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ABSTRACT

At present, there is no direct information about evolution of inclination angle y between
magnetic and rotational axes in radio pulsars. As to theoretical models of pulsar evolution,
they predict both the alignment, i.e. evolution of inclination angle x to 0°, and its counter-
alignment, i.e. evolution to 90°. In this paper, we demonstrate that the statistics of interpulse
pulsars can give us the key test to solve the alignment/counter-alignment problem as the number
of orthogonal interpulse pulsars (x =~ 90°) drastically depends on the evolution trajectory.
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1 INTRODUCTION

Fifty years of intensive researching of radio pulsars have not lead
to complete understanding of the nature of many key processes in
the pulsar magnetosphere (Manchester & Taylor 1977; Lorimer &
Kramer 2012; Lyne & Graham-Smith 2012). We still know neither
the mechanism of coherent radio emission nor the real structure of
electric currents that are responsible for braking of neutron stars. In
this article, we try to show how the existence of orthogonal radio
pulsars itself may help us to clarify several important questions
faced by the theory.

Remind that one of the most important unsolved questions is
the problem of the evolution of the inclination angle x between
magnetic and rotational axes, i.e. between magnetic moment m and
the angular velocity £2 (see e.g. Beskin 2018). Nowadays there are
the theories predicting both the alignment, i.e. evolution of inclina-
tion angle x to 0°, and its counter-alignment, i.e. evolution to 90°.
In what follows we call the first group as magnetohydrodynamic
(MHD) model, as the alignment evolution is mainly based on the
results of numerical simulations within ideal MHD (Tchekhovskoy,
Spitkovsky & Li 2013), and the second group as BGI model as the
counter-alignment scenario was first proposed by Beskin, Gurevich
& Istomin (1984).

Unfortunately, at present it is impossible to determine the
evolution of inclination angle x of individual pulsars directly
from observations. As to different indirect methods, they give
controversial results (Rankin 1990; Tauris & Manchester 1998;
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Faucher-Giguere & Kaspi 2006; Weltevrede & Johnston 2008;
Young et al. 2010; Gullén et al. 2014). In particular, it was found
both directly (i.e. by the analysis of the x distribution) and indirectly
(i.e. from the analysis of the observed pulse width) that statistically
the inclination angle x decreases with period P as the dynamical age
p = P/P increases. At first glance, these results definitely speak
in favour of alignment mechanism. However, as was demonstrated
by Beskin, Gurevich & Istomin (1993), the average inclination
angle of pulsar population, (x )(7p), can decrease even if inclination
angles of individual pulsars increase with time due to dependence
of the so-called ‘death line’ on the inclination angle x. Moreover,
recently, by analysing 45yr of observational data for the Crab
pulsar, Lyne et al. (2013) found that the separation between the
main pulse and interpulse increases at the rate of 0.6° per century
implying similar growth of x (see however, Arzamasskiy, Philippov
& Tchekhovskoy 2015; Zanazzi & Lai 2015).

Thus, until now it was not possible to formulate a test that would
allow us to distinguish between these two models of evolution, as
both models reproduce well enough the real distribution of pulsars
on the P-P diagram. For this reason, so far the mechanism for
pulsar braking has remained unknown. Further we will show that
statistics of orthogonal interpulse pulsars (with inclination angles
close to 90°) may give us a key test to solve this problem as the
number of interpulse pulsars directly depends on the inclination
angle evolution.

As is well-known (Manchester & Taylor 1977; Malov 1990;
Lyne & Graham-Smith 2012), the interpulse appears if we observe
either two opposite poles (a double-pole or DP pulsar) or the same
pole twice (a single-pole or SP pulsar); in the latter case, two
peaks correspond to the double intersection of the same hollow-
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Table 1. The number of axisymmetrical (SP) and orthogonal (DP) in-
terpulse pulsars. Lower limit corresponds to the number of certainly
defined pulsars, when different catalogues are in agreement with each
other; the upper limit corresponds to the highest number that can be
obtained (see Appendix A). When determining the percentage, the ATNF
catalogue (Manchester et al. 2005) is used.

Ps] 0.03-0.5 0.5-1.0 > 1.0
Nsp 410 23 0=1

(0.4 =1.0)percent (0.3 +0.4)percent (0.0 0.1) percent
Npp 18 =26 3+5 0=1

(1.8 =2.6)percent (0.4 -+-0.7)percent (0.0 =+ 0.1) percent

cone directivity pattern. For the DP case, the inclination angle
x is close to 90°, while for an SP pulsar, this angle is close to
0°. Since the procedure for determining of the inclination angle
(which is based on the analysis of the polarization properties
of mean profiles) contains a number of uncertainties, different
catalogues (see e.g. Maciesiak & Gil 2011; Malov & Nikitina
2013) give different number of orthogonal pulsars (see Table 1
and Appendix A). But in any way we can be sure that there are
about dozens of them, therefore several certain claims can be done.

This paper is organized as follows. In Section 2 the necessary
data on the properties of orthogonal pulsars are given. Further,
in Section 3.1 we start with defining the regions within the polar
cap where the secondary plasma is generated for nearly orthogonal
pulsars. Assuming, as is usually done, that the intensity of the radio
emission is proportional to the density of the outgoing plasma (in the
BGI model, the radio luminosity is a fraction of 10~3 of the plasma
energy flux) this allows us not only to clarify the shape of the direc-
tivity pattern for interpulse pulsars, but also define the parameters of
the ‘death-line’ and, in particular, its dependence on the magnetic
field on the neutron star magnetic pole By (Section 3.2). Then,
according to this information, we make an observational constraint
on one of the key model parameters (Section 3.3). In Section 4 we
define the visibility function that connect the ‘true’ distribution by
physical parameters to the observed one for orthogonal interpulse
pulsars. Then in Section 5 we use the kinetic equation approach
to obtain the distributions theoretically. Finally, in Section 6 we
determine the number of expecting orthogonal interpulse pulsars
for different models and show that such an analysis provides a
test to distinguish the alignment and counteralignment evolution
scenario. The Section 6.1 is a recap of previous results, while in 6.2
we make a crucially important correction to BGI model and provide
its main implications. Then in Section 6.3 we conduct a Monte Carlo
simulation to consider the corrected evolution law more thoroughly
and compare its results to observations. Finally, in Appendix we
discuss the ATNF catalogue limitations and give possible ways
that would allow us to overcome the incompleteness of this
catalogue.

It should be emphasized that such a consideration, when 2D
distribution of the density of the outflowing plasma over the surface
of the polar cap in the vicinity of the death line is studied, is
actually carried out for the first time. Until now, the efficiency
of particle production has been discussed either in the 1D case (see
e.g. Shibata 1997; Beloborodov 2008; Timokhin 2010; Timokhin &
Arons 2013; Timokhin & Harding 2015) or, more recently, far from
the death line (Bai & Spitkovsky 2010; Lockhart et al. 2019). In any
case, in these works the strong distortion of the radiation pattern of
orthogonal pulsars was not discussed in detail. As a result, it is still
often assumed that for orthogonal pulsars the directivity pattern has
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Figure 1. Geometry of an orthogonal radio pulsar with inclination angle
x = 90°. Observer located over the equatorial plane detects two pulses
corresponding to two areas with different signs of Goldreich-Julian charge
density pgy (1).

standard hollow cone structure (see e.g. Johnston & Kramer 2019).
It is clear that this question becomes the key one in the analysis of
the visibility function of orthogonal pulsars.

