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Abstract—The effect of the radius of the tube of open magnetic-field lines on the gamma-ray curvature
radiation from the polar regions of a radio pulsar with a non-dipolar magnetic field is analyzed. The pulsar
is considered in a polar-cap model with free electron emission from the neutron-star surface. The effect of
the non-dipolar magnetic field on the radius of curvature of the field lines and the field intensity is taken
into account. In connection with the creation of electron—positron pairs, we take into account only the
birth of pairs by curvature radiation in the magnetic field. The small non-dipolarity of the field enables
the radio pulsar not to turn off, even after a considerable decrease in the pulsar-tube radius. For instance,
with a 20% non-dipolarity (v = 0.2), a pulsar with B = 10'3 G and P = 0.5 s can still operate even for a
fivefold decrease in the pulsar-tube radius. A maximum is observed in the dependence of the electrostatic
potential in the diode on the non-dipolarity parameter v at v ~ 0.5—0.7. The pulse profile in non-thermal
X-ray emission for v ~ 0.5—0.7 may look virtually the same as for v ~ 0.1—0.2. Decreases in the pulsar-
tube radius could be due to a structure of currents in the magnetosphere that results in the pulsar diode on
the neutron-star surface occupying only a small fraction of the pulsar tube, with the remainder of the tube
containing an outer annular gap. The pulsar-tube size is also affected by the presence of a circum-pulsar
disk. A change in the pulsar-tube radius could also be due to an external magnetic field, associated with
either a magnetic white dwarf or a circum-pulsar disk.

PACS numbers: 97.60.Gb
DOI: 10.1134/S1063772909010107

1. INTRODUCTION

The global structures of pulsar magnetospheres
are currently being actively studied (see, e.g., [I=3]).
The most important region in the magnetosphere is
the region with open magnetic-field lines (the pulsar
tube), where the radio and gamma-ray radiation of
the pulsar are generated. Even small changes in the
structure of the magnetosphere can strongly influence
the gamma-ray and X-ray radiation of the pulsar, as
well as its radio emission [3, 4].

The presence of small-scale magnetic fields near
the neutron-star surface is no less important for the
pulsar tube’s operation. These fields also give rise to
appreciable changes in the non-thermal X-ray and
gamma-ray radiation of the pulsar tube.

The X-ray and gamma-ray radiation of pulsars in
the absence of small-scale magnetic fields and dis-
tortions in the outer part of the pulsar magnetosphere
has been studied in detail in many works (see, e.g.,
[5—9]). The possible existence of small-scale mag-
netic fields and their effect on the operation of the
pulsar was considered in [5, 10—14].
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The current paper is a direct follow-up of [15—
18]. We consider here only one aspect of distortions
in the pulsar magnetosphere: the effect of the pulsar-
tube radius on the non-thermal X-ray and gamma-
ray radiation of the pulsar. We allow for the possi-
ble existence of small-scale magnetic fields near the
neutron-star surface.

We considered the radio pulsar in a Goldreich—
Julian model (a “polar cap” model) with the free
emission of electrons from the neutron-star surface.
Near the surface, there is a region with a non-zero
longitudinal electric field (E) = EB/B # 0), called

the pulsar diode [19].

When calculating the intensity of the non-thermal
X-ray and gamma-ray radiation of the pulsar tube,
we considered only the curvature radiation of primary
electrons. This approximation is justified at energies
up to 100 MeV if the surface temperature of the
neutron star and polar cap is fairly low, T' < 10 K.

We also neglect all general relativistic effects ex-
cept for the dragging of inertial reference frames,
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which makes an important contribution to the elec-
trostatic potential.

2. ELECTRIC FIELD

We describe the non-dipolarity of the magnetic
field near the neutron-star surface using the same
model as in [16] (see also [17, 18]). Thus, the mag-
netic field near the neutron-star surface (with radius
we denote a) is described using two dipoles. The first
dipole (the main one, with the greatest magnitude)
m is at the center of the neutron star. We denote the
angle between m and the pulsar rotation axis €2 x,
and will assume everywhere that y = 10°. The second
dipole, my, is located in the region of the magnetic
pole of the neutron star (with its center on the axis of
the main dipole m) at a distance aA from the surface
(deep in the star). We will take my to be perpendicular
to m; the angle between m;) and the (m, €2) plane
is denoted v (v = 7 corresponds to m; lying in the
(m, Q) plane and directed toward the pulsar rotation
axis). We will assume everywhere A = 0.1.

