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We consider the propagation of X-ray and gamma ray emissions in strong magnetic and gravitational fields of the
pulsar in nonlinear vacuum electrodynamics. We show that the radiation has birefrigence. We have calculated the
delay between the two modes. as they propagate from the pulsar to the detecting device. gamma ray astrophysics.
pnlsar. magnetar. quantium electrodynamics. gravity. We estimate the rumerical valie of the delay in the case
where the magnetic field source is a neutron star with fizld on a surface B-10" G (magnetar). Due to the our
condition. which must be satisfied for all points of considered beams. our calculation will be applicable only to
the beams. for which the pericenter 1p exceeds ten radii of the neutron star
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1 Introduction

The field equations in nonlinear post-Maxwell
electrodynamics. which is a direct consequence of
quantum electrodynamics [1] have the form:

W —goax* {07y =—4rqi®. (1)

Qgﬂ = SﬁL@Fﬂg =
= {1"";;("?1 —21, JIQ}FJﬂ +
+4¢n,FF, F*,

Vi

where /# is the current density four-vector. g —
. - . P
determinant of the metric tensor. £=1/B 2

I= Fg, FP_ invariant of the electromagnetic

tensorFy, and according to quantum elzctrodynamics

m=e /(457hc)=5.1-10",
n, = 7e* / (180xfic) —9.0-107.

The second pair ot equations of electrodynamics
coincides with the corresponding equations of
Maxwell’s theory

OF, ;0" +0F,,0x" +0F,,0c" 0. (2)

Metric tensor in equations (1) satisfy Einstein
equations [2]:
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R, —12g, R=-81GcT,, . 3)
R, =K. Ricci T
energy-momentum tensor of the matter and all fields,
including electromagnetic. The system of equations
(1) —(3) in our problem will be sought by the method
of successive approximations with a precision linear
in the small dimensionless parameters: the
gravitational  potential and post-Maxwell
amendments. The gravitational field of the pulsar
will be assumed to be spherically symmetric. and in
the harmonic Fock coordinates [2] mertric will be
expanded in the small parameter /i with the required
accuracy:

where fensor.

g =1-2ar, —1-2ar,

2
gee =r g}'r-‘

)

g, =
&, S
g, = Zesint,

where ¢ =yM /¢, y — gravitational constant, and

M mass of the pulsar.

Suppose that at time = 0 from the point r = 1 of
the pulsar wagnelosphere hard radiation impulse was
emifted. Then. in magnetic field of the pulsar that
impulse, because of birefringence, will split [3] into
two impulses with orthogonal polarizations and
moving af different speeds.

For the convenience of further calculations, we
introduce the spherical coordinate system as follows.
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Consider a beam of the first normal mode and draw a
tangent to it at the point r — rp. Axis of the spherical
coordinate system will be directed n such a way. so
that the tangent to the chosen beam and the center of
the pulsar would be lying in the same plane, and
6 =rm/2, and the azimuthal coordinate ¢ of the

source of hard radiation would be equal to ¢ = 0.

F_

ug

As it 1s accepted [4] in the problems of celestial
mechanics, instead of the radial coordinate r we
introduce the coordinate @ —1/7. Then, the
non-zero components of the dipole electromagnetic
field tensor of the pulsar m. in the coordinate system
1,6, ¢ . with the required for our purposes accuracy

will be:

—F, = m|smé,si(¢—¢,).

F,=—F, =/m|sin6[sin 6 cosfcos(¢—¢,)—sinbcosb,]. (5)

Fy=—Fp=2|m|usin[sing, sind cos(¢ —¢,)+coscos b, ].

According to [3.5] the propagation of
clectromagunetic waves in external electromagnetic
and gravitational fields in nonlinear electrodynamics
with field equations (1) — (3) i1s equvalent to the
propagation of the normal modes through the
isotropic geodesics in effective space-time for which
metric tensor GZ™* has the form:

Vit

GTD = 8 4’?(1,2)‘§EﬁgﬁJF (6)

v au”

Therefore the study of the laws of propagation of
electromagnetic impulses in magnetic (5) and
gravitational (4) fields of a pulsar is conveniently
carricd out not by using cquations (1) —(2). but bascd
on the analysis of isotropic geodesics in space-time
with the metric tensor (6).

Equations for isotropic geodesics in the effective
space-time with the metric tensor (€) will be written
in the form where differentiation is performed not
with respect to the affine parameter <. but with

respect to the azimuthal angle ¢ :

d*x'd¢® + {7, —dx’d 7y, ydx’ dgdx“d g =0,
d*ud¢* + {F;ﬂ - rfu(fgﬂ"j;ﬂ Ydxfdgdx"dg =0,

d*0d¢* + T2, —dOd T, ldx* dgdxdg=0,(7)

where 17, Christoffel symbols defined in

effective space-time with the metric tensor (6).