2 ORTHOGONAL INTERPULSE PULSARS

To begin with, let us discuss two examples that show what kind
of information we can gain from the very existence of orthogonal
interpulse pulsars. For simplicity, we put the inclination angle x =
90° in this section.

At first, remember that morphological and polarization properties
of both pulses in observable interpulse pulsars are similar to ordinary
ones (see e.g. Keith et al. 2010). Thus, the process of secondary
plasma generation passes with the same pace as it is for ordinary
pulsars. On the other hand, as is shown in Fig. 1, main pulse and
interpulse can belong to areas with different signs of Goldreich &
Julian (1969) charge density (the one that is required to screen the
longitudinal electric field)

2B

=" 1
PGJ e (D

i.e. to different signs of the normal vector of the electric field in areas
of plasma particles acceleration. Hence, one can conclude that the
injection of particles from the star surface does not play important
role in pair creation mechanism as the work function and moreover
masses of electrons and protons differs significantly.

In other words, the very existence of orthogonal interpulse pulsars
supports Ruderman & Sutherland (1975) theory, according to which
the ejection of electrons from the star surface was assumed to
be inefficient, in opposition to Arons (1982) model, in which it
was supposed that ejection is free. Remind that latest simulations
of particle generation in polar regions of neutron stars (Timokhin
2010; Timokhin & Arons 2013; Timokhin & Harding 2015) have
actually proved that the injection from the surface does play a small
role.

‘We know that to support the high efficiency of pair creation in the
polar region of neutron star (which is necessary to detect a neutron
star as a radio pulsar), the potential drop near the star surface is to
be similar to one for ordinary pulsars. For Ruderman-Sutherland-
type models the potential drop ¢ in the pair creation region can be
evaluated as

Y ~ 2mpe H, )

where H is the inner gap height. This implies that potential drop
(2) is proportional to Goldreich-Julian charge density pgyocBcos 6,
where 6, is the angle between angular velocity §2 and magnetic
field B.

On the other hand, for orthogonal interpulse pulsars cos 6, near
the polar caps is rather small:

QR\ 12
cosy ~ [ — . 3)
C
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For this reason, for interpulse pulsars their magnetic field By should
be much larger than for ordinary pulsars to maintain the same
efficiency of pair production. As even for fast pulsars with period
P about 0.1-0.5 s (as was shown in Table 1, most interpulse pulsars
belong to this range) the corresponding factor (R/c)~"? = 2040,
observed interpulse pulsars must have ten times stronger magnetic
field than for ordinary pulsars. Hence, to analyse their statistical
properties, the magnetic field distribution should be taken into
account.

To sum up, one can conclude that detailed study of properties of
orthogonal interpulse pulsars (that has not been done yet) should
allow the significant advance in understanding the key processes
in the neutron star magnetosphere. Moreover, as we show in what
follows, a test that may answer the question about the evolution of
the inclination angle can be formulated.

3 DIRECTIVITY PATTERN OF ORTHOGONAL
PULSARS

3.1 Plasma generation area

Before formulating the test itself, we need to find the shape of the
directivity pattern of orthogonal pulsars, which must be associated
with the region of plasma generation in their polar cap. It is an
essential question, as we need to find the range of the inclination
angles where both poles can be observable. The main difference
with the pulsars having moderate inclination angles yx is that for
almost orthogonal pulsars the particle creation is to be depressed
not only near the magnetic pole where the curvature radius R, of
magnetic field lines is very large, but also near the line where the
Goldreich-Julian charge density (1) vanishes. Indeed, according to
(2), in this case, the potential drop i is too small to create pairs.
Hence, the shape of the directivity pattern that highly depends on
the charge density is to differ significantly from the standard hollow
cone.

To estimate the height of the inner gap H (a domain with non-zero
longitudinal electric field where the acceleration of primary particles
occurs) we use the relations presented recently by Timokhin
& Harding (2015). As was mentioned above, these expressions
actually do not differ from ones obtained by Ruderman & Sutherland
(1975). However we will take the dependence of charge density
on the angle 6, between magnetic field and rotational axis into
consideration. It is easy to do if one change 2 to Q2|cos8,|. As a
result, we obtain

Hgs = 1.1 x 10*| cos 6, 7R P/ B, em. (4)

Here and in the following similar expressions the magnetic field By,
is expressed in 10'> G, pulsar period P in seconds, and curvature
radius R, 7 in 107 cm.

Below we also use the results from the same work for multiplicity
of particle generation A = n./ng;y:

A=54x10'R3"PBY,  Bih<5, 5)

A=1.6x10°RPVB.,  Bi>S5. (6)

As a result, we may write down the outflowing plasma number
density as

QB|cos 0|
Ne = A————. @)
2mce

Introducing now the polar coordinates (0,,, ¢,,) on the polar cap
of the neutron star, we obtain for dipole magnetic field in the limit
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QR/lc <« 1

3
O =x — Eem sin @y, (3)

Accordingly, for dipole magnetic field the curvature radius R, at the
star surface looks like

R 4R 9

=35 ©)
Thus, using relations (4)—(9) one can find the distribution of the
number density n. of the outflowing plasma within open field line
region.

It is important to remember that equation (2) was obtained on
the assumption that the height of the accelerating area H is less
that its width. Usually, the polar cap radius Re,, ~ (QR/c)'R is
used as a characteristic size. And the equality Hrs = Rcqp is taken
as a condition of the ‘death-line’ on P — P diagram (Manchester
& Taylor 1977; Lyne & Graham-Smith 2012). But for orthogonal
pulsars, we must clarify this criterion. Below, as a condition for the
applicability of the 1D approximation, we put

HRS < Rmina (10)

where Ry is the distance towards nearest characteristic point or
lines: magnetic pole, edge of the polar cap, or the line, where pg; =
0. In more detail, we put A = Ars (5)—(6) for Hrs < Rumin, and use
linear function A = KR, matching it to the boundary Hrs = Ruin
so that A vanishes at the characteristic lines.

In Fig. 2 we show the areas of plasma generation region for
different periods P, magnetic fields By, and inclination angles
x- Level lines correspond to number density n. of outflowing
plasma; critical number density n., determining the shape of the
directivity pattern will be found in the next subsection. Here we
make an assumption that the polar cap has circle shape with
its radius Re,p = f1>(Q2R/c)'/>R, where the dimensionless polar
cap area f, belongs to interval between 1.59 while x = 0° and
1.96 while y = 90° (Beskin, Gurevich & Istomin 1983; Gralla,
Lupsasca & Philippov 2017). As one can see, while the inclination
angle x goes to 90°, geometry of plasma generating areas become
more and more complicated. For large periods P and small mag-
netic fields By generation of secondary plasma obviously brakes
down.