Let us introduce a spherical coordinate system
(n= 2,0,(;5) s with its origin at the neutron-star

center n = 0; we align the Oz axis with m and the
Ox axis with my; thus, m = me, and m; = mqe,.
In this coordinate system, in the small-angle approx-
imation 6 < 1, the magnetic field near the neutron-
star surface is [16]

B By (6

o= (G ueose). (1)

n
B

By = — ??usin(;b,
n

B, =

where = v <77 —Aszi— A

B, are the magnetic-field intensities created by the
dipoles m and mj, respectively, at the magnetic pole
of the neutron star(n =1,0 =0, ¢ = 0).

To find the curvature of the magnetic-field lines we
use formula (2) from [16] (see also [18]):

3 3(1—A) Mt
e (52)
We can find the electric field in the pulsar tube
using the model described in [17] (the notation we
use here is described in [18]). In the case of a thin
pulsar tube (when the height of the upper plate of the
diode z. = n. — 1 is much greater than the pulsar-
tube radius 6y), the electric potential in the pulsar

diode is calculated using formula (10) from [17]:

- Ma-e (3)

2me

3
> V= Bl/Bo,aI]dB() and

)
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where

f(n) = (cos x + psin x cos ) :
V1 p?

where F'is the magnetic flux through the pulsar tube,
and ¢ is the distance across the tube (£ =1 corre-
sponds to the tube boundary and £ = 0 to the central
magnetic-field line).

In this case, according to formula (8) of [17], the
electric charge density is

OB
p(n,&,¢) = 5

where B is the magnetic-field intensity at the point
(7, &, ).
[z, <1, 2.< A 0«1, and sin 8 < zS or ZC,

where (is the angle between the magnetic field B and
the normal to the neutron-star surface e,., we can find
the electrostatic potential in the region of the pulsar
diode using formula (6) of [18]:

b = 20 K, i ! <z+ F(z’%)> (5)

(1=k)f(1), (4)
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Zi, k; are the roots of the

equation Jy(k) = 0, By is the magnetic-field inten-
sity at the neutron-star surface at the center of the
pulsar tube (n=1, £ =0, ¢ =0), and Osa is the
pulsar-tube radius at the neutron-star surface. Due
to the conservation of magnetic flux in the tube,
62a2B2, — F.

The expressions for the coefficients Ky and K are

= \/1:-V2 [(1—1@)005)(

(1) pamen
+ 1—1—2 vsiny cosvy|,
B 1 v v (
V142 Al+v2

(1= )] cosx.

Q
where &y = aBsa, v =
c

Ky

K [Bk + 1-A)

3v 1

kE k4 .
~A (1402302 (1—A+ 5 + oY A) sin x cos 7.



88 BARSUKOV et al.

In this case, we can find the electric charge density
in the region of the pulsar diode using formula (4)
of [20]:

QB

- 2me

p(n,&, )

1 1 _ e—’Yz‘Zc 2
A(§)=—Ko — Ky ; Vi 14 ez ki Jy (k;)

A(8),
Jo(ki€),

where B is the magnetic-field intensity at the point

(1,&,9).

In the region 0 < z < z. (the region of the pulsar
diode), we assume the energy of the primary electrons
to be

E(n,&,¢) =mc®L(1,€, ¢) = ePmc?,
where @ is the electrostatic potential at (n, &, ¢).

When radiative deceleration is taken into account,
we can find the energy of the primary electrons in the
screening region z > z. using formula (3) of [15]:

Ie

9r n 1/3
“2¢°131

8 a 0§ C n T]C 9y

ed
777,62 (ZC7 67 (ZS) and Te =

[(2,€,¢) =
1+

where we have denoted ', =

2

e is the classic electron radius. If radiative decel-

eration is neglected, we assume for the energy of the
primary electrons at z > z. I'(n, &, ¢) = T'..

