evolution of our under-
standing of the cosmos, driven by the interplay between theory and empirical data.
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H. Beiicen, M. ©6imeB, C. Tokrapbaii,
T. Epnazapos, M. Xacanos, /I. Yrenosa, M. Anumkynosa, A. AGayanu

ChI3bIKTBIEMeC 3JIeKTPAUHAMUKAIBIK MarHeTapJjapAarbl
JKAPBIK cdyJlesiepiHiH OypblIy OYphIIITAPBIH ecenTeyre Moy

BakyyMHBIH CBI3BIKTBIEMeC 3neKTpanHaMUuKachiHblH (CEDJ) 3lIeKTpMarHuTTiK coynere 9CepiHiH IKCHEpH-
MEHTAIIB! pacTalMayblHA OailIaHBICTEI OJI €H ©3eKTi Maceie OOJBII caHamaxbl. AcTpodH3HKagarbl OCHI
acepiepi 3epTTey/iH eH OHTaIIBl OpTachHBIH 0ipi — MarHerapnap. MarserapiapIsiH MarHuTcepanapsl
apKBUTBI OTETIH COYJICHIH KUCAIOBIH 3epTTEYAIH apTypii oxictepi Bakyymaslk CEDJI-HEI TepeHipek TyciHyae
IIenyni peJ aTkapaapl. Makanaia MarHerapiiapra TOH KachueT OOJbI TaObUIATBIH KapKBIHIBI 3JIEKTpMar-
HUTTIK epictepae Bakyymaslk CEDJI-Fa epekie Hazap ayaapa oThIpbIN, BakyyMaslk CED/I skoHe aybIpIibIK,
KYILIiHIH 9CEpiHEH 3JEeKTPMArHUTTIK COYJICHIH KUCHIK OYPHIMIBIH aHBIKTAyABIH 3aMaHAayH SAiCTepiHe LIy
JKacaiFaH. ABTOpIJap OChl OYPHIITAPABI OJIIIey YIIIH KOJAAHBIIATEIH 9PTYPIIl 9JicTep MEH TOCUIAep Il Kapac-
TBIPFaH JKOHE OJIap.IbIH NOTEHINAIIBI aCTPO(U3UKAIBIK KOJIJaHOaNaphlH TaJIKbUIAFaH.

Kinm ce30ep: BakyyMHBIH CBI3BIKTBIEMEC ICKTPIUHAMUKACHI, MAarHUTTIK JTUITIOb ©pici, MarHeTapiap, rpaBy-
TaIMSUIBIK JKOHE MarHUTTIK OypMaany.

H. beiicen, M. A6umies, C. Tokrapbai,
T. Epnazapos, M. Xacanos, JI. Yrenosa, M. AnumkynoBapA. A0ayanu

O030p pacuera OTKJIOHEHUS JIydell cCBeTa MaFHeTaApaMu
B HEJIMHEHHOH 3JIEKTPOAUHAMUKE

H3-3a OTCYTCTBUSI IKCHEPUMEHTAIBHOTO MOATBEpKICHHS 3()(PeKkToB HenmHeHOH anexTpoauHamuku (HD/T)
BaKyyMa Ha 3JIEKTPOMArHUTHBIHA JIyd OH SIBIISIETCSI CaMbIM aKTyalbHbIM BompocoM. OXHOHM U3 caMbIX ONTH-
MaJbHBIX CpeJ I M3ydeHUs 3THX 3P(EeKToB, MPONCXOAAMUX B acTPohH3HKe, SABISIOTCI MarHerapsl. Pas-
JUYHBIC METOJBI M3y4YEeHHs HCKPHBICHHMS JIyda, MPOXOMSIIETo uepe3 MarHeToc(epbl MarHeTapoB, UIPAIOT
KIIFOUEBYIO poJib B Ooliee TIIy0OKoM MoHMMaHHU BakyyMHOW HOJ» Hacrostmast crates mpezncraBisier co0oi
0030p COBPEMEHHBIX METOJOB OIPECICHUS YIJIa, HCKPUBIIGHHS 3JIEKTPOMArHUTHOIO Jy4a mox 3¢hdexrom
H3/1 Bakyyma u rpaBuTanuu, ocoboe BHuMaHue yaesss HDJl BakyymMa B HHTEHCHBHBIX 3JIEKTPOMarHHTHBIX
HOJISIX, YTO SBJIAETCS XapaKTepHOH uepToif MarHeTapoB./ABTOpaMU PacCMOTPEHBI pa3IMYHbIe METOABI U TeX-
HHKH, UCTIONB3yeMble IS M3MEPEHHUs 9THX YIJIOB, a TaKXKe 00CYXKJICHBI UX ITOTEHIHAJIbHBIE acTpodu3nuec-
KH€ IPIMEHEHHSI.

Kniouesvie cnosa: HeTuHEHHAs QJICKTPOJNHAMHUKA BaKyyMa, MAarHUTHOC JTUITIOJIBHOC MOJIE, MAarHETApHhI, I'paBu-
TAllTUOHHOC U MAaTrHUTHOC JINH3UPOBAHUE.
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