3.2 ‘Death line’ and directivity pattern

Now, we have to determine the so-called ‘death line’, i.e. the
boundary of the area of pulsar parameters that admit effective
secondary plasma generation. In what follows we assume that it
is this condition that determines the boundary of the directivity
pattern of the radio emission.

As was shown by Beskin et al. (1993) (see also Arzamasskiy,
Beskin & Pirov 2017), within Ruderman-Sutherland model, the
condition for the efficient secondary plasma generation which is
necessary for the generation of radio emission, can be written down
as Opgr < 1, where

Opgi = A P15/|4Bl—24/7 cosX2 5. an

Here A &~ 1 and d =~ 0.75. Since the accuracy of determining the
value of A is actually small, in what follows we assume that A lies in
the range from 0.5 to 2. To correlate this value with our numerical
results we suppose that generation of radio emission takes place
only for large enough number density of the outflowing plasma
Ne > Ny
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Figure 2. Geometry of plasma generation region for different parameters.
Critical number densities n¢r, which determine the shape of the directivity
pattern, are shown in bold line.

Asone can see from Fig. 3, the death line obtained numerically fits
the theoretical #-dependence with an accuracy about 10 per cent. We
take here magnetic field B, = 1 as a clear mean value. Appropriate
values n., are given in Table 2. Thus, we can use these critical
number densities to determine the transverse structure of effective
pair generation region for orthogonal pulsars (and, hence, the shape
of their directivity pattern). In Fig. 2 the corresponding critical
densities are shown in bold line.

3.3 Observational constraint for the value A

It is important that the value of A can be constrained from
observations while considering a subset of pulsars with measured
periods P, their derivatives P and inclination angles . Namely,
pulsar death line equation Oggy = 1 (11) can be rewritten in the
form

cos?/13 x=P. (AWISBES/IS), (12)

where Bj, is model-consistent estimate of pulsar magnetic field
taken again in 10'2G. Therefore, the ‘death line’ of pulsars is
conveniently depicted on the plane of the inclination angles and the
modified periods P - (A'*/5B; /%), The value of magnetic field
By, explicitly depends on P, P, and x and can be directly obtained
from pulsar spindown law.
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Figure 3. Theoretical (11) (dashed curve) and numerical (solid curve)
‘death lines’ for different coefficient A. Appropriate values of n are given
in Table 2.

We considered 153 normal pulsars with inclination angles x
evaluated by Lyne & Manchester (1988) and Rankin (1993) which
magnetic fields were estimated within both BGI and MHD ap-
proaches (see Appendix B). We adopted five reasonable values for
A =04, 0.5, 0.6, 0.7, and 1.0 and tested whether these pulsars
satisfy the death line condition (12). As one can see from Fig. 4, for
both models the values A < 0.5 presume a remarkable gap between
the cloud of pulsars and proposed ‘death line’. On the other hand,
the values A > (.7 presume significant number of objects beyond
the ‘death line’.
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Table 2. Values of n for three different values of A.

A 0.5 1.0 2.0

ner (101 em™3) 0.026 0.3 2.8

Of course, the data used above cannot be regarded as accurate
due to the measurement errors in pulsar inclination angles. And the
problem here is that most of observers ignore measurement errors
for x since that are affected by significant systematic uncertainties.
Indeed, estimate of x strongly depend on the adopted model of pul-
sar emission geometry. Nevertheless, we believe, that estimations
made by Lyne & Manchester (1988) and Rankin (1993) are relevant
and their systematic errors, being unknown, still significantly less,
than the whole scatter of x throughout the pulsar subset. Thus, we
conclude that A can be constrained as 0.6-0.7 for real pulsars.
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4 VISIBILITY FUNCTION OF THE
INTERPULSE PULSARS

In this section we determine the beam visibility function of
interpulse pulsars V%8 | that obviously plays the main role in their
statistics. For ordinary pulsars it is determined by the width of the
directivity pattern W;, i.e. by the radiation radius ry,q4, as for dipole
magnetic field (Manchester & Taylor 1977; Lyne & Graham-Smith

2012)

3 QR\'"? [\ 1/2
wa=3 (25) ()" =

Here and below Wy, corresponds to the pulse width at the
50 per cent intensity level usually presented in catalogues (factor
3/2 is well-known broadening of the dipole magnetic field).
Accordingly, we suppose that the total width W, = 2Wsy.
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Figure 4. Observational test for the death line equation (12) using 153 pulsars with known inclination angles x for different models. The ‘death line’ is shown
by red solid line, while pulsar positions within these plots depend on the adopted value of A. As one can see, the values A ~ 0.6—0.7 seem optimal for matching

the border of pulsar cloud for both models.
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Figure 5. Two cases when it is possible to observe interpulse for orthogonal
pulsars.

Remember that observable width of the mean pulse depends on
the inclination angle x
Wso

W = . 14
30 sin x a5

where, according to (13), Ws, can be present as

W5() = ﬁ (15)
In what follows Wsy is taken in degrees as it will be more suitable
in further calculations.

For ordinary pulsars (i.e. for pulsars with inclination angles x <
90°) the visibility function is
Vs — sin x W,. (16)

beam

For orthogonal interpulse pulsars we have to replace W, with the
width of the area §W where both two poles can be observable:
Vo oo = 8W. In Fig. 5 two possible realizations are shown. In the
first case, when the inclination angle y is not so close to 90°, it is
possible to observe interpulse that correspond to the same sign of
Goldreich-Julian charge density pg; (1). On the contrary, when x &
90° we have to observe the regions that correspond to different signs
of pgj. Both cases can be implemented under certain conditions
simultaneously. The total visibility function can be determined as
SW=06W; + 5W,.

Certainly, the directivity pattern (and, therefore, the visibility
function §W) depends on the generation level r.,4. Below we
consider two cases: g = 5 R and ryq = 7 R. According to (13)
we have Wy = 3° for rq = 5 R, and W, = 5° for r;,¢ = 7 R cor-
respondingly (sf. Rankin 1990; Maciesiak & Gil 2011). Assuming
now again that the generation region of radio emission repeats the
shape of the plasma generation domain, we can reconstruct the
directivity pattern by transferring corresponding plasma generation
profiles shown in Fig. 2 along dipole magnetic field from the neutron
star surface r = R to the generation level r = 7.

In Figs 6(a)—(c) we present the visibility functions W for
different pulsar parameters. As one can see, for ordinary magnetic
field By ~ 10" G the possibility to observe the interpulse is limited
to very small periods P < 0.2's only. Observation of the interpulse
for pulsars with periods of P of the order of 0.5 s becomes possible,
as was noted above, only for large enough magnetic fields By ~
10" G, which number is very small.