The height of the upper plate z. of the pulsar diode
is chosen precisely as in [20] (see also [18]); i.e., it

1
y =0
(which is shifted from the pulsar-tube center toward

positive values of z, i.e., in the direction of m,), the
electron—positron pair multiplication factor is

is assumed that, at the point (z = 2z, £ =

Q<z:zc,§:;,¢20>20.1. (6)

When calculating @, we considered only the genera-
tion of electron—positron pairs via the absorption of
curvature photons radiated by primary electrons in
the magnetic field.

The generation of gamma-ray radiation is calcu-
lated precisely as in [18]. We took into account only
curvature radiation of the primary electrons and its
absorption in the magnetic field (leading to the birth
of electron—positron pairs).

3. CHANGE IN THE TUBE RADIUS

We considered only the distortion in the pulsar
magnetosphere in the form of changes in the pulsar-
tube radius. When calculating the electron—positron
pair multiplication coefficient @) and the gamma-ray
intensity, we took the magnetic field at large heights
to be purely dipolar (coincident with the field of the
main dipole m), and neglected the shiit of the pulsar-
tube center relative to the axis of the main dipole m
at large heights. Moreover, we assumed throughout
that the pulsar-tube cross section is circular, and that
the pulsar-tube radius at large heights is given by

Q
dHOdipang, where Oqqip, = Ca. The magnetic flux F

through the pulsar tube was taken to be
F = B07T98dipd2a2,

where the dimensionless parameter d describes the
decrease in the pulsar-tube radius relative to its
purely dipolar value 8qqip: 0o = dfyip-

Generally speaking, finding the pulsar-tube ra-
dius allowing for all currents flowing in the magne-
tosphere and for possible external disturbances is a
complicated and, until now, not fully solved, problem
(see, e.g., [2, 21]). Therefore, we treat d as, generally
speaking, arbitrarily chosen model parameter.

One interesting case is when the current through
the pulsar tube flows such that the standard pulsar
diode can exist at the neutron-star surface only in a
small region near the pulsar-tube center, while the
remainder of the tube is occupied by an annular gap
[22]. As a result, in spite of the fact that the tube
radius may remain constant, the diode at the neutron-
star surface operates as if the tube radius has strongly
decreased. Note that Timokhin [1] obtained a current
distribution in the pulsar tube very similar to that
described in [22].

In the case of an external influence on the mag-
netosphere of a radio pulsar, the value of d can be
estimated as follows. If the pulsar is surrounded by
a circum-pulsar disk, its interaction with the pul-
sar magnetosphere can result in the appearance of
electric currents that, in some situations, can change
the entire structure of the magnetosphere and, as a
minimum, the pulsar-tube radius (see, e.g., [3, 23—
25]). The pulsar-tube radius can either decrease [23]
or increase [3].

We estimate here the effect of a circum-pulsar
disk on the pulsar-tube radius using the model [23],
according to which the magnetic field is given by

Br:2m

.3 [sin@cos¢sinx (7)

2 1-Y
+  cosxcosf <arctanX + > },
T X
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m
By = 3{ — cos 0 cos ¢ sin x
r
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2
4+ cosxsinf [ arctan X +
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cos2f b2 ’
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X =b|cos0|\/2/[(r2 —b2) +72/Y],
Y =12/y/(r? — b2)2 4 4212 cos? 6.

Here, all quantities are given in the spherical coor-
dinates (r, 8, ¢), with the Oz axis directed along the
pulsar rotation axis €2; b is the inner radius of the disk.

We calculate the pulsar-tube radius as follows. We
seek the magnetic lines of force (7) that begin at the
points

X = a (e cos it + e, sin ),
0 <p<2m,

where a is the neutron-star radius, e,,, = is a unit

vector along the axis of the main dipole, and e, is a
unit vector perpendicular to €2 and m. For the angle
0y denoting the pulsar-tube boundary, we take the
value p corresponding to the last line of force that
does not cross the light cylinder.