The system of equations (7) has a first integral:

Ggfj dxP d gdx*d ¢ — 0. (8)

Equations (7) and (8) are non-linear. but in our
case there are small parameters ow and

mz;‘{?l_zus. Therefore, the solution of these

equations will be sought by the method of successive
approximations in these small parameters.

2 Solution of the equations for beams

In the zeroth approximation in small parameters
the beam under mentioned boundary conditions, will
be a straight line in the plane & = #/2 passing through
the point # = us. ¢=0 and take a value u = 1, at
pericenter.

Solving this system of equations, we arrive at the
relations:
u(p) = u,sin(g+y).
() = ct = cosyu, siny —cos(¢+y)u(g). (9)
d(¢)=r2.
where y is defined from: smy =u, /u,.
We search the solution of the system of equations

(7)-(8) for the first normal wave in the ordinary form
for equations of that type:

u(p) =u, sin(@+y)+ 4::1‘.%‘;(;[)1 (¢)+ mjj}}'lu;(l)z (®),
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0(p) = 12+ ctu, @5 (4) +m” En; D, (8).

x%(¢) = cos yu, siny —cos(@+y u(p) +
(1
1aD(f) 1<, ®q(4),

where @, (¢).a=1-6 are unknown functions of
the azimwuthal angle .
smallness.

Using an expression (10}, we search the solution
of the system of equations (7)-(8) for the first normal
wave.!

having zero order of

@, (¢)=2+S5,s1¢+C,cosg.
©,(¢) —164(f,(¢) 1 S,sing 1 C, cos @},

@.(¢) =S, sing—C, cos.
@, (¢) =sin 26,64{f,(¢)+ 5, sing + C, cos ¢}.

where we use the notation:

£(#) = sin'6,{cos 2(g, + v )[195p cos(g+ ) +
+65sin’(¢ + ) + 265in° (P + )~ 152sin (¢ + v ) —
—144sin°(¢ +y )]+ 2sin 2(d, + w)[[72sin g+ v ) —
—40sin®(p +17) — 265 (d + 17 ) —

—39sin (¢ — w)]cos(p +w ) +39¢ sinlp — )]+
+32¢in" (¢ + ) — 24sin* (¢ +v) —
—60sin’(p+ 1) — 1804 cos(d+ 1)} —
—16[2sin (¢ + ) + Ssin’(@ + v ) +15¢ cos{g+w)].

Si(@) —[75¢ cos(¢+w ) +25sin* (¢ + v )+
+10gin (¢ +17) — 40gin " (¢ + w)]sin(g, —y) +
+H3gsin(p+w)—[3sin*(¢+v)+ 2sin* (@ + ) +
+40sin (¢ + v )] cos(g + y )] cos(g, + ).

Solving the equations for functions @ (¢) and

D (¢) . we have:

D, ()= A, —2In|[1 —cos(p+y)]sin(p+1)|.
D (p) =16414; + f(4)}.

where

f5(#) ~ {165in2(¢y 1 )sin’(¢ 1 w)[4 9sin’ (4 1 w)]
—cos2(#y +v)[{144sin (¢ +¥) +8sin (6 +w) +
+26sin (¢ + ) + 395+ )} cos(@+w) —
—39¢]+4[8sin’(h+ 1) + bsin (P + ) +
+9sin(g +v)]cos(p + ) —36@}sin 6, +
+8[3 = 25in(p +w)]sin 2(¢ + ) — 184.

For the constants we have
C,=-2. 5, =-2cosy(l+siny). T, =-1£(0).

S, = H(Mreyr —Teosyr{[99cns 2(gh, + 1) +
+39(7— 20)sin 2(dh +v) —52)sin’6, 112, (1D

$,=C, =0 C, =—£,(0),
S, = 5sin(¢, +w) cos [56sin°w —10sin'y —
—15¢in v —15]+cos(¢, + ) sinw[3 - 280sin'y +

(12)

+230sin —sinw].

A, =2Infl—cosysiny|. 4 =-£,0). (13)

The beam of the first normal mode after exiting
the vicinity of the pulsar has to be detected by
measwing device located i Earth orbit. Since the
nearest pulsars locate [6] at considerable distance

(#~10 kps >> R ) from the Earth, it is possible to

assume that in the chosen coordinate system our
measuring device has the coordinate
uy =1/ 7 << u,. This condition allows everyone to

simply define the required angular coordinates ¢

and 0, of the device with an aim to register the beam
of the first normal mode. We assume

¢ =m—y+ B, where f <<2rx.
Substituting this value of ¢ in the equation
u(@,) =u,, and deriving it up to the first order with

respect to (3. we will have:

By =iy, + 2afup[1 +cosy(l+siny)]+

+3132$7;:1n264}\r_?‘
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N,=S$,siny —C,cosy + f,(¢=7—p)={ }
= sin 6, cosy {sin 2(¢, + v )[ {1 Msiny —
—80sinw — 52sin’w — 78sinw} cosw +
+39Q2w — 7)siny ]+ cos 2(g, +w)[152sin w —
—l445j_139w + 265]'115;;/ + GS_c;mgl;r —99sinyr +
+195(y — 7) cosy]+4[8&sin'y —6sin’y —15sin'y +
+13siny +45(r —w)cosw]} +

+16cosy 15(7 —w)cosw + Tsiny — Ssin'y — 2sinw 1.