In particular, for the case when the main pulse and interpulse
correspond to different signs of the charge density pg;, the ‘death
line’ does not depend on the width of the directivity pattern. It
should be so, since at y = 90° the possibility to observe radiation
from one pole means that the second one will be also registered. In
other words, the ‘death line’ is associated only with the cessation
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Figure 6. Interpulse visibility function § W for two different window width
Wy (corresponding to two different generation level r,q) and different A for
magnetic field Bj, = 1.5. Dotted line corresponds to the width of the total
directivity pattern 2 Ws.

of secondary plasma generation, and not with the observer’s exit
from the directivity pattern. For this realization one can obtain
numerically for the maximum period P"™ (see also Figs 6a—c)

PY™ A 0.15 4770 BP. (17)

This estimate can be easily obtained analytically from relation (11)
if, according to (3), we put cos x = (QR/c)"?. It gives

Py~ 0.15 A7 B/, (18)

As to the case when the main pulse and interpulse correspond to
the same sign of the charge density pg;, their death line is to depend
on the width of the directivity pattern. In this case, the critical period
can be represented with good accuracy as

P (Wy = 3°) ~ 0.15 B, (19)

Po(Wy = 5°) ~ 0.22 B|". (20)

Thus, we come to important conclusion that the condition of the
possibility to observe interpulses

1
w/2—x < 3 Wi, 21
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which was usually used is to be corrected. As §W < W,, only a
small part of this region corresponds to the possibility to observe
the interpulse. As a result, the number of interpulse pulsars turns
out to be much less than it has been estimated so far.

5 POPULATION SYNTHESIS

5.1 Kinetic equation method

Recently we have already analysed the pulsar distribution on the
base of the kinetic equation describing the evolution of neutron
stars (Arzamasskiy et al. 2017). As the so-called dynamic age of
the interpulse pulsars tp = P/ P is usually small due to their small
periods P < 0.5s (see Table 1), it was assumed that the magnetic
field for ordinary pulsars can be considered constant.

Therefore the kinetic equation describing the distribution of
pulsars N(P, x, B) by period P, inclination angle x and magnetic
field B should be determined from the equation

I o
G PN+ 5 G =0, (22)

where the source Q depends actually on two unknown function, i.e.
on initial periods P and inclination angle x (as to magnetic field
distribution, it can be evaluated from observations). As to the values
P and y, they should be determined by the specific model of pulsar
braking. In particular, for BGI model we have (Beskin et al. 1993)

' 7 f2 B3R®Q

> 1o ipcos x, (23)
T
fZ BZR6QZ o
%—T*()IT:OSlnx. (24)
T

Here again f, ~ 1 is dimensionless polar cap area, /, is the moment
of inertia of a star, and iy = I/Igy is dimensionless electric current
circulating in the magnetosphere. These relations can be rewritten
as

2

. B
Pois = =32 Onaicos x, (25)

¢ = 1071 Bh 26
X = Ogar p2 SInX Cos X, (26)

where P_;5 = 103 P, and Qg is just the parameter (11) entered
above. Accordingly, MHD model gives (Tchekhovskoy, Philippov
& Spitkovsky 2016)

~ B§R69(1 +sin® ) 27)
2 I.c3 ’
. 1 B3RSQ? .
X %—1751nxcosx. (28)

Remind that the observable distribution function N°**(P, x, B)
should be connected with N(P, x, B) by relation
NObS(P, X B) — Vvis

beam

VS N(P, x, B). (29)

um

Here V8 is the luminosity visibility function (we cannot observe

far dim objects), and, as before, VY8 is the beam visibility function

depending on the width of the directivity pattern. As to luminosity
visibility function V|7, the standard evaluation is

um?
Vi & P! (30)
(see Taylor & Manchester 1977; Gullén et al. 2014; Arzamasskiy

et al. 2017 for more detail). Below we use this evaluation for MHD
model.
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On the other hand, for BGI model, we need to correct Vi
function, as it depends on inclination angle x, when x — 90°.
Remember that according to BGI model (Beskin et al. 1993) pulsars
radio luminosity L, reaches only 107> of the particle energy flux
Whar near the surface of the neutron star. On the other hand, for fast

pulsars (Qpgr < 1) we have
Woart = Qi Wor- 31

As a result, for space-homogeneous distribution of pulsars the
luminosity visibility function V}'s oc L} can be presented as

um
Vs — prI/MBHT cos0d—4 5, (32)

Finally, for interpulse pulsars the beam visibility function Vs (16)
is to be changed with the visibility width §W.

The convenience of the kinetic approach is that, in the presence of
integrals of motion (Beskin et al. 1993; Tchekhovskoy et al. 2016)

P

Igcr = —, (33)
sin x
P sin x
Ivup = 5 34)
cos? x

equation (22) can be integrated. Moreover, due to very simple
observable distribution N°*(P)ocP'? in the domain 0.033s < P <
0.5s (see Arzamasskiy et al. 2017 for more detail) just overlapping
almost all interpulse pulsars this integration can be produced
analytically. As a result, it was found that

(/2 — x — sin x cos X)P2
cos? x

— sin x cos
()F 3 de 1X)P2’ (36)
sin’ y cos~1 x

Nmup(P, x) = Kmup , (35)

Ngai(P, x) = Kgar

where again d &~ 0.75, and the coefficients Kyup, Kgar are to be
determined from the normalization to the entire number of pulsars
in the range 0.03s < P < 0.5s

0.5 7/2 .
Neot =/ dP/ dx V™®(P, x)N(P, x). (37)
0.03 0

In turn, the number of orthogonal interpulse pulsars in the same
range can be determined as

0.5 /2 ‘ .
Moo= [ 4P [ ax Wk (POEPL ONP 0. G8)
0.03 0

Note that the question of normalization constant Ny, i.e. the
total number of isolated pulsars with 0.03s < P < 0.5s contains a
large uncertainty. According to ATNF data base (Manchester et al.
2005), we have Ny, = 968 (2020 February). But the ATNF catalogue
is not homogeneous and, in particular, it contains a large number
of weak sources, for which the possible interpulse is beyond the
sensitivity limit. Thus, hereafter we will consider the fraction foun of
orthogonal pulsars among overall pulsar population. These fractions
can be easy predicted within numerical synthesis. But, on the other
hand, they can be evaluated from the statistics of actually observed
pulsars.

The details of estimating of f,, are described in Appendix C.
We found that for pulsars with 0.03s < P < 0.5s there are foun
= 2.5 = 5.5 per cent of orthogonal rotators among the overall
population of active pulsars.' Such a wide credible interval is due
to relatively small number of actually observed orthogonal pulsars

'In Table 1 we use the normalization for the total number of pulsars in the
corresponding range of pulsar periods P.

MNRAS 494, 3899-3911 (2020)
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and uncertainties in the procedure to decide whether a given pulsar
is an orthogonal one or not.

The analysis produced by Arzamasskiy et al. (2017) has shown
that the number of observable interpulse pulsars with x ~ 0°
can be explained within both BGI (counter-alignment) and MHD
(alignment) models due to considerable uncertainties in the initial
pulsar distribution Q(P, x). In turn, this approach gave us the
possibility to evaluate birth functions Qp(P) and Q,(x) on pulsar
initial periods and inclination angles. As was found, for BGI model
in the domain 0.03s < P < 0.5 s they look like

Py =P, 0300 = % 39)
Accordingly, for MHD model in the domain 0.03s < P < 0.5s we
have

oy (P =1, OFP(x) =siny. (40)

As to interpulse pulsars with x =~ 90°, analysis was performed
only for MHD model, which also gave the reasonable number of
orthogonal interpulse pulsars.