The effect of an external magnetic field B, on the
operation of a radio pulsar with a dipolar magnetic
field was examined in [26]. To find the pulsar-tube
radius, we must seek the magnetic lines of force [26]:

2

3(m,r)r —mr ' B, (8)

B(r) = 5
In the case of axial symmetry, the equation for the
lines of force can be found analytically, and the pulsar-
tube radius turns out to be [26]

1 —
dJ o at B=mx=0,  (9)
1

3
Uioe,

Q
where npc = < Ca is the light-cylinder radius

(measured in neutron-star radii), g is the angle
between B, and the pulsar rotation axis Q, ap =
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B. [ Qa
BO < C
magnetic-field intensity of the main dipole at the light
cylinder at the tangent point of the last closed line of
force).

Formula (9) and the right-hand expression in
parentheses in (10) describe the divergence of the
magnetic lines of force of (8) at the light cylinder
during the formation of a wave zone. The left-hand
expression in parentheses in (10) is a special case of
the approximation formula from [26]:

<\ 70.48
d= </2704 cos 8
Ve 2 ’
where [ is the angle between B, and the direction of
the axis of the main dipole m. This formula describes
the divergence of the lines of force (their extension
to infinity) under the action of a constant external
magnetic field. This mechanism is in no way related to

the pulsar rotation, and operates even in nonrotating
pulsars [26].

-3
> (here, 2qy is the ratio of B. to the

4. RESULTS

Figures 1—4 show time-averaged spectra of the
gamma-ray radiation of the pulsar tube of a radio
pulsar for B =0.2B., P =0.5s, x = 10°, kK = 0.15,
and A =0.1. The angle between the line of sight
and pulsar rotation axis is 10° (i.e., at some time,
m is parallel to the line of sight). The solid curve
corresponds to a purely dipolar field (v = 0), the long-
dashed curve to v = 0.1, the short-dashed curve to
v = 0.2, the dotted curve to v = 0.3, the dash-dot
curve to v = 0.5, and the dash—double-dot curve to
v =0.7.

The left-hand graph in Fig. 2 corresponds to the
case when the pulsar is surrounded by a circum-
pulsar disk that cuts the pulsar magnetosphere at a
height of one-third of the light cylinder (i.e., b = 1/3).
The left-hand graphs in Figs. 3 and 4 correspond to
the case when the pulsar is in a uniform magnetic
field B.. The magnetic-field intensity B, is equal to
the intensity of the main dipolar field m at the light
cylinder. The left-hand graph in Fig. 3 corresponds
to a uniform magnetic field directed opposite to the
pulsar rotation axis (B, T] €2); in Fig. 4, this field is
aligned with the rotation axis (B, 11 €2). Figures 5—
7 present parameters of the intensity of the curvature
radiation of the pulsar tube as a function of the pulsar
phase for the same pulsar.

The table lists the heights of the upper plate 2. and
primary-electron energies I at the point (z = z.,& =
0, ¢ = 0) that were used to derive these spectra.

For all cases of a purely dipolar magnetic field
(v =0) and for non-dipolarity v = 0.1 with d = 0.2,
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Fig. 1. Time-averaged spectrum of the gamma-ray radiation of a pulsar tube for B = 0.2B.; G, P = 0.5 s, x = 10°, k = 0.15,
A =0.1,d =0.2, and v = 7 (left), or v = g (right). The solid curve corresponds to a purely dipolar field (v = 0), the long-
dashed curveto v = 0.1, the short-dashed curve to v = 0.2, the dotted curve to v = 0.3, the dash-dot curve to v = 0.5, and the
photon

m2 s MeV
at a distance of 1 kpc. The photon energy e is in MeV. For v = 0 and v = 0.1, the lower limit for the gamma-ray intensity is

shown: the pulsar is turned off after the creation of electron—positron pairs by curvature radiation in the magnetic field.