6, = 0(g,) = m*Enu; 64N, sin 26,
N,=8;sinw+ fi(¢=m—wv)+ fL(¢=0)=
=5sin(¢, +w){[48sin v —8sin’w —
—10sin’y —15sinw]cosw +15(w — 1)} +
148cos(¢, | v)[4sin®y  Ssin®].

This implies that the gravitational field bends the
beams only in one plane.

For the beam on which the pulse propagates
carried by the second normal mode. the expressions
(10) take the form:

(@) = u, sin(p+y) +
+au§¢>l (¢)+ H:g._.'f.f;gﬁ;@g ().

0(§) = 72+ au, D, () + m*Enu, @, (9.

x%(¢) = cosyu,, sinwy —cos(p+y ulp)+
+o® () + :a;ggf;zs.;tbé(gﬂ-}. (14)

with the same functions @, (¢). which were used
for the first normal mode.

Integration constants for beam of the second
normal mode are defined from boundary conditions:
at ¢ =0 andr=0 the beam should begin at the point
=y, B=m/2 and asymptotically go to spatial infinity
(r—=, u—0) Therefore. the integration constants C},
G, (3, C4 A5 and 44 will be defined by equations
(11). (12)-(13).

For the aim of finding values of the integration
constants Sy, S5, 53 and S, we should define the angle
¢=0,, at  which Substituting

¢=¢, =7 —w+ f, in the first equation of (14). and

u=uj.

equating it tou;,we obtain:

By =, +oi [2+2cosy + S siny) ]+

leo  6LANT
+m° Sy, 64N,

N, =8, siny — G, cosw +
+hH@=m—w)="5,5my +
+5in "G, {2 s 2(dy + ¥ )[112sin% — 72sin" % —
—14sin % +13sin % — 39%in"y ]+
+¢08 2(¢y + w)[{152sin v — 144sinl + 26sin'y +
+65sinw ycosy —195(y — ) |+ 2| 16sin v —
—12sin’w —30sin‘w]cosw —180(w — 7)) —
—16sin’w[5 + 2sin]cosy — 240(w — 7).
One can use now ¢=¢, =71—yw+ [, in the
second equation of (7). It is simple to show that

&, =0(4)=72+ au,S; siny +

+H'.’2.ff}",nﬁ 64N, sin 24,.

N,=8,sinw+ fi(d=a—-y)+ f,(¢=0)=
=8, siny Ssin(dy, 1 ) {[8sin¥ 2sin’y
—Ssin‘w]cosy —15(w — 1)} +
+cos(dy, +)[40sinY — 38sin Y +sin¥ - 3sin 1.

Since at spatial infinity both beams have to get to
the measuring device. the conditions which must be

satisfied are the next: [, =/f,,6,=6,. Then we
obtain:
S, =-2cosw(l+siny). S§,=0.
S, = w1 N, —npsin:BOuD{E sin 2(g +u)[11 2450 % —
—72sin™ —14sin +13sin " —39sin W] +
+c0s 2(¢y + [ {152sin i — 1 44sin W + 26sin ' +
+65sinw} cosw +195(w — 7))+
+2[165in ¥ —125inw —30sin W Jcos y —

—180Qy —m)}+16m 1 {[5+ 2ein W cosyrsindy — 2400y — 1)}

Sy = upirighhy Ny +upug {5 sin(g + v )[[8sin v —
—2sin WV —SsinW]eosw —15( — 7)] -
—cos(fy, +¥)[40sin% —38sin W +sinW — 3sin V1}.

Thus, all integration constants for beam of the
second mode are defined.
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J Conclusion

The last paragraph we define a time interval
1., =t —t,, which one nommal mode ahead of

enother mode in the propagation of an
electromagnetic pulse from the source to fthe
measurement device:

T, =m&(m - r;'ju; 617 {sin’6,[165m 2(¢, +

+0)[9sin’y —4sin W]+ cos 2(d + ¥)[(144sin v +

We estimate the numerical value of 7, in the

case where the magnetic field source is a neutron star
with field on a surfaceB~10'° G (ma gnetar [7]). Due
to the condition &m?/r® <<1, which must be
sarisfied for all points of considered beams. our
calculation will be applicable only to the beams. for
which the pericenterr, exceeds fen radii of the
neutron star. In this spatial regionB(r)<10" G and
Em” /¥ <0.05 . Taking into account that the radius

+8sin’i + 26sin W +39sin 7) cos yr + (15)  of a typical magnetar is 10 km. from the expression
+39(7 — )] —4(8sin 'y + 6sin ‘w + Isiny ) cosw + (15) we obtain in order of magnitude the value:
) .- -8
36(w — 7)] - 16[2sin’ + 3siny]cos +48(w — 7). Togy 107 sec.
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