However, this analysis did not include into consideration the
real visibility function for interpulse pulsars Vs~ §W which, as
was shown above, is to diminish drastically the predicted number
of orthogonal interpulse pulsars. Nevertheless, below we utilize
distribution functions (42)—(51) obtained earlier, since the necessary
additional corrections to this study refer not so much to the equation
itself as to the visibility function V;%$ and features of the behaviour
of its solution when y — 90°.

Below we assume, as was done by Arzamasskiy et al. (2017),
that pulsar birth function Q can be presented as a product
0p(P)Qy(x)0p(B). Indeed, the effects of the distribution over
the magnetic field were not taken into account, since integrals of
motion (33)—(34) does not depend on magnetic field. This implies
that magnetic field can only change the rapidity of the individual
pulsar motion along their evolutionary path. Therefore, we can now
take into account the distribution on the magnetic field simply by
multiplying the previously obtained distribution functions N(P, x)
by Qg(B)/B*, where according to (22)—(28) kggr = 10/7 and kyup
= 2. On the other hand, as was shown by Beskin et al. (1993), with
high accuracy one can put

B\“ B —l—a—b
Op(B) = <B7) (1 + E) ; 4D

where B, = 10> G,a=2,and b =0.7.
As aresult, the pulsar distribution function in BGI model Ngg;(P,
X, B) can be written down as

O (B12) (x — sin x cos x)

Ngai(P. x. B) = K P2, 42
BG1(P, X, B) = Kgar BT sind y cos™ 1 (42)
where
NI.O[
Kot = 50—, 43
BT OWo I L1 @
and
/2 o
I =/ Ge=sinxeosy, . (44)
0 sin? x
0.5
12:/ P37dP ~0.18, 45)
0.03
o0
B
Iy = %ﬁ”’)d&z ~ 0.19. (46)
0

12
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Table 3. Comparison of the fraction of approximately orthogonal pulsars
Nor, 1 in percents for different parameters Wso and A.

Wso 3° 5°

A 0.5 0.7 1.0 14 0.5 0.7 1.0 1.4
MHD 0.6 0.4 0.3 0.1 1.0 0.7 0.5 0.2
BGI 1.6 1.2 0.7 0.4 2.3 1.6 1.1 0.6

In (44) we put d = 0.75. Accordingly, distribution function in MHD
model Nyiup(P, x, B) looks like

QOp(Byp) (w/2 — x — sin x cos x)
Nyitin(P, X, B) = Kypp— 12) (1/2 ~ X XERX) p2

B, cos3 x '
47
where
Nlol
K =—, 48
MHD = T (48)
and now
™2 (/2 — x — sin x cos x)sin x b4
I = / / : dx = 7. (49)
0 cos? x 4
0.5
L= / P'2dP ~0.23, (50)
0.03
o B
I = Md&z ~ 0.33. 1)
0 B,

6 INTERPULSE PULSARS AS AN
EVOLUTIONARY TEST

6.1 Approximately orthogonal pulsars

Now we can return to our main goal, i.e. to formulating a test that
may clarify the direction of the inclination angle evolution. As was
already mentioned above, the central idea is connected with the
amount of orthogonal interpulse pulsars, as their number should
depend substantially on the sign of the derivative x . For this reason,
for orthogonal pulsars the predictions of MHD and BGI model are
to differ significantly.

Remember that according to Arzamasskiy et al. (2017) within
MHD model the distribution function Nyup(P, x) (47) reproduces
good enough the number of both aligned and orthogonal interpulse
pulsars. In particular, the number of orthogonal pulsars in the
range 0.03s < P < 0.5s is 18 + 40, in good agreement with
observations (see Table 1). However, in this paper, it was supposed
that the visibility function of orthogonal interpulse pulsars Vol o
is determined by the condition 7/2 — x < W;/2. In Figs 6(a)—(c)
it corresponds to the complete filling of the area above the dashed
line. As was shown in Section 4, this assumption significantly
overestimates the number of orthogonal interpulse pulsars.

On the other hand, now the precise accounting for the plasma
generation region within magnetic poles, i.e. more accurate deter-
mination of the directivity pattern, allows us to specify the number
of interpulse pulsars and, hence, to clarify the direction of the
inclination angle evolution. In Table 3 we present the number of
interpulse pulsars Ny 1 (38) within the domain 0.03s < P < 0.5s
for W5y = 3° and W5y = 5° obtained through the visibility function
Vbﬁgm,% = 8 W and distribution functions (42) and (47).

We see that for MHD model the number of orthogonal interpulse
pulsars is always lower than 1 per cent which is barely consistent
with fo, mentioned above. On the other hand, BGI model predicts
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Figure 7. Evolution of individual pulsars for BGI model for A = 0.5 and &
= 0.02. The green dashed trajectories correspond to invariant /gy (33). The
blue solid lines are more realistic trajectories defined by (52)—(53) which
were used in Monte Carlo simulation.

larger fraction 1.2 + 2.3 per cent for A ~ 0.5 = 0.7. This probably
may indicate that BGI approach is better consistent with the
observations. Nevertheless, no choice between two models can be
made at this stage.

6.2 BGI correction and exactly orthogonal pulsars

Here we come to another key subject of our consideration. The
point is that the results presented above in Table 3 do not allow
us to determine the total number of orthogonal interpulse pulsars
Nore within BGI model. Indeed, the original version of BGI model
determines good enough only one component of the braking torque
which is parallel to the magnetic moment. This torque resulting
from symmetric (north—south even within polar cap) part of the
longitudinal currents #j in (23)—(24) vanishes for orthogonal rotator.
As within BGI model individual pulsars evolve to 90°, clarification
of the braking law for orthogonal rotator is of particular importance.

On the other hand, as was shown recently by Beskin et al. (2017),
the braking torque perpendicular to magnetic moment depends on
fine details of the distribution of electric currents on the surface of
the polar cap, which could not be determined analytically. This has
become possible only in recent years, based on the results of numer-
ical modelling (Spitkovsky 2006; Kalapotharakos, Contopoulos &
Kazanas 2012; Tchekhovskoy et al. 2013; Philippov, Tchekhovskoy
& Li 2014). As to MHD model, it does not require correction at
all, since both the evolution equations (27)—(28) (and, hence, the
integral of motion /yiyp (34)) stay true for any inclination angles.

As shown in Fig. 7, the exact following to invariant Igg; (33)
leads to unlimited accumulation of pulsars in the region y = 90°.
This results from neglecting the second term C in the exact equation
of evolution, that in general form can be written down as (Beskin
etal. 2017)

. B}
P_ys = #(QBGI cos” x +O), (52)

= 107505 2 53
X = Qo1 5y Sin ) €05 . (53)
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Here again Bj; = By/(10'> G), and P_;5s = P/107 "3, As to extra
small factor C < 1, it just describes the evolution of orthogonal
rotators along the line y = 90°.