dash—double-dot curve to v = 0.7. The gamma-ray intensity N is in units of . of the flux received from a source
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Fig. 2. Same as Fig. | for B=0.2B: G, P =0.5 s, x =10°, k= 0.15, A = 0.1, v = m; the left panel corresonds to
d = 0.363, =g and the right panel to d = 0.5. For the case of a purely dipolar field (v = 0), the pulsar is turned off.
c
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Fig. 3. Same as Fig. | for B=0.2B: G, P=0.5s, x =10°, k = 0.15, A = 0.1, v = m; the leit panel corresponds to
d=0.71, 4 = ;, [ = m, and the right panel to the case of an unperturbed pulsar magnetosphere with d = 1.0.
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Fig. 4. Same as Fig. I, for B=0.2B; G, P=0.5s, x = 10°, k = 0.15, A = 0.1, v = m; the leit panel corresponds to
;, [ =0, and the right panel to d = 1.5.
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and vy = m; the left panel corresponds to d = 0.5 and the right panel to d = 1.0. The solid curve corresponds to a dipolar field
(v = 0), the long-dashed curve to v = 0.1, the short-dashed curve to v = 0.2, the dotted curve to v = 0.3, the dash-dot curve
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Fig. 7. Same as Fig. 5 for B=0.2B; G, P =0.5s, x = 10°, k = 0.15, A = 0.1, and v = m; the left panel corresponds to
d = 0.5, and the right panel to d = 1.5. The photon energy is | MeV.
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Fig. 8. Angle ¥ between the photon momentum and magnetic field as a function of the path s traversed by the photon. The
photon starts from the point (z = 1072, 6, ¢ = 0). The solid curve corresponds to a starting point with § = 4.0 x 1072, the
long-dashed curveto§ = 4.1 x 1072, the short-dashed curveto @ = 4.2 x 1072, the dotted curve to 8 = 4.3 x 1072, the dash-
dot curve to @ = 4.4 x 102, the dash—double-dot curve to = 4.5 x 10~ 2, and the dash—triple-dot curve to § = 4.6 x 10~2.
The parameters of the magnetic field are B = 0.2B.; G, v = 0.6, and A = 0.1. The photon path s is in neutron-star radjii.

we used the potential (3) and included radiative de-
celeration. In all the remaining cases, we used the
potential (5) and neglected radiative deceleration.

Figure 1 and the table show that, if the radio pul-
sar is turned off, the energy of the primary electrons
and magnetic-field line curvature grow with the non-
dipolarity of the magnetic field. This increases the
intensity of the pulsar gamma-ray emission as the

non-dipolarity grows (as the pulsar approaches the
turn-off limit).

When the pulsar has crossed the turn-off line and
has become operational, the upper plate of the pulsar

diode appears. This results in a sharp decrease in the
potential, as well as the intensity of the gamma-ray
emission. Further, we can see from Figs. 2—4 that the
intensity of the gamma-ray emission decreases as the
non-dipolarity of the magnetic field grows (i.e., as the
pulsar moves away from the turn-off line).

However, near v = 0.5—0.7, we observe a local
rise of the potential (and, in some cases, of the height
of the upper plate z.). This results in an increase in the
intensity of gamma-ray emission; as a consequence,
the average intensity and pulse profile of the pulsar
with v = 0.5—0.7 become very similar to those of a

ASTRONOMY REPORTS Vol. 53 No.1 2009
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Heights of the “upper plates” z. of the diode and primary-electron energies I (in units of mc?) at (2

used to find the gamma-ray intensity for a pulsar with B = 0.2B. G, P = 0.5, x = 10°, k = 0.15, A :’0.1

v 2., 1072 r, 10° vz, 1072 T, 10°
d=02,y=m d=02,y=

0.0 200.0 26.1 0.0 200.0 26.1
0.1  200.0 29.5 0.1  200.0 26.8
0.2 2.72 9.77 0.2 5.21 11.5
0.3 1.54 7.87 0.3 2.23 7.71
0.4 1.15 7.50 0.4 1.50 7.13
0.5 0.98 7.79 0.5 1.21 7.32
0.6 0.94 8.83 0.6 1.10 8.18
0.7 1.05 11.7 0.7 1.16 104
0.8 0.79 8.69 0.8 0.98 9.30
d=0.71,’y:7r,ozb:;,ﬂ=ﬂ' d=10,y=7
0.0 453 230.0 0.0 15.3  235.0
0.1 1.59 13.5 0.1 1.47 129
0.2 1.03 8.99 0.2 1.0 8.74
0.3 0.81 7.76 0.3 0.80 7.72
0.4 0.69 7.64 0.4 0.70 7.80
0.5 0.65 8.48 0.5 0.66 9.03
0.6 0.68 12.4 0.6 0.75  16.8
0.7 0.56 8.62 0.7 0.54 7.63

pulsar with » = 0.1—0.2. For instance, in the left-
hand graph in Fig. 2, the curves corresponding to
v = 0.7 and v = 0.1 essentially merge; the curves for
v =0.2, v =0.5, and v = 0.7 in the left-hand graph
in Fig. 3 almost coincide; the curves forv = 0.2, v =
0.5 and for v = 0.3, v = 0.7 in the right-hand graph
in Fig. 3 are likewise nearly identical; and the curves
corresponding to v = 0.1 and v = 0.5 in the right-
hand graphs in Fig. 1 and Fig. 4 coincide. Even in
this model case, these coincidences severely hinder
derivation of the non-dipolarity structure from the
intensity of the pulsar gamma-ray emission.

Having passed its maximum, the intensity of the
gamma-ray emission again decreases; for example,
in the right graph in Fig. 8, the curve for v = 0.7 lies
below the other curves. The presence of a maximum
in the dependence of the electrostatic potential on the
non-dipolarity is due primarily to the structure of the
magnetic field obtained from the model [16] describ-
ing the non-dipolarity. In some cases, this structure is
such that a photon emitted along the magnetic field B

ASTRONOMY REPORTS Vol.53 No.1 2009

vz, 1072 r, 10° v oz, 1072 T, 10°
d:0.363,’y:77,(zb:i1)) d=05,v=m

0.0 200.0 85.9 0.0 200.0 163.0
0.1 3.21 14.5 0.1 1.93 14.1
0.2 1.31 9.49 0.2 1.12 9.35
0.3 0.94 8.17 0.3 0.85 8.01
0.4 0.78 7.91 0.4 0.72 7.78
0.5 0.70 8.43 0.5 0.66 8.41
0.6 0.70 10.4 0.6 0.67  11.0
0.7 0.73 13.4 0.7 0.61 10.3
0.8 0.54 7.56 0.8 0.50 6.96
d:1.22,’y:7r,ozb:;,ﬂ20 d=15,yv=mw
0.0 9.47 239.0 0.0 6.0  245.0
0.1 1.44 12.6 0.1 1.42 12.5
0.2 0.99 8.73 0.2 1.0 8.88
0.3 0.81 7.85 0.3 0.81 8.15
0.4 0.71 8.08 0.4 0.72 8.61
0.5 0.68 9.79 0.5 0.71 11.3
0.6 0.67 12.5 0.6 0.62 9.65
0.7 0.53 7.22 0.7 0.51 6.86

(sin W = 0, where U the angle between the photon’s
momentum and B) first acquires a small angle ¥,
then, having traveled some distance, again ends up
moving along the magnetic field (i.e., again sin ¥ =
0). Figure 8 shows examples of the acquisition of
small angles W by photons starting from different
points.

This circumstance strongly hinders the generation
of electron—positron pairs near such points (at these
heights); this increases the height of the upper plate
of the diode z., and, consequently, the electrostatic
potential.

We must also take into account the fact that the
creation of electron—positron pairs is a threshold
process (vysin W > 2), and, despite the increase in the
curvature and potential, the photons still must travel
some distance before producing electron—positron
pairs. This slows somewhat the decrease in the height
of the upper plate of the diode z., which makes some
(albeit small) contribution to the increase in the
electrostatic potential.
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Note that the presence and position of a maxi-
mum in the potential are very model dependent. For
instance, we can see for the cases listed in the table
that the maximum gradually shifts from its position
at v ~ 0.7 and d = 0.2 to a new position at v ~ 0.5
and d = 1.5 with increasing tube radius.

Moreover, if we determine the height of the up-
per plate z. using the condition Q(z = 2., =0,¢ =
0) = 0.1 instead of (6), this shiits the maximum of
the potential by approximately év ~ 0.1. However,
regardless of the method used to find z., we observe
a gradual shift of the maximum toward smaller values
of v with increasing width d of the pulsar tube.
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