As was already stressed, the value of C within the framework of
the BGI model cannot be determined with the necessary accuracy.
In the original work of Beskin et al. (1983), in which only the action
of volume magnetospheric currents was taken into account, it was
shown that C can be estimated as (2R /c)in where ix = j,/jcy is
the ratio of the longitudinal electric current to the local Goldreich-
Julian current; recall that in BGI model iy = 1. However, as was
shown later (Beskin et al. 2017), this estimate did not allow us to
explain the pulsar braking €2 (27) for x = 90° within MHD model,
because in this model iy & (2R/c)™"> which is too small to get the
desired result C ~ 1 corresponding to MHD model.

To resolve this contradiction it was assumed that in orthogonal
case the energy losses can be connected with additional currents
that circulate in magnetosphere along the separatrix separating the
areas of open and closed magnetic field lines (see Beskin et al.
2017, for mode detail). Supposing now that the additional separatrix
current is proportional to volume current circulating in the pulsar
magnetosphere, i.e. C = Ki,, we obtain from the MHD model that
K ~ (QR/c)"?. Assuming now that relation C = Ki, can be also
used for the BGI model, we finally obtain

QR\ '
c~<—> . (54)

c

Since this quantity is not determined with sufficient accuracy, we
assume in what follows that

C=¢P'2, (55)

where the value of ¢ belongs to the range between 0.005 and 0.02.

As is also shown in Fig. 7, for non-zero C the pulsars are to evolve
along the axis x = 90° gradually increasing their period P until
they cross the ‘death line’. For such pulsars, we can determine the
distribution function Ngo(P, B), which satisfies the kinetic equation

d .

—(Pyy Nog) = (NBGIX) y—90° - 56
dP( 90 Noo) = (NBGIX)x—90 (56)
Here, according to (52),

. B?

Py ~ 107°C sz, (57)

and the source in the rhs is determined by the pulsar flow to the
region x = 90° according to (42) and (53).

On the other hand, it is clear that the analytical consideration
carried out in Sections 6.1-6.2 (corresponding trajectories are
shown by green dashed curves in Fig. 7) does not allow us to
reproduce exactly the evolution trajectory of individual pulsars.
Indeed, as shown in Fig. 7, sequential consideration of more accurate
evolution equations (52)—(53) leads to trajectories presented by
blue solid curves which significantly deviate from the trajectories
corresponding to conservation of invariant Igg; (33) just in the
area where orthogonal interpulse pulsars should be observed. More
rigorous analysis based on Monte Carlo simulation is presented in
the next subsection. Here we carry out a qualitative consideration
based on the kinetic equation method.

For this reason, as a zero-order estimation we assume that the
trajectory reach the boundary x = 90° not with a period P, but with
aperiod P + Py, where Py =~ 0.1 s (see Fig. 7). As a result, solution
of the kinetic equation (56)

1 P
Noo(P, B) = — / (NBGIX ) y—>90°, ' PPy AP’ (58)
Poy Jo
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Table 4. Comparison of observable (Table Al) and BGI predicted (60)
distributions of orthogonal interpulse pulsars x = 90° by the period P for ¢
=0.03and A = 1.

P [s] 0.03-0.1 0.1-0.2 0.2-0.3 0.3-0.4 0.4-0.5
obs 2+3 5+10 7+8 3+-4 1+2
BGI 0 6 3 2 1

on the rhs of which we made a replacement P — P + P looks now
like
T ACsa1 Qp(B12)

P — Py)(P + 3Py)] PP
T B [( 0)(P + 3F)]

Noo(P, B) =
(59)

Here we neglect the power 1/14. Accordingly, observable distribu-

tion function N;’})’S(P) of such pulsars can be found as

o0
NP = [ NP B0 Vil 4. (©0)
Here the beam visibility function Vi, o is to be equal to §W, and
for luminosity visibility function V}$ (32) we have to replace cos x

with characteristic value (QR/c)"?, so that
i - 27
Viemoo & 0.1 P72/ BT, ©1)

Finally, it is necessary to stress that according to (57) magnetic
field for orthogonal pulsars x = 90° is to be estimated as B, ~
g~ 12p3Apl e, as

B ~ 10gy4” PY4P'. (62)

As to magnetic field distribution function Ngo*(B), we obtain

oo
NS(?S(B):/ Noo(P, B) Vs 00 Vom0 AP (63)
0

In Table 4 we present the comparison of the observable (Table A1)
and predicted (60) distributions of orthogonal interpulse pulsars
with x = 90° by period P for ¢ = 0.03 and A = 1. As we see, the
observable distributions is in good agreement with the prediction
of BGI model. But, as was already stressed, it was a pretty rough
evaluation. Analytical trajectories of the pulsars on P — x diagram
(see Fig. 7) differ from real ones, so we needed to make a shift of
the period, to reduce the artificial amount of orthogonal pulsars with
the period less than 0.1 s. Nevertheless, such a good correlation can
be treated as a credible test, that is done for reasonable values of
parameters.

6.3 Monte Carlo simulation

To verify the analytical results presented above, we study the
evolution of radio pulsars in the framework of Monte Carlo approach
as well. To reconcile the results of the Monte Carlo simulations
with results obtained within kinetic equation method, we certainly
have to use the same birth functions (39) and (40) of pulsars on
periods Qp(P) and inclination angles O, (x) (Arzamasskiy et al.
2017). It is these birth functions that lead to good agreement
between the BGI and MHD predictions of the number of aligned
interpulse pulsars Nsp (see Table 1) and observations. Accord-
ingly, the evolution of individual pulsars for BGI model is to be
determined by equations (52)—(53), and by equations (27)—(28) for
MHD one.

For simplicity, we take into account only three physical param-
eters of pulsars: period P, inclination angle yx, and magnetic field

MNRAS 494, 3899-3911 (2020)

Table 5. Visible orthogonal interpulse pulsars fractions (in percents) with
0.033s < P < 0.5s obtained by Monte Carlo simulation. Those values that
lie within the interval 2.5 <+ 5.5 percent obtained from observations are
underlined.

Wso 3° 5°

A 0.5 0.7 1 1.4 0.5 0.7 1 1.4
MHD 0.7 0.5 0.4 0.2 1.5 1.1 08 05
BGIL:

e =0.01 12 9.4 7.3 4.3 14 11 83 5.0
e =0.02 5.8 4.5 3.5 2.2 7.7 5.8 44 29
e =0.04 3.6 2.7 1.9 1.2 5.2 39 28 1.8
£ = 1.8 1.4 1.1 0.8 3.2 25 20 15

B. At the start of simulation a big amount of pulsars was generated
according to some initial parameter distribution. After that at each
step period P and inclination angle x of all existing pulsars are
evolved using one of the theoretical models, but magnetic field B
is assumed to be constant; also new pulsars are added, the addition
rate and parameters are determined by the birth functions from
above. We are interested in finding the static distribution so the
simulation ran until the number of existing pulsars became close to
constant. The initial distribution is not so important for the result
as it affects just the convergence speed. However in the BGI case
the most convenient option is to start from theoretical Ngg; (42)
with addition of Ny (59) since the corrections are small. For MHD
model the theoretical consideration remains exact since there is no
correction, so the corresponding simulations check both the theory
and the numerical method.

Then to determine Nps (29) within our Monte Carlo integration
method we calculated the sum of all interpulse visibility functions
Vs | (16), Vs (32) for BGI model or (30) for MHD model
to find the proper normalization like in (43) and (48). For this,
for BGI model we have to take the geometric visibility function
8W from Figs 6(a)—(c) instead of V%8 ~and luminosity visibility
function VIX}; (61) for exactly orthogonal pulsars and (32) for all
other ones. For MHD model, where there is no correction, we
use the luminosity visibility function (30) for orthogonal pulsars
as well.

In Table 5 we present the total fractions of orthogonal interpulse
pulsars obtained in Monte Carlo simulation for different parameters
A, Wy, and e. We see that for reasonable parameters (A &~ 1 and ¢ &
0.02) a good agreement with the BGI model can indeed be achieved.
On the other hand, we have to stress the strong dependence of the
number of orthogonal interpulse pulsars on these parameters. We
also noticed that most of visible orthogonal interpulse pulsars in
BGI model should have exactly x = 90°.

7 CONCLUSION

Thus, it was shown that the statistical analysis of orthogonal
interpulse pulsars really allows us to formulate a test that can
determine the direction of the inclination angle evolution. Two
new important points that we included into consideration should
be noted. The first one is a significant refinement of the directivity
pattern of orthogonal pulsars. In fact, the region of secondary plasma
generation near the death line was first determined (cf. e.g. Qiao
etal. 2004; Tsygan 2019). The second point is the correction to BGI
model. We used an updated version of the expression for energy
losses for an orthogonal rotator. All the other suggestions (such as
the visibility function for ordinary pulsars with inclination angles x
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# 90°, etc.) did not go beyond the standard assumptions commonly
used in statistical analysis of radio pulsars.

As aresult, it was shown that BGI model gives good agreement
with observational data; on the other hand, the MHD model predicts
too few orthogonal interpulse pulsars. It must be emphasized
here that MHD model itself does not require any correction for
orthogonal rotators. As for attracting additional opportunities for
reconciling the predictions of MHD model with observations (as
was done by Arzamasskiy et al. 2015 to explain the observed value
of the braking index), this work is certainly beyond the scope of this
study.

Simply, our result can be explained as follows. In the zero
approximation, one can assume that the distribution of the pulsar in
the inclination angle x weakly depends on this angle. Then using
the beam visibility function V5 = sin x Wy (16) we can estimate
(of course, very roughly) the total number of aligned and orthogonal
interpulse pulsars as

Nsp ~ N W, (64)

Npp ~ NiotWso. (65)

Here W5y is measured in radians. This evaluation indeed gives
the reasonable values Npp ~ 30-50 and Ngp ~ 2-5. But as was
stressed in Section 2, we can observe orthogonal interpulse pulsars
only if their magnetic fields are much larger than those of ordinary
radio pulsars. Otherwise, the generation of secondary plasma (and,
therefore, the radio emission itself) becomes impossible due to
too small potential drop Y xpg; (2) over the pulsar polar cap.
As a result, the number of orthogonal interpulse pulsars is to be
much smaller than the evaluation (65) (see Table 3). Only within
BGI model which predicts additional class of almost orthogonal
pulsars with x ~ 90°, the agreement with observations can be
achieved.

In conclusion, it should be noted that in the statistical analysis
of the interpulse pulsars we did not take into account the possible
correlations associated with the spatial distribution of radio pulsars
in the Galaxy, evolution of magnetic field, etc. which is devoted
quite a lot of works (see e.g. Arzoumanian, Chernoff & Cordes
2002; Faucher-Giguere & Kaspi 2000).

Finally, it should be noted that the issues discussed above allow
us to take a fresh look at many questions arising in the analysis
of observations of radio pulsars. For example, the above formula
(62) for estimating the magnetic field for almost orthogonal pulsars
within BGI model gives much larger values By, ~ 10 P¥4P""2 in
comparison with standard estimate By, ~ P'/2P'12. Accordingly,
such pulsars can be observed at much larger periods (of course,
unless photon splitting and positronium creation can suppress
generation of a secondary plasma, see e.g. Usov & Melrose 1995;
Istomin & Sobyanin 2007). In particular, for radio pulsar PSR
J0250+5854 (P = 23.55, P_;5 = 27, see Tan et al. 2018 for more
detail) we obtain By, ~ 300-500, which gives Qg < 1 even for
such enormous pulsar period.

Another example connects with the essential difference of the
pair creation domain of orthogonal pulsars compared with standard
hollow-cone structure (see Fig. 2). This circumstance must be borne
in mind in the analysis both the mean profiles of radio emission
and X-ray radiation. Indeed, as was already stressed, up to now
one still often assume that for orthogonal pulsars the directivity
pattern of radio emission has standard hollow cone structure (see
e.g. Johnston & Kramer 2019). Moreover, the first results obtained
for radio pulsar PSR JO030+0451 by NICER observatory (Riley
et al. 2019) can be interpreted as if the shape of the heated regions
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(which is naturally connected with the region of effective generation
of electron—positron plasma) have the crescent shape just as shown
in Fig. 2. By the way, according to radio data (Bilous et al. 2019),
this pulsar is really close to orthogonal, since it has an interpulse
exactly between two main pulses.
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APPENDIX A: ‘ADVANCED’ LIST OF
ORTHOGONAL INTERPULSE PULSARS

In Table A1 we present ‘advanced’ list of orthogonal interpulse
pulsars given by Maciesiak & Gil (2011) including pulsar name,
their period P, period derivative P, magnetic field B, evaluated by
expression (62) as well as IP/MP radio intensity ratio and IP-MP
angular separation. In the last column a plus sign is placed if there is
a coincidence with the classification specified by Malov & Nikitina

Table A1. ‘Advanced’ list of orthogonal interpulse pulsars.

Name P P Bo IP/MP  Sep.

] () 1075 102G ratio ©)
053442200 0.033 423 95 06 145 -
0627+0706 0476 29.9 186 02 180 ++
0826+2637 0.53 17 48 001 180 -
0834—4159 0.121 4.4 26 025 m -
0842—4851 0.644 9.5 132 014 180+
0905—5127 0346 249 134 0.06 175 ++
0908—4913 0107 152 43 024 176 ++
1057-5226 0.197 5.8 42 05 205 -
1107-5907 0.253 0.09 06 02 191 -
1126-6054 0.203 0.03 03 0.1 174+
1244-6531 1.547 72 21 03 145 —
1413-6307 0395 7.43 81 004 170+
1549-4848 0288  14.1 88 003 180 ++
1611-5209 0.182 52 38 01 177 -
1613-5234 0.655 6.6 1.1 028 175 -
1627-4706 0.141 17 18 013 71 -
1637-4553 0.119 32 22 01 713+
1705-1906 0.299 4.1 49 015 180+
1713-3844 1.600 177 112 0.25 181 -
1722-3712 0236 109 67 0.5 180 ++
1737-3555 0.398 6.12 10 004 180 -
1739-2903 0323 7.9 72 04 180 ++
1828-1101 0072 148 3103 180 ++
1842+0358 0.233 0.81 18 023 175 -
1843—0702 0.192 2.1 25 044 180 -
1849+0409 0761 216 206 05 181 -
1913+0832 0.134 4.6 28 06 180 -
1915+1410 0.297 0.05 05 021 186 -
193241059 0.227 12 21 002 170 -
2032+4127 0143 20.1 63 0.8 195 —
204745029 0.446 4.2 66 06 175 -
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(2013), and a minus in the opposite case.” Two pluses are given if
there is the confirmation in some other publications.

APPENDIX B: DETERMINATION OF
MAGNETIC FIELD

In this Appendix we remember the procedure of model-consistent
estimate of pulsar magnetic field within BGI and MHD approaches.
As was shown in Section 3.3, pulsar death line equation can be
rewritten and tested in the form cos”/'S x > P - (A/5B¥/) (12).
Here B, is model-consistent estimate of pulsar magnetic field taken
in 1012 G.

Within BGI model (Beskin et al. 1984, 1993) the determination
of magnetic field depends substantially on the parameter Qggy (11).
For Qpgr < 1 (far from the real ‘death line’ where the theory can
only be considered as consistent) the spin-down law (25) results in

_ _ 57/10
B}szal — A-T/10p 1/201,7/15 cos 21/20)(, (B1)

where P taken in seconds. In particular, for orthogonal rotators the
evaluation By, ~ ¢ '2P¥4P!"2 (62) is to be used. On the other
hand, for pulsars in the vicinity of the ‘death line’ (i.e. for pulsars
with Opgr > 1) the evaluation gives

B =P cos x. (B2)

As to MHD model, corresponding magnetic field is expected to
be consistent with the spindown law (27)
n’B2R®
I.c3

In other words,

PP = (1 + sin? x). (B3)

BMP — 1,04 P12 P2 (1 4 sin” )2, (B4)

where we assume neutron star radius R = 12.5km and moment
of inertia I, = 1.5 x 10* gcm? (Spitkovsky 2006; Philippov et al.
2014). For orthogonal pulsars within MHD model one can just put
sin y &~ 1 and get

By =0.73 PP (B5)

APPENDIX C: ATNF CATALOGUE
LIMITATIONS

As it was already stressed, the amount of interpulse pulsars given
in Table 1, A1l should be considered as a lower estimate. Indeed,
the ATNF catalogue is not homogeneous and, in particular, it
contains a large number of weak sources, for which the possible
interpulse is beyond the sensitivity limit. Below we try to determine
the uncertainty of the normalization constant Ny, (37) which is
important for our analysis.

Recall that successful detection of a pulsar within a survey de-
pends on the pulsar radio luminosity, distance, and pulse broadening
due to interstellar dispersion and distortion. Weak and wide-pulse
pulsars are hard to detect at large distances (or at large dispersion
measures). This is the reason for the lack of pulsars with low pseudo-
luminosities and large dispersion measures on the corresponding
diagram, see Fig. Cl(a). The grey dots on this plot represent all

2Note, that classification made by Malov & Nikitina (2013) was based
on combination of various highly model-dependent methods. Moreover,
even calculation errors were found for some pulsars after the paper was
published (E. Nikitina, private communication). Therefore, the contradiction
mentioned for eight pulsars above should not be considered so earnestly.
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Figure C1. To the discussion of the completeness of the ATNF pulsar data
base. On the plots (a)—(c) above we show normal radio pulsars included
into ATNF which periods are within 0.03 = 0.5 s interval (grey dots). The
red circles represent known pulsars with interpulses listed in Table Al.
The description of the plots are as follows: (a) pulsar pseudo-luminosity
L = Fi4 x D%, where F|4 is the observed flux at the frequency 1.4 Ghz
and D is distance typically based on the dispersion measure estimation; (b)
Effective signal-to-noise ratio (see equation C1); (c) Dispersion measure-
based distance to pulsar. All quantities are plotted against the dispersion
measure. We interpret the lack of low-luminosity and high-SNR pulsars
with at large DM > 100 pccm ™ as a result of the incompleteness of the
ANTEF data base. And assume that this catalogue is more or less complete
up to DM ~ 70-150 pccm 3.
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normal isolated pulsars with periods 0.03 = 0.5s stored in the
ATNF data base, while red circles are for orthogonal pulsars from
Table Al.

One can see that minimal pseudo-luminosity remains approxi-
mately constant up to DM ~ 70 pccm™> for ANTF pulsars. While
at larger values of DM it scales as LinccDM?3. At the same time,
there are lack of high-SNR pulsars at DM 2 150 at Fig. C1(b). The
effective signal-to-noise ratio was estimated here as

Fiqa | P—Ws
SNRu = =2, (1)
T Fe Wso

where P is pulsar period, F 4 its radio flux at frequency 1.4 GHz,
Frab 18 the Crab pulsar flux at the same frequency and W5y is main
pulse width at half-maximum intensity taken in seconds (Johnston
& Karastergiou 2017).

We conclude therefore, that ATNF catalogue can be considered
as more or less complete for DM < 70 = 150 pccm?. There are
200 = 400 isolated normal pulsars in this interval with from 8
to 17 orthogonal ones among them correspondingly. Assuming
Poissonian statistics for both quantities we finally estimate the
fraction of orthogonal pulsars as fo, = (4 £ 1.5) per cent for local
galactic volume at lo significance. And since this local pulsar
population is merely independent, then one can expect the same
fraction for all radio-loud galactic pulsars. In the frame of our
work we compare model prediction of fo., for both MHD and BGI
approaches with the number obtained above.

Note that the above estimate of the fraction of orthogonal
interpulse pulsars fon 1S in good agreement with another indepen-
dent estimate which also can be obtained from ATNF catalogue.
This criterion connects with discarding pulsars for which ATNF
catalogue does not give mean pulse width W10 on the 10 per cent
intensity level.

Indeed, measured W10 in ATNF catalogue indicates that the noise
level for a given pulsar is quite low. Hence, one can believe that for
such pulsars, it is possible to detect an interpulse with a sufficiently
large intensity ratio IP/MP. And really, in Table Al, pulsar PSR
J0826+4-2637 (IP/MP = 0.01) turned out to be the only exception
for which ATNF catalogue does not give a value of W10. For all
other pulsars having IP/MP > 0.03, a value of W10 is provided.

Hence, if we apply this criterion, the number of observed
interpulse pulsars changes only slightly. As for the normalizing
total number of pulsars N, (37) in the range 0.033s <P <
0.5s, their number decreases to 475, i.e. halves in comparison
with full ATNF catalogue. According to Table 1, it gives foun =
(3.6 = 5.2) per cent in good agreement with the previous estimate.
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